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ABSTRACT 

 

MULTISCALE POLYMER AND NANOPARTICLE DYNAMICS IN POLYMER 

NANOCOMPOSITES  

Eric J. Bailey 

Karen I. Winey 

 The addition of nanoparticles (NPs) to a polymer matrix, forming a polymer 

nanocomposite (PNC), can extend and control macroscopic material properties. Many macroscopic 

properties (e.g. mechanical strength and small molecule transport) are dictated by microscopic 

dynamic processes, including dynamics of the polymer segments, chains, and NPs. Because the 

NPs and polymers have overlapping characteristic length, time, and energy scales, the interactions 

within these materials are complex, the dynamics are interrelated, and both remain poorly 

understood. Developing a fundamental and mechanistic understanding of polymer and NP 

dynamics in PNCs will lead to new opportunities, new innovations, and improved 

manufacturability, all of which may accelerate their universal introduction to society.  

This dissertation aims to navigate the hierarchy of dynamics in model PNCs. At the 

smallest length scale, we show that polymer segmental dynamics are slowed by the addition of 

highly-attractive, immobile NPs, particularly at the NP-polymer interface, and depend only weakly 

on temperature and matrix molecular weight. Despite measurable reductions in the timescale of 

motion, we show that the segmental diffusion process is mechanistically similar in PNCs and bulk. 

At longer length and timescales, we use molecular dynamics simulations to study chain-scale 

conformations and diffusion near confining athermal NPs. We show polymer diffusion is perturbed 

at longer length-scales than conformations and identify slow diffusion through confining NPs but 

bulk-like diffusion away from them. Using model attractive PNCs, we develop and demonstrate 
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ion scattering measurements to extract the fraction of chains bound to the immobile NPs. These 

measurements show that the slow segmental relaxations at the interface persist to the chain-scale 

and reveal slow bound polymer desorption that occurs more readily at higher temperatures, lower 

polymer molecular weight, and longer times. Finally, we sample multiple length and timescales in 

mixtures of entangled polymer and very small, attractive NPs. We present experimental support of 

vehicular diffusion of NPs, which produces anomalously fast NP motion and commensurate 

slowing of polymer segments and polymer chain diffusion. Finally, we present X-ray photon 

correlation spectroscopy measurements of NP dynamics, small-angle neutron scattering 

measurements of the bound polymer layer in solution, and protocols for NP surface 

functionalization. 
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CHAPTER 1: Dynamics of Polymer Segments, Polymer Chains, and 

Nanoparticles in Polymer Nanocomposites: A Review  

 

Content in this chapter was accepted for publication in Progress in Polymer Science (DOI: 

10.1016/j.progpolymsci.2020.101242) in a modified version and the authors are Eric J. Bailey and 

Karen I. Winey.  

1.1 Introduction  

Polymer nanocomposites (PNCs), or materials comprised of nano-sized fillers imbedded 

in a polymer matrix, have generated substantial academic and industrial attention in recent decades. 

Compared to composites with micron-sized fillers, the use of nanoparticles (NPs) drastically 

increases the NP-polymer interfacial area and decreases NP-NP separations at the same 

concentration of filler.1,2 As such, a resulting PNC can have drastically different properties as 

compared to the host matrix or traditional composites. In fact, these different properties can be 

varied, controlled, and tuned using the broad set of parameters that these hybrid materials offer. 

These parameters include those associated with the NP (size, shape, and surface), polymer 

(molecular weight, chemistry, and architecture), and PNC (concentration, NP-polymer interaction, 

and NP dispersion state). In addition, inclusion of the NP can add functionality including electrical, 

plasmonic, barrier, or stimuli-responsive properties to a polymer matrix otherwise devoid of those 

properties. Importantly, many PNCs still maintain the favorable properties of the polymer such as 

processability and low mass density.  

Polymer nanocomposites are exciting candidates for a variety of applications and 

industries, as reviewed by others.3–12 Early interest in nanoparticle-filled polymers was for car tires, 

where NPs are added to rubber to increase strength, wear resistance, and traction while maintaining 
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low cost and weight.4 Similar properties make PNCs desirable for different applications, including 

various parts in ground and air transportation and sports equipment. In addition, PNCs have 

desirable barrier, permeability, and selectivity properties making them ideal candidates for 

membrane and separation technologies such as gas separation, water filtration, and food 

packaging.7,13 For example, the addition of fumed silica NPs with poly(4-methyl-2-pentyne) (PMP) 

resulting in substantial increases in both n-butane permeability and n-butane/methane selectivity, 

two parameters that often compete with each other.14 As a final example, the addition of NPs can 

add functional properties, especially optic and electronic, to the polymer matrices. The most 

common example is adding electrical conductivity to an otherwise insulating polymer matrix 

through the inclusion of a percolated network of silver nanowires, carbon nanotubes, or other 

conductive fillers.15–18 Similarly, adding plasmonic or upconverting NPs to a polymer matrix has 

optoelectronic applications and can enhance the efficiency of solar cells.10,12,19  

Despite the appealing properties that have been observed, much remains unknown, 

especially regarding PNCs more fundamentally. In this vein, this review will broadly survey and 

discuss recent studies of multiscale polymer dynamics and NP dynamics in polymer 

nanocomposites, as depicted in Figure 1.1. As discussed in Section 1.2, PNCs exhibit several 

different dynamic processes that are interrelated and dictate or influence meaningful properties and 

performance. In subsequent sections, we will discuss and review selected theoretical, simulation, 

and experimental approaches and studies as they pertain to the different dynamic processes. 

Beginning at the shortest length and timescales, Section 1.3 will explore polymer segmental 

dynamics in PNCs, followed by non-diffusive polymer chain relaxations (intermediate dynamics, 

Section 1.4), center-of-mass polymer diffusion through PNCs (Section 1.5), and NP dynamics in 

polymer and PNC melts (Section 1.6).  

This review will generally focus on model PNCs systems of linear thermoplastics filled 

with hard nanoparticles in the melt state, although in some cases, other relevant systems will be 
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discussed. Although many different polymers and fillers will be discussed, the majority will be 

inorganic metallic and ceramic nanoparticles. PNCs with silicates and carbon-materials (CNTs, 

C60, graphene, carbon black) have been reviewed elsewhere16,20–24 and will receive very cursory 

mention in this review. More focused reviews regarding various classes of PNCs or aspects of 

dynamics may also be of interest.25–34 

 

 

Figure 1.1: Schematic to highlight the time- and length-scales of various dynamic processes in 
polymer nanocomposites.  

 

1.2 The Importance of Dynamics in Polymer Nanocomposites 

1.2.1 Overview of dynamics processes in polymer nanocomposites 

Polymer melts have a rich hierarchy of time- and length-scale dependent dynamic 

processes.35 At the smallest timescales and sub-angstrom length-scales, atoms in a solid undergo 

thermal vibrations at finite temperature. These fast dynamics are often on the pico-second time 

scale and are characterized by particles rattling in cages formed by the local packing of nearby 

atoms. Generally, these fast dynamics are unaffected by the connectivity of monomers that form 

polymer chains, except when the molecular weight (Mw) affects the local packing. Unlike longer 
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length-scale dynamics, these local relaxations may be active even when the temperature (T) is less 

than the glass transition temperature (Tg).  This review will not discuss these local, fast dynamics.  

Segmental dynamics occur at various timescales and at length-scales at or below those 

associated with a Kuhn segment.  Broadly, segmental dynamics can be defined as the non-diffusive 

relaxations of a group of bonded atoms within a polymer chain. The a-process is the primary 

structural relaxation that refers to the cooperative reorientation and conformational fluctuations of 

a set of adjacent monomers along the polymer backbone. The glass transition temperature of a 

polymer can be defined dynamically through the arrest of this a-process or thermodynamically 

through changes in thermodynamic properties (such as density, thermal expansion coefficient, or 

heat capacity).36 At smaller length scales within a Kuhn segment and generally faster timescales, 

secondary relaxations (b, g, etc.) occur in some polymers. These relaxations are often associated 

with motions of side groups as opposed to the backbone, especially for bulky, flexible, or complex 

repeat units. For example, several secondary relaxations have been identified in polystyrene (PS) 

melts both above and below Tg.37 In general, this review will focus on the a-process when 

discussing segmental dynamics in PNCs. 

The dynamics at time- and length-scales beyond segmental dynamics are the dynamics 

associated with the polymer chains, which include non-diffusive relaxations or translational 

diffusion, and are therefore on the order of or less than the radius of gyration (Rg) of the chain. The 

Rouse model is used to describe the dynamics of chain sections (modes) of arbitrary length in the 

melt, while the Zimm model is the analogous theory for polymers in solution.35 For sufficiently 

short polymers, the Rouse model extends to describe the translational diffusion coefficient of the 

entire chain. However, as the degree of polymerization increases, chains in the melt eventually 

interpenetrate and form topological constraints known as entanglements. For entangled polymer 

melts, Rouse dynamics describe the relaxation of Rouse modes between entanglements, but no 
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longer apply to chain-level dynamics when the relaxations are restricted by the entanglement 

network. For an entangled chain to fully relax and diffuse, it must either diffuse through the 

entanglement network through a process called reptation or the entanglement network must relax 

to no longer impede the chain motion through a process called constraint release.35 Reptation refers 

to the process by which segmental relaxations and friction within the confining tube (following 

Edwards tube theory) lead to chain translocation along it’s contour length through the entanglement 

nodes. Whether the an unentangled chain diffuses via Rouse motion or an entangled chain diffuses 

via reptation, the dynamics are characterized by the center-of-mass diffusion coefficient (D).  

When considering polymer nanocomposites, it is important to note that the sizes of NPs are 

similar to or smaller than the characteristic size of polymers (Rg). As such, the relaxational and 

motional processes of NPs and polymers often have overlapping time-, energy-, and length-scales. 

To be specific, NP motion is considered a competition between thermally-driven kinetic forces that 

promote NP diffusion and viscous drag forces from the polymer medium that slow the NP diffusion, 

qualitatively similar to Stokes-Einstein.38 However, as will be discussed in Section 1.6, the 

molecular origin of these forces depends on the time-, energy-, and length-scales of the NPs and 

polymer medium. In addition, at small length scales, NPs can exhibit non-diffusive relaxation 

dynamics, including rattling in the local environment, ballistic motion, and in the case of 

anisotropic NPs, reorientation fluctuations.  

1.2.2 Polymer nanocomposites properties dictated by dynamics  

 The microscopic dynamics of polymers and NPs are critically important to understand, 

design, develop, and fabricate new PNCs. The dynamic processes discussed in Section 1.2.1 often 

influence or even dictate various macroscopic properties and the processability of PNCs. Thus, 

fundamental studies of dynamics, like those discussed herein, in these materials are essential to 

realize next generation technologies and to mass produce PNCs cost effectively. This is not to say 
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dynamic properties are the only barrier to widespread PNC development and application. In fact, 

other recent reviews have highlighted other critical aspects of PNC research2,4,9,12,25,33, but many 

others have noted the importance of dynamics.25–29 

 Polymer dynamics in melts and nanocomposites are critical for various macroscopic PNC 

properties, so understanding and documenting the polymer dynamics can help predict, control, and 

understand the final PNC performance. For example, mechanical properties including stiffness, 

strength, and stress relaxation are known to be influenced by segmental dynamics. Slow secondary 

segmental relaxations in the glassy state lead to enhanced mechanical stiffness and slower dynamics 

in the melt can increase the melt viscosity. In fact, the addition of NPs can controllably alter 

segmental dynamics and therefore control various mechanical properties.39–41 In addition, 

segmental mobility often dictates transport properties, including ion transport for energy 

applications42 and small molecule transport for membrane and separation technology.7,14,43–45 For 

example, enhanced permeability of CO2 was observed at an intermediate grafting molecular weight 

in matrix-free PNCs comprised of silica (SiO2)-grafted  poly(methylacrylate) (PMA),43 and this 

behavior was correlated to increased local free volume and faster segmental dynamics.46  

 Dynamics in PNCs can also lead directly to unique and functional properties, including 

stimuli-responsive and self-healing properties.47–49 For example, multilayer films comprised of 

flexible polymer and brittle oxides are common in electronic components for various industries, 

but suffer from crack formation and propagation. However, if the polymer is replaced with a PNC, 

the NPs can be engineered to diffuse into cracks to provide self-healing properties and achieve 

improved durability.48 Similar responsive properties can be used to make advanced sensors and 

other responsive materials. 

The appealing properties that have been reported for small batches of PNCs, cannot be 

ubiquitously deployed until the PNCs can be manufactured cost-effectively in mass quantities. 

Importantly, the dynamic processes in PNC materials can inform or guide processing routes and 
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parameters necessary for mass production. For example, melt processing and molding requires flow 

of the PNC material, which is related to the chain-scale dynamics. After processing, the NP 

morphology is often metastable, so understanding how rapidly a PNC evolves is necessary to 

maintain the metastable condition, if desirable, or achieve equilibrium. When a random NP 

dispersion is desired in the glassy state and NPs tend to aggregate in the melt state, then precise 

knowledge of polymer chain and NP dynamics allows engineers to properly design the process 

protocols. Furthermore, NPs can be added to enhance the manufacturability of materials by either 

enhancing dynamics and rheology (i.e. a plasticizer or diluent) or slowing dynamics (i.e. an anti-

plasticizer).  

Polymer nanocomposites are also model systems to understand multicomponent systems 

with related physics. For example, the large surface area to volume ratio of NPs increases the 

amount of interfacial polymer. Thus, systematic studies of well-defined PNCs can probe the 

structure and dynamics of polymers near interfaces.31,50 Similar effects can be studied at solid and 

flat interfaces, but these thin films suffer from weak signal, because comparatively fewer polymer 

chains are at the interface.  In addition, PNCs (especially those with entangled polymers) are a 

model system that can be used for understanding diffusion of NPs and molecules in complex media, 

such as biological tissue and other organic matter.26,51–53 As such, understanding the dynamics in 

PNCs can provide insights into other, more complicated systems.  

1.3 The Polymer Segmental Dynamics 

1.3.1 Experimental and simulation methods  

 For T > Tg, polymer segments cooperatively relax and reorient in the melt and their 

relaxation times follow Vogel-Fulcher-Tammann (VFT) behavior:  

𝜏!(𝑇) = 	 𝜏"	exp ( #
$%$!

)   (1.1) 
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where τ∞, B, and T0 are fitting parameters related to high temperature relaxation time, fragility, and 

Vogel temperature, respectively.35 As shown in Figure 1.2, the segmental relaxation time (a-

process) can be probed with a variety of experimental techniques, each of which has a unique 

temporal range and corresponding temperature for a given polymer.36,54,55 Furthermore, as will be 

discussed in subsequent sections, each technique samples the material and population of dynamics 

differently. 

 

Figure 1.2: Primary segmental relaxation times (α-process) of bulk 40 kg/mol P2VP as a function 
of inverse temperature. Shaded regions depict the approximate time scales and their corresponding 
temperature scale for five techniques: temperature-modulated differential scanning calorimetry 
(TMDSC), dynamic mechanical analysis (DMA), broadband dielectric spectroscopy (BDS), 
neutron spin echo (NSE), and quasi-elastic neutron scattering (QENS). Black line represents a VFT 
fit for TMDSC (red circle), BDS (blue circles), and QENS (green circles) measurements of neat 
P2VP. Reprinted with permission from Ref 55. Copyright 2019, American Chemical Society.  

 When the relaxation time is slow (t > ~1 s) at T~Tg, temperature modulated differential 

scanning calorimetry (TMDSC) can be used to measure segmental dynamics, as described 

elsewhere54,56. Differential scanning calorimetry (DSC) characterizes the glass transition 

temperature by monitoring the change in heat capacity, which reflects changes in polymer 

configurational degrees of freedom upon heating or cooling a polymer sample.36 Similarly, TMDSC 

monitors heat capacity upon heating or cooling with a superimposed sinusoidal function to separate 

the reversible and non-reversible heat flows to improve sensitivity, resolution, and isolation of 
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overlapping transitions.56 Although Tg is dynamically defined as the temperature at which the a-

process becomes infinitely slow, it is often used as a proxy for segmental dynamics whereby an 

increase in Tg is attributed to slowing of the a-relaxation process.36  

 For faster dynamics (t ~ 10-7 – 100 s) at T > Tg, broadband dielectric spectroscopy (BDS) 

offers a broad dynamic window over which to probe molecular dynamics. As detailed elsewhere57, 

BDS applies a sinusoidal electric field to the sample and precisely measures complex impedance, 

which is converted to dielectric permittivity, as a function of frequency of the oscillating field. 

Encoded in the BDS spectra are the timescales associated with reorientations of unpolarized dipole 

moments along or pendent to the chain as well as the movement of free ions in the sample.57 

Limitations of BDS include an insensitivity to length-scales, the requirement for a permanent dipole 

on the polymer, and somewhat complicated fitting58. Conversely, the benefits to BDS include a 

broad frequency range, high accuracy and precision, and a measurement of the fraction of relaxing 

dipoles through the integrated amplitude.  

 For fast segmental dynamics (t ~ 10-11 – 10-6 s) at T >> Tg, inelastic neutron scattering such 

as neutron spin echo spectroscopy (NSE) and quasi-elastic neutron scattering (QENS) can 

characterize polymer segmental relaxations and, importantly, simultaneously provide length-scale 

information. In both measurements, the distribution of neutron energies is measured after scattering 

from the sample as a function of the wave vector, q. Since neutrons and molecular motions are on 

the µeV range, scattered neutrons gain or lose energy during a scattering event with mobile species 

and elastically scatter with atoms immobile on the experimental timescale.59,60 NSE is commonly 

used for intermediate dynamics (Rouse) so it will be more thoroughly discussed in Section 1.4.1. 

For QENS, time-of-flight and backscattering approaches precisely measure the broadening of the 

elastic scattering peak. This dynamic structure factor, S(q,w), is often dominated by hydrogen 

atoms in the sample due to their large neutron scattering cross-section and can be fit to reveal the 
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molecular relaxation times as a function of q. Although instrument access  and data analysis can be 

challenging, QENS is unique in that it simultaneously probes the length- and time-scales to 

thoroughly study motions and allows H/D labelling to delineate inter- or intrachain dynamics. 

 Additional experimental techniques exist for characterizing the segmental dynamics in 

PNCs. Dynamic mechanical analysis (DMA) and rheology are mechanical measurements that can 

probe the dynamics of segments, and like NSE, can address intermediate polymer dynamics (see 

Section 1.4.1). Nuclear magnetic resonance (NMR) is not pictured in Figure 1.2 but can measure 

segmental dynamics over various timescales with various techniques.54,61,62 Most relevant to PNC 

segmental dynamics are measurements of proton spin-spin relaxation times (T2) from spin echoes 

pulse sequences. The proton relaxation curves are usually fit to a function comprised of several 

contributions for different phases of segmental mobility. Most commonly, fits are comprised of 

three phases: an apparently immobile glassy phase attributed to segments adjacent to the NP, a 

phase of reduced mobility attributed to relaxations in proximity to the NP, and a bulk-like phase 

attributed to free polymer segments.  

 Computer simulations, namely molecular dynamics (MD) simulations, are often used to 

probe segmental dynamics as well. In many cases, the dynamics of segments can be observed in 

fully atomistic MD simulations. Due to computational expense, atomistic MD simulations are often 

restricted to low Mw, small NPs, and short (fast) dynamics. Coarse-graining atoms into segments 

(or beads) and accordingly altering atomic potentials is often done to reduce simulation time and 

access slower dynamics and longer length-scales. A common model used to study fundamental 

polymer physics is the Kremer-Grest model wherein non-bonded beads interact through a pairwise 

Leonard Jones (LJ) potential and bonded beads interact via a harmonic spring.63 The NP-polymer 

interaction in PNCs is also often modelled with an LJ potential. Generally, each bead in these 

simulations represents at least a few monomers and less than a Kuhn segment when compared to 

experiments. With a record of atom or bead coordinates as a function of time, several different 
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analysis routes (including bond correlations, intermediate scattering function (ISF), and mean-

squared-displacement (MSD)) lead to insights regarding the timescales and mechanisms of 

segmental motion in atomistic and coarse-grained polymer melts.  

1.3.2 Heterogenous segmental dynamics in attractive PNCs 

 Segmental dynamics occur over small length scales (within a few nanometers), are 

sensitive to the local polymeric environment, and are affected by cooperativity and local free 

volume. Thus, polymer melts exhibit a distribution of relaxation times in the melt state. PNCs 

exhibit an even broader distribution of segmental relaxation times, because spatial heterogeneities 

exist and dynamics near NP surfaces differ from those far from NPs. With this in mind, there are 

three general models used to describe dynamics in PNCs, Figure 1.3. The simplest model is the 

homogeneous model, where the average relaxation time measured is assumed to be the relaxation 

time for all segments in a PNC. The core-shell model simply has two populations of relaxations, 

namely those near and far from NP surfaces, the latter of which normally relax at timescales similar 

to bulk. Finally, the interfacial layer model is similar to the core shell model, but the transition from 

interfacial relaxations to bulk-like relaxations is smooth rather than stepwise, and therefore assumes 

some functional form. Naturally, details of the PNCs system, such as the NP-polymer interactions, 

NP size (RNP), and NP volume fraction (fNP), influence which model is most appropriate to describe 

the population of segmental dynamics. Similarly, some measurement methods permit the use of 

different models whereas other methods restrict the analysis to a single model. For example, it is 

possible to use any model in Figure 1.3 to interpret BDS measurements of well-dispersed NPs 

because the broad frequency range surveys the full distribution of relaxation times. Conversely, for 

measurements with less precision and a smaller temporal window, the homogeneous model may 

be the only option due to the difficulties associated with separating multiple relaxations. We also 

note that heterogeneities displayed in Figure 1.3 can be observed in the form of a distribution of 
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relaxation times through stretching or shape parameters, most commonly in BDS and QENS using 

Havriliak−Negami (HN) and Kohlrausch–Williams–Watts (KWW) functions. 

 

 

Figure 1.3: Schematic showing polymer segmental dynamics as a function of distance from a 
single NP. The homogeneous model (left) assumes an average relaxation time throughout the 
polymer matrix. The core-shell model (center) spatially separates the polymer relaxations into a 
slower population adjacent to the NP and another bulk-like population away from the NP surface. 
The interfacial layer model (right) assumes a distribution of relaxation times that decreases 
smoothly from the NP surface into the matrix.  

 At this point, it is well-established that the addition of well-dispersed attractive NPs to a 

polymer melt (for Rg ~ RNP) slows segmental dynamics as a function of NP loading (i.e. NP-polymer 

interfacial area). To demonstrate and understand this effect, several authors have studied the model 

system of poly(2-vinylpyridine) (P2VP) mixed with colloidal silica (SiO2) and measured segmental 

relaxations with TMDSC64,65, BDS65–67, and QENS55. In this system, hydrogen bonding between 

pyridine in P2VP and hydroxyls on the surface of SiO2 NPs leads to a strong NP-polymer 

interaction (on the order of ~10 kBT).64,68,69  

 Using the core-shell model and combining TMDSC, BDS, and small-angle X-ray 

scattering (SAXS), Sokolov and coworkers revealed a shell of slow P2VP segmental dynamics at 

the P2VP/SiO2 interface.65 A single Havriliak−Negami (HN) function57 was unable to capture the 

broad distribution of a-relaxations in the PNC, so two HN functions were used and attributed to 
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bulk-like relaxations far from the NP surface (a1) and slower relaxations near the NP-polymer 

interface (a2). The extracted relaxation times reveal three important observations (Figure 1.4): 

(i) a1 relaxations far from the NP interface are approximately bulk-like, (ii) a2 relaxations near the 

NP interface are ~100 times slower than bulk, and (iii) the temperature dependence of a1, a2, and 

neat P2VP are comparable although a2 relaxations have a slightly weaker temperature 

dependence.65 Using the dielectric strength of each process as a measurement of the amount of 

relaxing polymer, the authors estimate a shell thickness on the order of ~4 nm, which is between 

the Kuhn size and Rg of P2VP and matches structural measurements from SAXS. In addition the 

authors observe that all segments are mobile, albeit many are slow, which is in contrast to other 

reports that discuss and immobile polymer layer68,70,71. It is worth noting that simpler and more 

sophisticated models have been used to describe BDS data from various PNC systems58,66,72,73, and 

they all result in observations of slow interfacial relaxations within a few nanometers of the NPs. 

Fitting the same BDS data with a core shell model (two HN functions) results in a thinner apparent 

bound layer and apparently slower interfacial relaxations as compared to fitting with the interfacial 

layer model, but both qualitatively show slow interfacial dynamics.73  

 

 

Figure 1.4: Mean molecular relaxation time (tMax) as a function of inverse temperature for neat 
poly(2-vinylpyridine) (black) and  P2VP segments in P2VP/SiO2 PNCs (fNP = ~26 vol%, blue). 



 14 

Relaxation times in the PNC are separated and plotted as interfacial relaxations (blue open symbols) 
and bulk-like relaxations (blue filled symbols). Reprinted with permission from Ref  65. Copyright 
2014, American Chemical Society. 

 Similarly slow dynamics have been measured in P2VP/SiO2 nanocomposites using 

TMDSC64,65,74 and QENS55. The simplest analysis of TMDSC assumes a single glass transition like 

the homogeneous model64, but more detailed analysis reveals high temperature broadening (i.e. 

slower dynamics)65 and even can lead to extraction of an interfacial layer thickness commensurate 

with BDS73,74. QENS measurements on neat P2VP showed diffusive motions (t ~ q-2) for length- 

and time- scales of ~1 nm and ~1 ns, which agreed with extrapolations of the a-process from 

TMDSC and BDS in neat P2VP (Figure 1.2).55 In P2VP/SiO2 PNCs these relaxations occurred with 

a similar q-dependence but at slower timescales than bulk and timescales monotonically decreased 

with NP loading (i.e. NP-polymer interfacial area).55 This result implies, at least preliminarily, that 

segments are perturbed temporally more than spatially.    

 This case study of segmental dynamics in P2VP/SiO2 PNCs demonstrates the sensitivity 

of experimental observations to the measurement technique, data interpretation, and measurement 

conditions, although this is not specific to the P2VP system. Each experimental technique has 

different sensitivities, dynamic ranges, and probes the population of relaxation times differently, 

all of which may lead to distinct experimental observations. For example, TMDSC fundamentally 

measures the freezing out of modes of motion near Tg, and samples all segments evenly.29,56,75 In 

contrast, QENS is measured at T>>Tg, fundamentally measures the incoherent dynamic structure 

factor, and it’s sampling is nontrivial.55,76,77 In general, extreme care should be used when 

comparing different PNC systems and measurement techniques. Nevertheless, subsequent sections 

aim to compare the effect of different PNC parameters using a combination of experimental 

methods, material systems, and simulations. 

 Finally, it is worth noting that several reports have suggested analogies between polymer 

nanocomposites and thin film confinement50,68,78–80, polymer confined to nanopores26,31,81–83, and 
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intercalated systems23,24,84. In thin polymer films for example, Tg can change drastically as a 

function of film thickness (up to ~100 nm) depending on the substrate-polymer interaction and the 

presence of a free surface.85–87 The most realistic comparison here is between PNCs with strong 

confinement, i.e. where the interparticle distance (ID) is smaller than the chain size (2Rg), and thin 

films capped on both ends by a rigid substrate.31,36 However, the role of NP curvature and the 

subsequent heterogenous levels of confinement between spherical NPs in PNCs cannot be 

ignored.80 Nevertheless, several concepts demonstrated and learned in thin films, as well as 

infiltrated nanopores and PNC systems with silicates, can be extended this discussion and vice 

versa. 

1.3.3 Effect of polymer attributes  

 Several inherent parameters to the polymer can affect the dynamics in PNCs and the 

perturbation imposed by the NPs, including but not limited to molecular weight, polymer stiffness, 

and polymer architecture. This section reviews how changes to these properties affect the segmental 

dynamics in PNCs. 

Although segmental dynamics in neat polymer are nearly independent of Mw for Mw>>M0, 

the substantial presence of interfaces in PNCs and the relative size of the NPs leads to different 

perturbations based on matrix molecular weight. Detailed BDS and TMDSC measurements on 

poly(vinyl acetate) (PVAc)/SiO2 and P2VP/SiO2 PNCs found the magnitude that segmental 

dynamics were slowed relative to neat polymer and the length-scale over which they were perturbed 

increased with decreasing Mw.73 In other words, the perturbation imposed by the NPs was stronger 

with low Mw polymer as compared to large Mw. These authors describe this behavior in terms of 

interfacial packing and bound layer density, as supported by SAXS, spectroscopy, and mass density 

measurements69,73, Figure 1.5. Specifically, low molecular weight polymers are proposed to adsorb 

more densely (forming more trains than loops or tails) as compared to higher molecular weight. 
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This difference in polymer conformations leads to more adsorbed segments and more suppressed 

dynamics in PNCs with lower molecular weight. In addition, the dynamic interfacial layer (DIL) 

defined by slow interfacial dynamics and bound loop layer (BLL) as defined by structural 

measurements are similar for low Mw, while the BLL is thicker than the DIL for high Mw. A similar 

molecular weight effect was observed in other experiments as well.39,55,88 In contrast, NMR studies 

on segmental dynamics in polyethylene glycol and SiO2 PNCs observed a weak Mw-dependence 

where the fraction of slow segments increased with Mw
89 or remained the same70. These differences 

could be attributed to weaker polymer-NP interactions or other experimental system-specific 

parameters.  

 

 

Figure 1.5: Schematic representation of the MW effect in PNCs with attractive NP-polymer 
interactions. (a) and (c) Nanoparticles in polymer solutions with free (green) and adsorbed (red) 
chains. (b) and (d) polymer nanocomposites formed by solvent evaporation with free (green) and 
adsorbed (blue and red) polymers. For PNCs with low Mw, the bound chains are compact resulting 
in a similar BLL (bound loop layer) and DIL (dynamic interfacial layer) and overall slower 
segmental dynamics as compared to PNCs with higher Mw which exhibit larger BLL than DIL. 
Adapted with permission from Ref 73. Copyright 2016, American Physical Society.  

 It remains unclear if the structure and polymer conformations proposed in Figure 1.5 are 

at equilibrium or kinetically trapped and therefore depend on PNC processing. In fact, the bound 

layer thickness and fraction of immobilized segments were recently measured via NMR in 
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PEO/SiO2 PNCs fabricated from different solvents.70 PNCs fabricated from a poor solvent (ethanol) 

produced more adsorbed segments and a thicker bound layer than those fabricated from a good 

solvent (water) and this effect was observed at two molecular weights.70 These measurements show 

that the bound layer structure and dynamics depend on the processing conditions, indicating the 

polymer chains and PNCs in general are not at a global equilibrium state in the melt. Interestingly, 

the Mw-effect captured in Figure 1.5 persisted after annealing for ~1014 ta, meaning the effect (if 

not at equilibrium) is long-lasting and thermally stable.73 However, in another study of P2VP/SiO2 

PNCs, a similar Mw-dependence was observed in TMDSC (T~Tg), while only a modest Mw-

dependence was found in QENS (T>>Tg).55 More measurements are needed to determine if these 

differences are the result of relaxations toward equilibrium at sufficiently high temperatures, 

differences in the bound layer as a function of temperature, or simply differences in precision and 

uncertainty in the different techniques. 

 Next, we consider matrix-free PNCs comprised of only polymer grafted NPs and 

specifically consider the molecular weight dependence.46,88,90–92 One may expect grafted polymer 

chains to have reduced mobility compared to neat polymer because one end of the chain is 

covalently bonded to the NP surface and therefore immobile. In fact, grafted PS90 and P2VP88 

chains have higher Tg (slower dynamics) than neat polymer of the same Mw. Shorter grafts exhibit 

larger differences relative to neat PS in the breadth of the glass transition, the step in heat capacity 

(DCp), and fragility because a larger fraction of the chain is near the surface.90 However, the NP 

concentration in matrix-free PNCs (and NP-NP separation distance) depends on the Mw of the 

grafted polymer, the surface grafting density (sgraft), and the NP size, thus complicating 

comparisons. As such, it is important to consider the conformations of the grafted chains that lead 

to non-monotonic behavior with Mw.5,46,88 For example in P2VP/SiO2 matrix-free PNCs measured 

by BDS, segments from low Mw P2VP grafts are slower than bulk because each segment resides 
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near a NP and chain stretching impedes relaxations but high Mw grafted P2VP exhibit bulk-like 

relaxations because most segments are far from the NP surface and interfacial effects are less 

significant.88 In PMA/SiO2 matrix free PNCs measured by QENS and assuming a jump diffusion 

model, segmental diffusion is faster than bulk for all Mw, consistent with increased free volume.46 

Interestingly, the fastest relaxations are measured at intermediate Mw, which are long enough for 

chains to begin to interdigitate with neighboring NPs and short enough so that the majority of 

segments are still near NP cores.46 In matrix-free PNCs of grafted NPs more generally, it is 

important to consider the brush conformations as a function of Mw, sgraft, and RNP because different 

dynamics are expected for different conditions. Systematic studies showing these complicated 

effects are necessary but remain synthetically and experimentally challenging.  

 Another polymer characteristic that has a profound effect on segmental dynamics in PNCs 

is the chain stiffness, likely because it strongly affects interfacial packing. In coarse-grained MD 

simulations, the polymer chain stiffness was controlled by adjusting bending potential (without 

changing other polymer or PNC parameters) and the dynamics were measured near a flat attractive 

substrate which simulates an infinitely large NP.93 The segmental dynamics of chains near the 

interface were slower than bulk but the degree of slowing and length scale over which chains were 

perturbed both increased for stiffer chains.93 Isolating the chain stiffness experimentally is 

challenging because changing the polymer chemistry also changes the NP-polymer interaction, a 

variable discussed in Section 1.3.5. Nevertheless, Sokolov and coworkers probed the DIL in SiO2 

PNCs with polypropylene glycol (PPG), PVAc, P2VP, and literature data to reveal qualitatively 

similar dependencies as simulations.74 This result suggests that the structure and dynamics of the 

interfacial polymer layer are impacted by the persistence length and cooperativity of the polymer. 

More simulations and experiments could further develop the understanding of this relationship.  
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1.3.4 Effect of filler attributes  

 A common parameter to study in PNCs is the relative amount of polymer and filler, which 

effectively increases the NP-polymer interfacial area. In addition, in certain PNC systems 

especially at sufficiently high NP concentrations, NP-NP aggregation and polymer bridging 

between adjacent NPs produce non-trivial effects on segmental dynamics. The case of NP 

aggregation can often be considered in terms of the matrix-accessible NP-polymer interfacial area 

because aggregated NPs have considerably less accessible surface area (per unit volume NP) than 

individually dispersed NPs. As a result, segmental dynamics are generally less perturbed in 

aggregated PNCs compared to those with the same volume fraction of individually dispersed 

NPs.71,94,95  

 In PNCs with spherical NPs that are individually and randomly well-dispersed in a polymer 

melt, the interparticle separation distance (ID)96 can be expressed as:  

𝐼𝐷 = 𝑑&' -(2 (𝜋𝜙&')1 )
(/*

− 14	  (1.2) 

When ID approaches the chain size (~2Rg) polymer bridging between adjacent NPs is observed in 

simulations and experiments, mainly through mechanical measurements.39,40,97–101 Although 

isolating the segmental dynamics in bridging chains is difficult, the segmental dynamics are 

expected to be more perturbed than non-bridging chains.39,99 When ID is further reduced toward 

the Kuhn length of the polymer segments (b), all of the polymers in the PNC are effectively 

interfacial. For NPs on the order of or larger than 10 nm, this level of confinement (ID~2Rg) is 

difficult to achieve except through unique processing routes18,102–105, grafted and matrix-free 

PNCs106, underfilling72, layered NP systems, or solvent washing88,107. Large changes in Tg measured 

via ellipsometry104,105 and segmental dynamics measured via BDS72,88 have been reported in highly 

loaded PNCs, but these measurements are challenging due to low signal-noise-ratios. 



 20 

 Another critical parameter of the filler that affects segmental dynamics is the NP size. Note 

that decreasing the NP size at a fixed NP concentration and random dispersion state increases the 

NP-polymer interfacial area and decreases ID. Since segmental dynamics are often perturbed at the 

NP-polymer interface, this implies that smaller NPs will affect more segments in the PNC. 

Profound differences in segmental dynamics were observed by comparing P2VP filled with SiO2 

NPs (2RNP ~ 2Rg) to P2VP filled with octaaminophenyl polyhedral oligomeric silsesquioxane 

(OAPS, 2RNP ~ b), both of which exhibit favorable NP-polymer interactions, Figure 1.6.108 In PNCs 

with small NPs, increasing fNP increased Tg considerably (reaching ~35 K higher than bulk), while 

DCp remained unchanged and the fragility of ta increased.108,109 In contrast, PNCs with larger NPs 

exhibited only weak increases in Tg and fragility and exhibited a linear drop in heat capacity with 

increased fNP.108 These results, supported by corresponding simulation and theory, suggests that 

small NPs slow segmental relaxations more uniformly, participate in the relaxation process, and 

perturb segmental dynamics more strongly than larger NPs. However, it should be noted that 

comparing SiO2 NPs (2RNP ~ 25 nm)  and OAPS (2RNP ~ 1.8 nm) is extreme. As will be discussed 

in future sections (including Section 1.6.4), the OAPS NPs are mobile on the timescale of polymer 

relaxations so the contrast between P2VP/SiO2 and P2VP/OAPS likely reflects the mobility of the 

NPs rather than the effect of only NP size and curvature.109  
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Figure 1.6: Effect of NP size in P2VP PNCs with SiO2 NPs (blue, 2RNP = 25 nm) and 
octaaminophenyl polyhedral oligomeric silsesquioxane (OAPS) (red, 2RNP = 1.8 nm) as a function 
of NP volume fraction. (a) Changes in glass transition temperature, DTg = Tg,PNC – Tg,bulk, (b) 
magnitude of the step in heat capacity from TMDSC, and (c) fragility. Adapted with permission 
from Ref 108. Copyright 2017, American Chemical Society. 

Few studies have isolated the role of NP curvature on segmental dynamics, i.e. 

systematically changing NP size within the regime of 2RNP > b. In a study of P2VP/SiO2 PNCs 

with NP diameters ranging from 7 to 50 nm, the bound layer thickness extracted from BDS 

measurements only slightly increased from 1 to 4 nm.66 Unfortunately, relaxation dynamics were 

not reported. Starr and coworkers performed coarse-grained MD simulations of a single 

facetted icosahedron NP in a melt of low molecular weight polymer to also probe the role of NP 

size. Here, the segmental relaxations at the interface of a larger NP are slower than near a small 

NP.80,99 These authors argue that the relevant parameter to describe changes in Tg is ID relative to 
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Rg, because this captures the convoluted influence of fNP and RNP and defines the amount of 

interfacial polymer in the PNC.99 The infinite limit of NP size is a flat substrate and these 

comparisons have been provided.50,78–80 Still, a universal understanding of how NP size and NP 

curvature impacts the glass transition and segmental dynamics in PNCs remains elusive, especially 

experimentally. A combined study that systematically varies NP size (RNP), chain size (Rg), and NP 

concentration (fNP) may help characterize the roles NP size relative to ID.  

 In regard to the shape of the nanoparticle filler, experimental efforts are scarce with the 

notable exception of carbon-based NPs and clays. Complications include limited availability of 

non-spherical NPs and changes in NP-polymer interaction with changes in shape. However, we 

anticipate NP shape to impact segmental dynamics primarily through changes in the local 

interfacial packing, local radius of curvature, and amount of polymer-accessible interface. Isolating 

and deconvoluting these effects remains an experimental challenge.   

1.3.5 Role of NP-polymer interaction on interfacial dynamics  

 When a polymer is adjacent to a solid interface, such as a NP, the segmental dynamics are 

affected by several interrelated factors including the differences in density69,73,80, perturbed polymer 

conformations79,110, and the energetics at the interface. Regarding the energetics of a polymer at a 

NP surface, there is an enthalpic component that characterizes the NP-polymer affinity and an 

entropic one which characterizes the conformation of free chains near the NP surface. Modulating 

the NP-polymer interaction enthalpy (through chemical modifications or material selection) or 

entropy (through interfacial softness or grafting polymer chains to the NP) typically changes other 

important parameters and therefore complicates experimental comparisons. For example, it is 

known that the NP-polymer dispersion state depends intimately on the NP-polymer interaction9,12,97 

so it is difficult to deconvolute changes in segmental dynamics from changes in NP-polymer 

interfacial area. In addition, changing the NP-polymer interaction through materials selection is 
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often accompanied by changes in other important parameters including solvent quality during 

preparation, chain stiffness, and NP dispersion state.  

While many experiments have tried to explore the role of the NP-polymer interaction 

through altering the NP84,111–116 or the polymer64,117, the resulting PNCs frequently have different 

NP dispersion states and consequently different accessible interfacial area at fixed fNP. In a 

thorough study of NP dispersion and glass transition using an array of surface-modified silica and 

different polymers, Schadler and coworkers argued that NP-polymer energetics and work of 

adhesion can predict dispersion state of NPs in the melt, as well as the direction and magnitude of 

Tg changes.118 Reasonable NP dispersion is achieved when the polymer-NP interaction exceeds the 

NP-NP interaction and the relative work of adhesion is minimized. In systems with similar 

dispersion states (characterized by TEM), stronger NP-polymer interactions result in a larger 

increase in Tg.118 Measurements of segmental dynamics (rather than the vitrification process) or 

other characteristics of the bound layer are mostly unreported and present a worthwhile future 

direction. One way to access interfacial dynamics at repulsive interfaces while circumventing 

aggregation in PNCs is using infiltrated polymer in nanopores with well-characterized surfaces. 

For hydrophobic poly(ethylene-alt-propylene) (PEP) infiltrated into hydrophilic anodic aluminum 

oxide (AAO) nanopores, bulk-like segmental dynamics were measured using neutron scattering.83 

In comparison, hydrophilic polydimethylsiloxane (PDMS) in hydrophilic AAO nanopores (an 

attractive interaction) displays segmental dynamics slower than bulk.82  

 MD simulations of an isolated NP in a polymer melt offer the unique ability to tune NP-

polymer interaction without changing other parameters or causing NP-NP aggregation. For 

example, by extracting the segmental relaxation time as a function of distance from the NP surface 

for a variety of NP-polymer interactions, Starr and coworkers (Figure 1.7) showed slower 

interfacial relaxations for attractive NPs (e>1) and faster interfacial relaxations for repulsive NPs 
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(e<0.5).119 The surface relaxation (inset of Figure 1.7) reveals surface dynamics between 102 times 

faster and 104 times slower than bulk depending on the NP-polymer interaction, with the crossover 

for bulk-like being slightly more repulsive than athermal. This crossover may indicate an 

unfavorable entropic effect or an effect of local ordering.119 This profound effect of NP-polymer 

interaction on local dynamics is consistent with other simulation results120–124 but mostly 

undocumented in experimental PNCs. Interestingly, bulk-like segmental relaxations are recovered 

after ~3s, or ~ 3 nm in experimental units, from the NP surface regardless of NP-polymer 

interaction parameter.119 Other simulations have shown similar effects.29,79,121 

 

Figure 1.7: Segmental relaxation time for e = 0.1, 0.25, 0.5, 0,75, 1.0, 1.4, and 2.0 as a function of 
distance from the NP surface. Inset shows surface segmental relaxation time (normalized to that of 
bulk) as a function of interaction strength. Reprinted with permission from Ref 119. Copyright 
2016, American Chemical Society. 

 For systems that exhibit hydrogen bonding, such as PNCs comprised of any hydrophilic 

polymers and SiO2 NPs, temperature may impact the NP-polymer interaction. Specifically, the 

relaxation time of adsorbed segments is likely related to the activation energy of the hydrogen bond 

(relative to kT) and the attempt frequency (related to the bulk relaxation time), both of which are 

temperature dependent. NMR measurements as a function of temperature showed the measured 

bound layer thickness in various PNCs decreased with increasing temperatures; unfortunately, 

measurements of the relaxation time in that bound (glassy) layer were inaccessible.125,126 Thinner 
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dynamic bound layers were also observed  with BDS as temperature increases in a variety of 

materials.74,123 As discussed in regards to Figure 1.4 and Figure 1.6, BDS measurements observe 

only a weak change in fragility upon the addition of NPs with 2RNP > b.65,108 This result may indicate 

that the NP-polymer interaction is not significantly changed over this temperature range. For 2RNP 

~ b, differences in fragility as T approaches Tg may reflect the frustrated packing during the 

vitrification process rather than segmental relaxation at higher temperatures108, meaning the 

dependence on NP-polymer interaction remains unclear. To access a broader range of temperatures, 

multiple experimental methods with overlapping temperature ranges is optimal, Figure 1.2.54,55,76,77  

 Finally, the role of NP-polymer interaction has also been studied by comparing the 

segmental dynamics of physically adsorbed chains to those that are covalently grafted to the 

surface.62,88,91,92,125,127 For example, Sokolov et al. compared P2VP/SiO2 PNCs of the same fNP and 

molecular weight wherein the P2VP was grafted to the NP (a matrix-free PNC) or physically 

adsorbed to the NPs (a traditional PNC).88  Using BDS along with other techniques, they measured 

the a-relaxation88 and b-relaxation127 as a function of Mw. One of their main conclusions is that the 

degree of chain stretching in the interfacial layer critically affected the segmental dynamics. For 

low molecular weight systems, P2VP matrix-free and traditional PNCs exhibit similar interfacial 

dynamics while for intermediate Mw, where grafting induces chain stretching, the primary 

segmental relaxation dynamics in matrix free PNCs are slower than in traditional PNCs.88 Other 

studies using BDS and NMR have also revealed slower a-relaxation dynamics for covalently 

bonded polymers to NPs as compared to physically adsorbed chains.91,125 Note that secondary 

segmental relaxations (b-process) in the glassy state sometimes behave differently. For example, 

in the aforementioned P2VP/SiO2 matrix-free PNCs, secondary relaxations are faster relative to 

bulk while adsorbed chains in traditional PNCs are more bulk-like127. This observation and 

others92,128 highlight the decoupling between a and b processes and the many parameters, such as 
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chain stretching and local free volume, that affect the two differently. The use of polymer-grafted 

NPs adds variables to the already expansive parameter space for PNCs and more research 

investigating different regimes of RNP, sgraft, and graft Mw will help develop a thorough 

understanding of relaxations within the polymer brush in PNCs.  

1.4 Intermediate Polymer Dynamics 

1.4.1 Experimental and simulations methods  

Intermediate polymer dynamics, also called Rouse dynamics in the melt35, involve 

relaxations associated with chains of segments and are therefore slower than segmental dynamics 

(Section 1.3) and faster than the center-of-mass polymer diffusion (Section 1.5). The exact 

delineation between segmental dynamics and intermediate dynamics can sometimes be unclear, but 

we consider intermediate dynamics to be the collective motion of several segments. 

Experimentally, these intermediate dynamics are primarily measured using neutron scattering and 

rheology. MD simulations are insightful as well. Due to the limited experimental techniques and 

because these cooperative motions are often complicated to analyze, progress on understanding 

intermediate dynamics is comparatively slow, especially with respect to the dense parameter space 

presented by PNCs. 

In unentangled polymer melts, the Rouse model describes the relaxation dynamics of 

chains with p-sized chains and can be extended to the full chain (p ≤ N).35 When the degree of 

polymerization (N) exceeds the degree of polymerization between entanglements (Ne), the Rouse 

model describes relaxations within entanglement strands. However, larger scale dynamics (p>Ne) 

are considered confined to a tube formed by entanglement nodes, according to the Edwards tube 

model.35 Clearly, intermediate dynamics are intimately tied to the entanglement network. In PNCs, 
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the polymer entanglements are perturbed by the presence of NPs, so measurements of these 

intermediate dynamics can provide insight into entanglements as well as the dynamics. 

 Rheology is a dynamic mechanical measurement that measures the complex modulus 

(often shear, G’ and G”) as a function of frequency, usually with a polymer melt placed between 

parallel plates. For a neat polymer melt at shearing frequencies longer than the slowest 

characteristic relaxation of the polymer, the terminal flow regime is reached where G’~w and 

G”~ w2. At faster shearing frequencies, the frequency-dependent moduli changes with the 

dynamics in the sample, thus giving insight into intermediate dynamics. The addition of NPs often 

stiffens the polymer melt and usually introduces additional dynamic processes, such that extracting 

polymeric relaxation times from linear viscoelastic measurements of PNCs is difficult, especially 

at high NP concentrations40 and for poorly dispersed systems129. In many cases, the rheological 

spectra can reflect NP-polymer interactions, dynamics of the NPs, and heterogeneous dynamics of 

free polymers, and deconvoluting these contributions is arduous.130 

 Inelastic neutron scattering methods, QENS and NSE, can access intermediate polymer 

dynamics more directly. For sufficiently flexible polymers with small Kuhn segments measured at 

T>>Tg, QENS can measure Rouse dynamics. For example, QENS of polyethylene oxide (PEO, b 

= 0.6 nm) shows <r2> ~ t1/2, characteristic of Rouse dynamics.131  However, QENS experiments on 

PS37 and P2VP55 (both with b ~ 2 nm) reveal various geometries of motion, but are generally 

incapable of accessing Rouse length- and time-scales. In NSE, the change in velocity of incident 

and scattered neutrons, which is related to the transfer of energy of the scattering event, can be 

precisely measured for a variety of q by monitoring neutron spin before and after the scattering 

event through Larmor precession.60 NSE offers a wave vector range of ~10-3 – 1 Å-1 (length scales 

of ~0.6 – 600 nm) and energy range of ~10-1 – 10-6 meV (timescales of ~10-11 – 10-6 s) and, thus, 

NSE is a powerful tool for probing intermediate polymer dynamics in PNCs. The normalized 
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intermediate scattering functions, ISF or I(q,t), are directly obtained in NSE, and can be readily fit 

to system-specific functions including the Rouse model and reptation model. NSE requires 

specialized instrumental access available at global user facilities, necessitates collection times on 

the order of days per sample, and samples are often comprised of majority deuterated polymer.  

 Due to the complexity of dynamics of chains and chain segments, MD simulations are also 

useful to probe intermediate dynamics. In simulations, Rouse analysis can comprehensively extract 

the timescales associated with various sections of the chain (Rouse mode analysis) to further 

understand the relaxation mechanism. In addition, simulations access various parameters associated 

with the entanglement network via primitive path calculations that provide entanglement densities 

and visualizations of the Edwards tube in melts and PNCs.132–134 Although the average tube 

diameter can be measured in NSE and the molecular weight between entanglements can be 

estimated from rheology, simulations provide unique insights about spatial heterogeneities and 

locations of the entanglements in PNCs. 

1.4.2 Intermediate dynamics in PNCs 

Measurements of the full rheological spectrum in PNCs usually explore up to three key 

relaxations: the relaxation time of a Rouse monomer (t0, on the order of b), the relaxation of the 

entanglement strand (te for N/Ne > 1), and the terminal relaxation time (tt, on the order of Rg). The 

Rouse monomer relaxations, also called the elementary relaxations, measured by rheology are 

similar to measurements from BDS, while te and tt relaxations are usually inaccessible to 

techniques discussed in Section 1.3.1. Several authors have made thorough rheological 

measurements to probe microscopic dynamic processes, but most suffer from gel-like PNC 

responses at high NP concentration67,117,131,135–138, with a few exceptions.108,139 For example, by 

forming rheological master curves referenced to the Tg of PNCs comprised of PEG-grafted SiO2 
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and PMMA, measurements of t0, te, and tt revealed a monotonic increase in each relaxation time 

with the addition of NPs, indicating slowing across these length-scales.139  

 Rheology also provides measurements of viscosity that characterize how PNCs flow and 

provide insight related to intermediate and chain dynamics. The literature about viscosity in 

nanoparticle-filled polymers is expansive. Several parameters are known to affect the viscosity of 

PNCs, including NP-polymer interaction, polymer Mw, fNP, and NP size. Both increases67,138,140–144 

and decreases139,140,145 in viscosity have been observed in PNCs, indicating complex and often 

competing effects of different variables. For large NPs in short polymers, the Einstein-Batchelor 

law146 describes the increase in viscosity as a function of fNP: 

(𝜂PNC 𝜂bulk1 = 1 + 2.5𝜙NP + 6.2𝜙NP
+ )    (1.3) 

  The viscosity increases above the prediction in Equation 1.3 with strong  NP-polymer 

attractions.142–144 Decreased viscosity relative to bulk has been observed particularly in high Mw 

polymer filled with athermal or small NPs.139,140,145 Kumar and coworkers proposed a “universal” 

behavior for viscosity in athermal and attractive PNCs by considering only polymer Mw and NP 

size.147 While this treatment captures many experimental studies and serves as a zeroth-order 

description of viscosity deviations from bulk, it fails to capture some experimental results and 

remains to be fully tested with a more expansive set of materials and parameters. These results (and 

other rheological measurements) imply that mechanical measurements and viscosity are complex 

functions of several variables and dynamic processes that synergistically affect stress relaxation 

behavior.  

 We next discuss more direct measurements of intermediate dynamics through neutron 

scattering. For example, PEO-based PNCs with different NP-polymer interactions were probed 

using QENS and NSE. The PNCs contained either bare SiO2 NPs or SiO2 NPs coated with 

polymethyl methacrylate (PMMA) and dispersed in PEO.141 Interestingly, the QENS broadening 
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for PEO-SiO2/PMMA matches bulk PEO, while the QENS broadening is narrower for PEO-

SiO2/bare systems, indicating slower PEO intermediate dynamics (Figure 1.8).141 In both sets of 

PNCs, after the Fourier transformation of S(Q,w) and using the relation 𝑆(𝑞, 𝑡) =

exp -−𝑞
+

61 〈𝑟+(𝑡)〉4 , Rouse scaling is observed where 〈𝑟+(𝑡)〉	~	𝑡(/+.141 The authors attribute the 

decreased 〈𝑟+(𝑡)〉 and reduced Rouse parameter (Wl4) to PEO adsorption to SiO2, because this 

analysis inherently assumes a homogeneous model (Figure 1.3). Complimentary NSE 

measurements on these PNCs revealed similar dynamics at short times. At long times, 

disentanglement was observed in the PEO-based PNCs with glassy PMMA-coated SiO2, while the 

entanglement network was largely unperturbed in the other PNCs studied.141 These neutron 

measurements provided a microscopic view of segmental and intermediate dynamics in PNCs with 

different interactions, although the PMMA-mediated NPs introduce additional interfacial 

complexities that remain largely unknown.  
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Figure 1.8: Incoherent dynamic structure factor (top) and mean square displacement (bottom) of 
PEO in neat PEO (teal) and PEO-based PNCs composed of PMMA-coated SiO2 (red) and bare 
SiO2 (black) at T=423 K and bare SiO2 in PEO at T=443 K (green). All PNCs were filled with fNP 
= 17.6% (core only). Adapted from Ref 141.  

In another set of measurements on low Mw PEO/SiO2 PNCs, the interfacial interactions 

were altered by the polymer end group.77 Although Rouse dynamics were slowed in these PNCs 

relative to neat polymer, OH-terminated chains exhibited a larger perturbation than CH3-terminated 

chains, showing that attractive interactions even at the chain ends slow Rouse dynamics in PNCs.77 

In a largely non-attractive set of PNCs, Richter and coworkers studied dynamics of  PEP segments 

and chains in PNCs with SiO2 NPs.148,149 In these PNCs, the Rouse dynamics were unperturbed 

relative to bulk, even at high fNP (~60 vol%) and the population of dynamics within the PNCs 
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remained bulk-like. Using these cases as examples, the NP-polymer interactions certainly affect 

intermediate dynamics and in many cases, insights from segmental dynamics can be extended to 

Rouse dynamics for p < Ne. 

The intermediate dynamics of polymers grafted to NPs has also been measured in a few 

contributions and much remains unknown.92,128,150 In general, confined dynamics are observed as 

the grafted-chains restrict Rouse motion of adjacent chains and the presences and magnitude of this 

effect depends strongly on grafted Mw, sgraft, and RNP.27,33 In matrix-free PNCs, polyisoprene 

segmental dynamics were found to be relatively unperturbed until large enough Rouse length-scales 

where grafted chains interacted with adjacent grafts and were slowed relative to bulk.92 Upon the 

addition of matrix chains forming a traditional PNC, the topological constraint was reduced.92 In 

solutions of SiO2 NPs with selective isotopically labelled polymer grafts studied by NSE, slow 

Zimm dynamics (akin to Rouse dynamics in the melt) were observed near the polymer interface 

but faster dynamics were observed far from the NP surface.150 Understanding the heterogenous 

dynamics within the polymer brush on NPs in the melt and documenting the dependence on various 

PNC and NP variables is critical to understanding PNCs with grafted NPs.  

The effect of NP size has also been measured on Rouse-like time scales. Using NSE to 

study PEO-based PNCs with PEG-functionalized 3-nm and 20-nm gold NPs (an athermal system), 

Faraone and coworkers showed Rouse dynamics were comparable to neat PEO and largely 

unaffected by NP size.131 Whether this NP size-independent observation holds for attractive 

interactions or higher NP concentrations remains to be explored. In a combined QENS and NSE 

study, poly(vinyl methyl ether) (PVME) was filled with glassy polystyrene-based NPs of different 

Mw.151 The Rouse dynamics of PVME in these PNCs were slower than bulk and the slowing was 

independent of PS architecture (linear or star) or Mw according to QENS.151 NSE measurements 

also showed slower collective PVME dynamics in the PNCs and, interestingly, revealed a 
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difference between the PS NPs from linear and star polymers. The authors attribute this effect to 

geometric confinement that was only apparent at the longer length-scales accessible to NSE.151  

 Using MD simulations, the effect of NP concentration152, NP size153–155, and NP-polymer 

interaction153,156 on Rouse dynamics was probed. At low fNP, coarse-grained MD simulations show 

the local Rouse dynamics are largely unperturbed although the disentanglement time gets faster.152 

At high fNP (at least 31 vol%), NPs become confining to the Rouse motion and disentanglement 

time and local relaxations begin to slow down.152 In a thorough study of Rouse relaxation in 

athermal PNCs, Rouse relaxations were faster in PNCs with small NPs (RNP < dtube) and largely 

unaffected in PNCs with larger NPs.155 In general, it is reported that Rouse dynamics over different 

length-scales are more perturbed in PNCs with favorable NP-polymer interactions.153,156 

1.4.3 Entanglement network in PNCs 

Entangled polymers at intermediate timescales are confined by the entanglement network 

in the polymer melt. As a result, at timescales beyond Rouse relaxations, a long-time plateau is 

observed in S(Q,t) from NSE and an entanglement plateau is observed in rheology as segments 

cannot relax beyond topological entanglements. This entanglement network is described by a 

confining tube in the Edwards model. Given enough time, polymer chains will escape their 

confining tube or the entanglement network will relax, leading to chain diffusion discussed in 

Section 1.5. However, measurements of intermediate dynamics in polymer melts gives insights into 

the entanglement network.  

To understand how spherical NPs perturb the entanglement network, Richter and 

coworkers measured NSE on poly(ethylene-alt-propylene) (PEP) based PNCs as a function of 

hydrophobic-SiO2 NP concentration and fit S(Q,t) at long times to extract the tube diameter, Figure 

1.9.149,157. As fNP increases from bulk (black) to 60% (purple), polymer chains become more 

confined and the apparent tube diameter, dapp, decreases.149 Importantly, this PNC system exhibits 
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reasonable NP dispersion, unperturbed local segmental dynamics and Gaussian polymer 

conformations as measured by TEM, NSE, and small angle neutron scattering (SANS), 

respectively.149,157 To understand the decrease in the dapp, the authors define “particle 

entanglements” to describe the impact of geometric confinement imposed by the NPs (dgeo) by 

estimating the void distribution function. With knowledge of dapp and dgeo, the tube diameter 

associated with only the polymer matrix (dtube) can be evaluated by assuming Gaussian statistics 

and is found to increase significantly with fNP, Figure 1.9.149 This result, that the addition of NPs 

effectively decrease the tube diameter (adding effective entanglements) through geometric 

constraints and increase the tube diameter (removing polymer entanglements) of the polymer 

network, is also observed in MD simulations152 and first-principles theory158. In MD simulations, 

below a critical volume fraction (fc = 31 v%) the chain dynamics are controlled by polymer 

entanglements, while above fc the geometric confinement or NP entanglements dominate the 

intermediate polymer dynamics.152 A reduction in dapp was reproduced theoretically using mixtures 

of rods and spheres and the magnitude of the reduction was found to depend on only the volume 

fraction of NPs and the dimensions of the rods and spheres.158 The convergence of this theory, 

simulations, and experiments establishes how spherical NPs perturb the entanglement network in 

model PNCs.  



 35 

 

Figure 1.9: (a) Normalized dynamic structure factor from NSE of PEP for a variety of NP 
concentrations (fNP = 0, 0.18, 0.35, 0.5, and 0.6 from black to purple and 2RNP = 17 nm). (b) 
Separation of apparent tube diameter, dapp, measured in (top) and contributions of polymer 
entanglements (dtube) and geometric NP-induced entanglements (dgeo). Adapted with permission 
from Ref 149. Copyright 2011, American Chemical Society. 

  It is well known that small molecules (such as a solvent) or a low-Mw polymer disentangle 

high Mw polymer (increase dtube), so it is reasonable to expect small NPs may have similar effects. 

Faraone and coworkers show exactly this effect: the addition of 20-nm diameter athermal Au NPs 

at fNP = 20 vol% to PEO does not measurably perturb the apparent tube diameter (as measured by 

NSE), but 3-nm diameter athermal Au NPs increase the tube diameter by ~25% at the same fNP.131 

This concept of tube dilation has been observed and discussed in other PNC systems as 

well.109,145,159 
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 MD simulations also provide valuable information about the entanglement network in 

PNCs.152,153,160–165 For example, PNCs with athermal NPs and Rg >> RNP exhibit disentanglement 

(Ne,PNC >  Ne,bulk) and more specifically, a depletion of entanglements near the NP.165 Moreover, the 

NPs often contribute to the primitive path indicating that NPs can act as topological constraints 

akin to entanglements.165 This result agrees with the aforementioned NSE observations. In another 

simulation, the entanglement tube diameter increased as a function of NP concentration, 

demonstrating disentanglement, and this increase was larger for smaller NPs and stronger NP-

polymer attractions.162,166 It is important to note that in simulations, the entanglement network is 

defined by the primitive network but in experiments, it is usually defined by polymer dynamics or 

stress relaxation, so NPs may contribute differently. 

1.5 The Polymer Chain Diffusion  

1.5.1 Experimental and simulation methods  

As described in Section 1.4.1, rheology and NSE provide insights to chain-scale diffusion 

in certain systems and experimental conditions. For example, without NP percolation or significant 

mechanical stiffening, the terminal relaxation behavior in rheological spectra provides a 

measurement of the largest relaxation time (tt) associated with the chain, which can be used to 

estimate the polymer diffusion coefficient. In addition, the diffusion of unentangled chains can be 

measured by NSE and BDS at T>>Tg. While NSE measurements of ISF usually plateau at long 

times due to the confined relaxations in the entanglement mesh, full decorrelation can be observed 

in unentangled polymer chains.148 In addition, for polymers with a permanent dipole along the 

backbone (such as PPG), BDS can measure the so-called normal mode relaxation time, which 

represents full chain relaxation.167 Specialized NMR techniques can also be used to measure the 

diffusion coefficient in PNCs, but this measurement is generally less common.168 
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The most common way to measure chain-scale center-of-mass diffusion in PNCs is through 

depth profiling, Figure 1.10. Typically, a bilayer film of deuterated and protonated polymer is 

assembled and annealed at T>Tg. While the interface is initially sharp, as chains diffuse they 

interpenetrate and the interface broadens. By measuring the depth profile of the deuterated chains 

in the protonated matrix and knowing the annealing time, the interdiffusion rate or diffusion 

coefficient can be determined. Deuterium depth profiles are most commonly measured by elastic 

recoil detection (ERD), secondary ion mass spectroscopy (SIMS) or neutron reflectivity (NR).  

 

 

Figure 1.10: General schematic of diffusion experiment using a mutual diffusion sample 
configuration.  

Elastic recoil detection (ERD) offers a relatively large penetration depth and can 

characterize the depth profile up to nearly 800 nm with approximately or less than 80 nm 

resolution.169 In ERD, 4He ions of known energy are accelerated towards the sample at a glancing 

angle and light elements such as 1H and 2D are forward recoiled toward the detector where their 

energy is measured.  With knowledge of the beam parameters and atomic composition of the 

sample, the difference in measured and incident energy can be related to the depth of the collision 

event. These samples typically consist of a thin deuterated polymer film (< 50 nm) on a protonated 

polymer film (>10 µm), namely a tracer configuration. Following Figure 1.10 (but where the green 

tracer polymer is much thinner than the blue matrix) these diffusion couples are annealed at T>Tg 

for a variety of annealing times, then cooled below Tg. The depth profile of the deuterated species 
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is measured ex situ and a diffusion coefficient is extracted by fitting the deuterated depth profile 

with a solution to Fick’s second law assuming a finite source in a semi-infinite medium.169,170 

In SIMS, an incident ion beam rasters over the sample surface to sputter ions and atoms 

from the sample. To measure the concentration of different elements, the charged species are 

detected by a mass spectrometer tuned to the appropriate elemental mass.171 Typical samples are 

nearly symmetric bilayer films as depicted in Figure 1.10 with total thicknesses on the order of 300 

nm. The penetration depth in SIMS is defined by the raster duration, intensities, and geometries 

and the maximum practical depth is on the order of several hundred nanometers. The depth 

resolution of dynamics SIMS and time-of-flight SIMS is typically on the order of 10 nm.172  

Neutron reflectivity (NR) is a depth profiling technique for thin films where highly 

collimated neutrons are incident on the sample surface and the reflected intensity is measured as a 

function of incident angle.173 Since neutrons are sensitive to differences in atomic nuclei, especially 

isotopes 1H and 2D, the reflectivity profile can be fit to reveal the concentration depth profile. NR 

offers a depth resolution and depth penetration on the order of ~1 nm and ~200 nm, respectively.173 

Samples for NR are usually comprised of a bilayer of deuterated and protonated films, each usually 

~100 nm or less. Unlike ERD or SIMS that rely on ex situ annealing, NR experiments can be either 

ex situ or in situ. To fit NR data for interdiffusion, the diffusion profile is often assumed to follow 

an error function between pure 1H and 2D phases and the interfacial width is extracted as a function 

of time. An observed increase in interfacial width with t1/2 is indicative of polymer diffusion, 

although sometimes NR length scales are too small to reach this regime.  

Diffusive dynamics can also be studied through molecular dynamics, Monte Carlo, and 

various other methods, as recently summarized for melts and PNCs.32 Molecular dynamics 

simulations are most common using coarse-graining methods to alleviate the computational 

expense of long simulation times. The Kremer-Grest model introduced in Section 1.3.1 is often 

used, but imposes a practical limit of lightly entangled chains (N/Ne < 10). Monte Carlo simulations 



 39 

are commonly used to for polymer diffusion of entangled chains.136,154,174–176 Other models 

including dissipative particle dynamics and slip-spring simulations32 and force-based theoretical 

predictions177  are less common but have been applied.  

1.5.2 Polymer diffusion in the presence of spherical nanoparticles  

The inclusion of NPs in a polymer matrix often impedes chain-scale polymer center-of-

mass diffusion. This effect can be anticipated because polymer chains need to diffuse around 

impenetrable NPs, thus causing a longer diffusion trajectory. One may expect this to be confounded 

by other influences including altered polymer conformations, unique interactions, and changes to 

smaller-scale dynamics or the entanglement network, all of which may have non-trivial influences 

on polymer diffusion. 

We start this discussion with the simple case of entangled polymer diffusion in the presence 

of athermal NPs. Composto and coworkers used ERD to measure dPS tracer diffusion (Mw = 49 – 

530 kg/mol) into PS-based PNCs178 with well-dispersed phenyl-functionalized 28-nm SiO2 NPs  at 

fNP = 0 – 50 vol%.170 Polymer tracer diffusion was slowed as a function of fNP to a degree larger 

than expected from excluded volume and tortuosity, as predicted by the Maxwell model 179. These 

results were in line with the entropic barrier model174,175. Furthermore, a master curve was 

developed by plotting the diffusion coefficient relative to the diffusion coefficient of neat polymer 

(D/D0) as a function of ID/2Rg, or interparticle separation distance (ID) relative to the size of the 

deuterated polymer (2Rg).170  

In later publications, a similar collapse was observed for ERD measurements of tracer 

diffusion in various PNCs to probe the influence of NP size180,181, NP polydispersity181, interfacial 

interactions180, and interface softness using grafted NPs182,183. The effective interparticle distance 

(IDeff) is used to account for the polydispersity of NPs and the volume accessible to the tracer 

molecule in the presence of densely grafted NPs, Figure 1.11.181,182 At the limits, D is reduced 
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nearly an order of magnitude in strongly confined PNCs (IDeff/2Rg < 1) and the reduction in tracer 

diffusion extends to weakly confining PNCs, where bulk diffusion is only recovered at 

IDeff/2Rg~20. To compare with these experiments, Meth et al. developed an analytical method that 

treats polymers diffusing through nanocomposites as spheres diffusing through cylinders 

(mimicking the network of free space in the PNC).184 This model quantitatively agrees with data in 

Figure 1.11 at ID/2Rg > 5 and underestimates D/D0 at ID/2Rg < 5, likely because the model does 

not account for perturbed conformations and entropic penalties.  

  



 41 

 

 

Figure 1.11: Master curve developed for a variety of PS-based PNC systems showing collapse of 
the tracer diffusion coefficient normalized to bulk as a function of the effective interparticle 
distance relative to the tracer polymer chain size. Filled and open symbols refer to grafted and bare 
NPs, respectively. Reprinted with permission from Ref 182. Copyright 2013, American Chemical 
Society. 

Measurements of chain diffusion from an attractive interface185–187 and segmental dynamics 

near attractive NPs imply that attractive interactions may impact chain-scale dynamics. Composto 

and coworkers compared PS/SiO2-Ph (athermal interactions) and PMMA/SiO2 (attractive 

interactions) and observed that tracer diffusion through these PNCs are independent of interfacial 

interactions.180 This result suggests that tracer polymer molecules can diffuse within the bound 

layer in PMMA/SiO2 and the increased friction at the NP-polymer interface is either similar to 

PS/SiO2-Ph or insignificant.  

The collapse presented in Figure 1.11, as measured by ERD, is at a fixed T-Tg with large 

Mw polymer for the protonated matrix. Although a qualitatively similar dependence on ID/2Rg 

exists over a range of temperatures, the normalized tracer diffusion is more perturbed from bulk at 

higher temperatures (Figure 1.12).188 This difference was reconciled by entropic arguments, where 

the entropic barrier extracted from temperature-dependent measurements scaled with ID-0.5, 

consistent with an entropic perturbation imposed by the NPs. This result highlights that the 
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convenient and successful scaling of ID/2Rg omits the temperature dependence of the physics 

governing tracer diffusion through PNCs. Also note that Figure 1.11 applies to PNCs wherein the 

spherical NPs are immobile on the timescale of polymer diffusion. ERD studies of very small, 

attractive NPs (~2 nm OAPS) in P2VP found polymer diffusion to be more dependent on fNP than 

measurements in PS/SiO2 PNCs at the same temperature.109 By comparing D/D0 with ta/ta,0 and 

measuring NP diffusion, a friction-dominated mechanism was proposed for the P2VP/OAPS 

system with mobile NPs109. In summary, the master curve in Figure 1.11 is appropriate for tracer 

diffusion in PNCs with immobile spherical NPs under isothermal conditions.  

 

 

Figure 1.12: Temperature dependence of polymer diffusion showing more perturbed diffusion at 
higher temperatures. Measurements are for 532 kg/mol dPS diffusion into PS/SiO2 PNCs (fNP = 0 
– 50 vol%, 2RNP = 28.5 nm, Tg

PS ~ 375 K). Adapted with permission from Ref 188. Copyright 
2016, American Chemical Society. 

In addition to the ERD measurements of tracer diffusion, other techniques have been 

applied to the problem of polymer diffusion in PNCs. Early measurements of pulsed-gradient spin-

echo NMR on entangled PE diffusion in PE/ZnO PNCs (non-attractive) showed bulk-like diffusion 

in PNCs of varying Mw, NP concentration, and NP size.189 This observation may result from low 

fNP and poor NP dispersion, among other factors. In a study using in-situ neutron reflectivity, 

entangled PS diffusion in all-polymer athermal PNCs comprised of PS and soft crosslinked-PS NPs 
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were measured.190,191 In these measurements, the relative size of NPs and polymers lead to enhanced 

or suppressed diffusion resulting from the competing effects of constraint release or 

disentanglement and added topological barriers, respectively.191 To be specific, for small PS NPs 

in large Mw PS, D/D0 > 1 was observed and attributed to increased constraint release akin to a 

diluent. Conversely, for large NPs in low Mw polymer, polymer diffusion was slowed apparently 

by the presence of barriers, qualitatively similar to ERD measurements with immobile NPs, 

although NP softness may contribute190,191. In another contribution, the segmental dynamics and 

translational diffusion of unentangled PEP chains in the presence of SiO2 NPs was measured via 

NSE which showed slow chain diffusion beyond expected solely from geometric confinement, 

which is consistent with increased friction or entropic effects associated with confined diffusion.148   

As recently reviewed32, computer simulations have been broadly applied to polymer 

diffusion in PNCs to investigate the extensive parameter space such as NP-polymer 

interactions124,153,163,192, NP size136,193,194, polymer Mw
195, and other factors176,194. Early MD 

simulations by Kumar et al. showed polymer diffusion in the presence of attractive NPs slowed 

monotonically with increasing fNP.192 In contrast, PNCs with repulsive NPs exhibited diffusion 

faster than bulk (D/D0 > 1) at fNP<8 vol% and slower at higher fNP, implying that diffusion at low 

fNP results from interfacial perturbations.192 Other simulations have observed D/D0 < 1 in repulsive 

and attractive PNC systems, and observed deviations from experimental results presented in Figure 

1.11.194,195 For example, while a qualitatively similar trend with ID/2Rg was recently observed using 

a dynamic Monte Carlo technique, larger NPs perturb diffusion more strongly than smaller NPs, 

even at the same ID.194  

1.5.3 Polymer diffusion in the presence of non-spherical nanoparticles  

Understanding the impact of anisotropic NPs on the polymer translational diffusion 

requires consideration of the multiple length-scales associated with the non-spherical NPs. For 
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example, whereas spherical NPs have one characteristic size (RNP), cylindrically-shaped NPs have 

two relevant length scales (RNP and L). Figure 1.13 shows that geometric considerations of the NP 

length (L) and diameter (d=2RNP) relative to Rg distinguish monotonic (open symbols) and 

nonmonotonic (closed symbols) dependencies of polymer normalized tracer diffusion coefficient 

as a function of fNP. For highly anisotropic NPs with 2RNP < 2Rg < L (red region in Figure 1.13), 

polymer diffusion slows relative to bulk at small fNP and slowly recovers at fNP larger than the 

critical concentration (fNP,crit).196–201 For PNCs with spherical NPs in Section 1.5.2 or less 

anisotropic NPs, the polymer diffusion coefficient decreases monotonically with 

fNP.170,180,182,197,200,201 These different dependencies of D/D0 vs fNP are shown schematically in the 

inset of Figure 1.13. This comparison highlights that the perturbation to polymer dynamics changes 

considerably when only one dimension of the NP is smaller than the chain size. 

 

 

Figure 1.13: Diagram representing the effect of NP diameter and length relative to polymer Rg on 
observations of monotonic (open symbols) or non-monotonic (closed symbols) dependence of 
normalized tracer diffusion coefficient as a function of NP concentration, as schematically shown 
in the inset. Data is compiled from PNCs containing spherical SiO2 (star symbols), CNTs (triangle 
symbols), and nanorods (square and circle symbols) Adapted with permission from Ref 201. 
Copyright 2014, American Chemical Society. 
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The non-monotonic decrease in D with fNP was first observed in PS-based PNCs comprised 

of highly anisotropic single-walled carbon nanotube (CNT) bundles using ERD.196–198. The D/D0 

reaches a minimum value at fNP,crit, which correlates with the mechanical percolation threshold as 

determined by DMA. Furthermore, fNP,crit was found to depend on the PS matrix Mw and not dPS 

tracer Mw
196 or temperature 198, while both Mw and T affected the minimum value of D/D0. A trap 

model was simultaneously developed to test the hypothesis that diffusion along CNTs is faster than 

diffusion perpendicular to CNTs.196 This model qualitatively captures the decrease in fNP,crit with 

increasing matrix Mw and decrease in the minimum value of D/D0 with decreasing tracer Mw, 

suggesting that anisotropic diffusion could be the origin of a minimum in D/D0 as a function of 

fNP.196 Other simulations further developed these results.161,163,202 Using a variety of tracer Mw with 

multi-walled CNTs197,198, long and short TiO2 NRs200,201, and spherical NPs in chain-like 

aggregates199, it was determined that when DNP << Dpolymer, the general criteria for observation of a 

minimum D/D0 (i.e. anisotropic diffusion) is 2RNP < 2Rg < L, Figure 1.13.  

When NPs are small relative to the entanglement network (2RNP < dtube), NP diffusion can 

be fast compared to the polymer diffusion and therefore can be considered mobile during polymer 

relaxations.203 By using fNP and matrix Mw to control the nanorod mobility, the dPS tracer diffusion 

coefficient into PS/TiO2 (2RNP < L < 2Rg) nanorod-based PNCs with mobile (DNP > Dchain) and 

immobile (DNP < Dchain) NPs was measured.200 While polymer diffusion in the PNC was consistently 

slower than bulk diffusion (D/D0 < 1), faster polymer diffusion was observed in PNCs with mobile 

NPs than immobile NPs at the same fNP.200 This enhanced polymer diffusion in the presence of 

mobile anisotropic NPs was captured by a numerical slip-spring model representing fixed 

topological constraints from the PS matrix and immobile NRs with additional constraints with a 

finite release time representing mobile NPs.200 These results, along with those with mobile spherical 
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NPs109, clearly demonstrate the importance of NP mobility in understanding the polymer diffusion 

dynamics.  

Experiments probing polymer diffusion through PNCs with NPs of other geometries, 

including plates/platelets, non-linear NRs, and self-assembled structures, are quite limited. In one 

study, polymer diffusion was measured using SIMS in dPMMA and dPS into PNCs containing 5 

vol% montmorillonite clay platelets.22 The diffusion of dPMMA in these clay PNCs was 3x slower 

than bulk while the diffusion of dPS was unperturbed from bulk, a difference that was attributed to 

preferential adsorption of PMMA chains but these results may be confounded by poor dispersion 

and surface aggregation. Future studies of polymer diffusion in PNCs with well-dispersed planar 

NPs would further develop Figure 1.13. 

1.5.4 Exchange dynamics from the NP interface 

Analogous to the separation of segmental dynamics in the bound layer from those of free 

chains (Section 1.3.2 and Figure 1.3), a recent experimental direction that has emerged is measuring 

the desorption, or exchange dynamics of bound chains in the melt state. Exchange dynamics from 

a flat substrate have been studied by depth profiling techniques such as SIMS, ERD, and NR.185–

187,204,205 Generally, these studies reveal polymer diffusion slows near a solid interface204,205, 

depends on the polymer-substrate interaction187,205, and the effect is spatially long-lasting (in that 

slow polymer diffusion is observed at distances well beyond Rg from the interface)186. However, 

exploring polymer exchange dynamics in PNCs is considerably more challenging because 

experimentally distinguishing bound polymer and free polymer is difficult. Unfortunately, MD 

simulations are typically too slow to study polymer desorption. 

Recently, polymer exchange has been probed in P2VP/SiO2 PNCs using two different 

experimental approaches: SANS206 and ERD207. For SANS, dP2VP/SiO2 PNCs were successively 

solvent washed to remove free polymer and the dP2VP-coated SiO2 NPs were redispersed in 
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protonated P2VP. These PNCs with deuterated bound layers were then annealed at two 

temperatures for various times, measured using SANS, and analyzed by assuming a core-shell 

model where the shell is the dP2VP bound layer.206 The dP2VP shell thickness decreased from ~3 

nm to ~0.6 nm when annealing at Tg+75ºC, but remained largely unchanged after annealing at 

Tg+50ºC, indicating a strong temperature-dependent process.206 Using ERD measurements on 

P2VP/SiO2 PNCs, the fraction of bound chains was measured in the melt state after conventional 

PNC fabrication procedures by spatially separating free polymer from bound polymer as a function 

of annealing time, annealing temperature, and Mw. First, measurements at relatively short annealing 

conditions isolate NP-bound polymer from free polymer, and a bound layer of ~Rg was observed, 

as expected from other measurements208–210. Upon further annealing, polymer desorption was 

observed as the fraction of chains originally bound to the NPs decreased, and some polymer 

remained adsorbed after all annealing conditions studied.206 In fact, the kinetics of desorption were 

slower for lower temperatures and higher Mw, and this effect correlates with the polymer chain 

relaxation time, albeit over a relatively narrow window of Mw and temperature in this study. Despite 

differences in sample preparation and measurements, these two studies are in qualitative agreement 

in that polymer desorption is much slower than bulk polymer dynamics, some chains remain bound 

for experimentally inaccessible timescales (>106 tt), and the desorption kinetics depend strongly 

on temperature.  

Much remains unknown about the desorption and exchange process of bound polymers in 

PNCs. First and foremost, the dense parameter space in PNCs remains largely untested, particularly 

NP size and NP-polymer interactions. In addition, ERD and SANS studies of P2VP/SiO2 showed 

that some chains remained adsorbed for experimentally accessible timescales.206,207 It remains 

unclear how this observation and others depends on the material system or if PNCs with weaker 

interactions will also show “permanently” bound polymer. In addition, the interfacial 

conformations and evolution of conformations during annealing are unexplored and but this will 
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require the development of techniques beyond those mentioned here. Finally, a mechanistic 

description of the desorption and exchange of different populations of chains (tightly bound vs 

lightly bound) remains elusive and may require considerable experimental and simulation efforts. 

This is a fruitful direction of research, even though the desorption process is expected to be very 

complicated and depend strongly on various experimental and PNC parameters.  

 

1.6 The Nanoparticle Diffusion in Polymer Melts 

1.6.1 Theoretical background 

The Stokes-Einstein (SE) relationship describes the diffusion of spherical particles (DSE) 

through a continuous medium as a competition between driving forces from thermal fluctuations 

and viscous drag forces of the medium:  

𝐷,- =
.$

/012"
   (1.4) 

where h is the viscosity of the medium, Rp is the particle radius, kT is the thermal energy term, and 

f is either 4 or 6 for slip or non-slip conditions at the interface, respectively.38 Equation 1.4 assumes 

the characteristic particle size exceeds the largest characteristic length scale of the medium, i.e. Rg 

in a polymer melt. To apply The SE model to nanoparticle diffusion in polymer melts, the zero-

shear viscosity (h0) and core NP size (RNP) are often used for h and Rp, respectively.  

In PNCs, deviations from SE behavior are be expected.38 Several theories have been 

developed to describe the diffusion of dilute nanoparticles in polymer melts, including by De 

Gennes38, Rubinstein211,212, Schweizer177,213–217, and others218,219. Early work by De Gennes an 

coworkers qualitatively predicted that small NPs diffuse faster than DSE(h0, RNP), because NPs 

sample a length-scale dependent friction dictated by Rouse relaxations when 2RNP~dtube or by 

monomeric relaxations when 2RNP~b, both of which decrease the drag forces.38 This concept was 
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further developed quantitatively for repulsive NPs of various sizes in entangled and unentangled 

polymer melts.211–213,215,216,218 More recently, theory was developed that begins to tackle the case of 

attractive NPs in Section 1.6.4.214 

 

1.6.2 Experimental and simulation methods  

Rutherford Backscattering spectrometry (RBS) is an ion beam method analogous to ERD, 

which was introduced in Section 1.5.1 and can be used for measure NP diffusion. RBS is used to 

measure the depth profile of elements heavier than H or D. In RBS, He ions are incident to the 

sample, typically in normal geometry, and are backscattered to a detector to measure the particle 

energy. The loss in energy is related to the incident energy, the kinematic factor of the collision 

(which depends on colliding particles), and the energy loss through the sample, and can provide a 

direct measure of the composition as a function of depth. RBS offers a depth resolution of <100 

nm and a depth penetration of ~1 µm.169 To measure NP diffusion using RBS bilayer samples 

typically comprise a ~150 nm layer of PNCs with low NP concentration on a bulk matrix of the 

same polymer. As samples are annealed at T>Tg, the NP depth profile is monitored by tracking the 

relevant elements (e.g. Si for SiO2 NPs). Similar to ERD, the measured depth profiles are fit with 

a solution to Fick’s second law and a diffusion coefficient is extracted. RBS requires access to an 

ion beam facility and data reduction and interpretation can be difficult, but it can survey a wide 

array of RNP, h, Mw, annealing conditions, and can be applied to many different material systems.  

Dynamic scattering measurements can also be used to measure the diffusion of NPs in a 

polymer melt, including X-ray photon correlation spectroscopy (XPCS) and dynamics light 

scattering (DLS). Fundamentally, both techniques are similar in that they measure the temporal 

fluctuations of the speckle patterns produced by coherent light scattering from dilute NPs in a 

polymer medium. They differ however, in the specifics of the measurement, details of the 
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instrumentation, and the length and time scales that they probe. XPCS uses a high-brilliance 

coherent X-ray source to measure the decorrelation in the spatial distribution of electron density in 

the sample as a function of q. Generally, XPCS offers a q range of 0.002 Å-1 < q < 0.07 Å-1 (spanning 

length scales of ~5 – 250 nm) and a dynamic range of ~500 μs to ~103 s. Analysis of the intensity 

time-autocorrelation functions, which are related to the ISF, uses a stretched exponential to reveal 

the relaxation time of the system. Plotting the extracted relaxation time vs q reveals the geometry 

of the motion where t~q-2 is purely diffusive motion. In contrast, DLS uses a longer wavelength 

light, the scattering comes from differences in index of refraction, and typically only one q value 

is measured. Both methods can probe NP motion in PNCs with dilute NP concentrations (fNP < ~1 

vol%) and provide access to unique length- and timescales. As with RBS, these provide an 

ensemble average of the NP dynamics and may be difficult to interpret or separate different 

dynamic processes in PNC systems.  

More specialized measurements of NP dynamics exist as well. For example, a modified 

fluctuation correlation spectroscopy (FCS) method has been applied to melts and solutions.220,221 

Here, a laser is rastered over the polymer melt with a dilute NP concentration until an increase in 

the photon count was observed as indication of the presence of a NP. After the NP is placed in the 

focal volume of the laser beam, the photon counts are continuously recorded until the value reaches 

the background count, indicating that the NP diffused out of the focal volume. The diffusion 

coefficient is obtained by the decay time of the photon counts (extracted with a stretched 

exponential) and the size of the focused laser beam. Single particle tracking (SPT) has been applied 

to polymer solutions and gels222–224 and, more recently, to polymer melts with NPs225. SPT uses 

either florescent or photon-emitting NPs (such as quantum dots) to precisely measure the center-

of-mass position of individual NPs as a function of time.224 From this measurement, van Hove 

distributions and mean-squared displacement (MSD) curves are constructed to analyze the 



 51 

distribution of dynamics, isolate different populations, and calculate the ensemble average. 

Although the requirements on the PNC system are somewhat stringent in that the NPs must emit 

light and the polymeric matrix must have a low Tg (since it is difficult to heat the sample), SPT can 

uniquely sample the motion of each individual NP and provide unique insight into the population 

of dynamics.   

 Finally, coarse-grained MD simulations can also probe NP motion in polymer melts. The 

NPs can either be constructed as a single bead with larger size and mass or a collection of smaller 

beads. The latter option reduces artificial crystallization and dense packing at the NP-polymer 

interface but produces a non-uniform potential at the NP-surface that may be unrealistic. Unlike 

many of the simulations discussed in previous sections to isolate polymer dynamics, the NPs in 

these simulations are free to diffuse and their MSD can be directly measured. The NPs in these 

simulations tend to aggregate if there are more than one in the simulation and weak NP-polymer 

interactions, and single NP simulation suffer from poor statistics for NP dynamics, especially at 

long times. So, to access the diffusive regime, the NPs are typically smaller than the chain size (RNP 

< Rg) or the Mw is small.    

1.6.3 Diffusion in athermal and weakly interacting PNCs 

PNCs without NP-polymer enthalpic attractions and with dilute NP concentrations are the 

simplest PNCs for theoretical predictions.211–213,215,216,218 At short length scales (~2RNP) and fast 

time scales, scaling descriptions212 and force-level statistical dynamical theory213 propose NP 

caging in the correlation mesh on the order of b or dtube in entangled melts.211,216 In this regime, 

relaxations of the surrounding polymer environment lead to random Brownian NP diffusion at 

longer length-scales (>2RNP). This type of motion has been observed in NP-polymer solutions 

through non-Gaussian dynamics226 and in the melt through subdiffusion at short length and times 

scales227. Specifically in entangled polymer melts when RNP ~ dtube, NPs are predicted to hop 
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between the entanglement network.212,213 For larger NPs (RNP >> Rg), NPs are unable to escape the 

entanglement network until it fully relaxes, which decreases the likelihood of this mechanism and 

leads to slower SE diffusion.  

For small NPs (RNP < Rg) regardless of the chain length, NP diffusion does not require full 

chain relaxation, so diffusion is fast relative to DSE(h0,RNP). To further understand NP diffusion in 

entangled polymers, Schweizer and coworkers developed a microscopic, force-level, self-

consistent generalized Langevin equation (SCGLE) approach to quantitatively predict the diffusion 

of repulsive or athermal NPs as a function of NP size and molecular weight.216 Importantly, this 

theory does not consider hopping but predicts that particle motion is coupled to the entanglement 

network dynamics, even if the RNP exceeds the entanglement mesh size. As shown in Figure 1.14, 

for 2RNP ³ ~10dtube, DSE from Equation 1.4 approximately captures the diffusion of repulsive NPs 

in a polymer melt. For smaller NPs, especially 2RNP < dtube, NPs diffuse faster than the SE 

prediction, particularly for smaller NPs in more entangled polymers, because they are influenced 

by smaller length scale polymer relaxations.  

 

 

Figure 1.14: Self-consistent generalized Langevin equation (SCGLE) predictions for repulsive NP 
diffusion relative to SE behavior in entangled polymer melts as a function of NP size, RNP, relative 
to the tube diameter, dtube, for N/Ne = 4 (black), 8 (red), and 16 (blue). Adapted with permission 
from Ref 216. Copyright 2015, American Chemical Society. 
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 The SCGLE theoretical predictions216 in Figure 1.14 are in reasonable quantitative 

agreement with coarse-grained MD simulations228 in unentangled and lightly entangled polymers 

for 0.1 < 2RNP/dtube < 2. In this comparison, the authors establish that athermal NP motion is 

controlled by polymer constraint release wherein NPs are trapped until the polymer environment 

on the order of 2RNP relaxes. Although the hopping mechanism was not observed in these 

simulations228, it is expected in highly entangled systems with small NPs (2RNP~dtube and N>>Ne). 

MD simulations have also been used to systematically study repulsive or weakly interacting NP 

diffusion in the dilute limit as a function of NP size124,166,195,228–232, polymer Mw
195,228–230,232, NP 

concentration124,195,229, surface structure231, and NP shape233. In general, the MD results are 

consistent with theoretical calculations, in that the diffusion of small NPs or NPs in well-entangled 

polymers exhibit faster diffusion than the SE prediction. As NP concentration increases, NPs begin 

to interact and the viscosity of the melt increases, leading to a diffusion coefficient that is reduced 

relative to the dilute limit.195,229  

 Stokes-Einstein enhancements (as predicted in Figure 1.14) have been experimentally 

realized in a variety of weakly interacting PNC systems, especially for small NPs in well-entangled 

polymers. For example, early XPCS measurements of quantum dots (2RNP/dtube ~ 0.7) in PS (N/Ne 

~ 12) revealed SE enhancements of ~200 with only a subtle dependence on temperature; this is 

~100 times slower than predicted in Figure 1.14.234 In a systematic study of NP size using a 

modified fluctuation correlation spectroscopy technique, SE enhancements of ~10 – 2000 were 

measured for gold NPs with 2RNP/dtube ~ 0.8 – 3.3 in well-entangled poly(butyl methacrylate) 

(PBMA).221,235 While these results qualitatively agreed with SCGLE predictions, they did not 

quantitatively capture the transition around 2RNP ~ dtube. More recently, using SPT of non-attractive 

quantum dots in PPG (2RNP/dtube ~ 2.6), Gaussian dynamics were observed at all timescales studied 

and SE diffusion was observed (D~DSE) in unentangled and lightly entangled melts (up to N/Ne ~ 

2.8).225 To date, the theoretical curves in Figure 1.14 remain largely unverified experimentally, in 
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part due to the difficulty of dispersing athermal or repulsive NPs in a polymer melts and the 

challenge of systematically accessing a broad range and relevant values of 2RNP/dtube and N/Ne. 

One way to improve the dispersion of athermal NPs in a polymer melt is to use grafted 

NPs, which also alters the NP diffusion coefficient. For example, using athermal grafted NPs with 

2RNP<dtube, the diffusion coefficient measured by RBS was found to be slower than predicted by 

Equation 1.4 and in stark contrast to Figure 1.14.236 By comparing to field theory calculations, this 

slowing was attributed to the larger hydrodynamic radius caused by interpenetration of matrix 

chains and grafted polymer. Interestingly, SE behavior was recovered by using an effective radius, 

Reff > RNP, to account for the presence of grafted chains.236 This effect was also observed in MD 

simulations.231 

The dynamics of non-spherical NPs in entangled and unentangled polymer melts has 

received less attention.177,203,233,237,238 The center of mass diffusion coefficient (𝐷34) of a nanorod 

with dimensions L and RNP is often described as a combination of diffusion coefficients 

perpendicular (𝐷5) and parallel (𝐷∥) to the long axis, both of which follow the form of Equation 

1.4239: 

   𝐷34 = 7∥
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This equation is known to describe the diffusion of nanorods in a simple liquid when L and RNP are 

larger than the characteristic length scale of the liquid240, and much like Equation 1.4 for spherical 

NPs, it is expected to breakdown for small NRs in an entangled polymer melt. Using RBS 

measurements to study TiO2 NR diffusion  in well-entangled PS (2RNP< dtube), the measured NR 

diffusion coefficient was faster than expected from Equation 1.5, reaching enhancements of ~1000 

at M/Me ~ 100.203 The observed scaling of DCM ~ Mw
-1.4 implies that NR diffusion is decoupled 

from the chain-scale viscosity, likely because the NR diameter facilitates NR relaxations within the 

entanglement network. In MD simulations designed to mimic this experimental system, a hop-like 
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mechanism was identified at long-times when 2RNP< dtube, although the MD simulations over-

predict the NR diffusion coefficient in well-entangled polymer melts.233  

We also note that NP diffusion in dilute and concentrated solutions has also been studied 

and these three-component systems are analogous to melts, although with additional complex 

interactions and different confining length scales.211,215,216,219 NP diffusion has been measured in 

several polymer solutions with a variety of techniques including XPCS, SPT, and FCS.222,241–245 

The relevant viscosity in NP-polymer solutions depends on the NP and polymer concentrations and 

the interactions between the NP, solvent, and polymer. Generally, insights regarding NP diffusion 

from NP-polymer solutions can be used to inform NP diffusion in polymer melts (and visa versa) 

and may be relevant to understand PNC fabrication from solution.   

1.6.4 Diffusion in attractive PNCs 

 Although athermal and spherical NPs in a polymer melt can be considered the simplest 

PNC system, PNC systems with strong NP-polymer attraction have a number of practical 

advantages so understanding the role of NP-polymer interaction on NP diffusion is critical. Early 

theories considered the effect of NP-polymer attraction in terms of interfacial polymer packing215, 

while more recent descriptions introduce two competing mechanisms: “core-shell” diffusion and 

“vehicular” diffusion.214 In core-shell diffusion, which dominates for RNP>Rg, adsorbed polymers 

diffuse along with the NP, thereby increasing the hydrodynamic size (Reff ≈ RNP + Rg) and slowing 

diffusion relative to SE behavior.214 In vehicular diffusion, which dominates for RNP<Rg, NPs 

diffuse with the local polymer environment until successive desorption and readsorption events 

(“hops”) lead to decoupled polymer and NP dynamics, thereby enhancing NP diffusion relative to 

SE.214  

The transition between core-shell diffusion and vehicular diffusion have been observed as 

a function of molecular weight246 (Figure 1.15) and NP size109,208. As shown in Figure 1.15 for 
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amine-functionalized OAPS diffusion in PPG as measured via DLS, the small NPs (2RNP ~ 2 nm) 

diffuse via core-shell diffusion (D<DSE) in short, unentangled melts and via vehicle diffusion 

(D>DSE) in longer, lightly entangled melts.246 The observed crossover corresponds to where 

RNP~Rg, N~Ne, and when DNP ~ Dpoly. These experimental results are consistent with observations 

via MD simulations designed to mimic the OAPS/PPG system and the previously described 

theory.214,246  

 

Figure 1.15: Crossover from core shell diffusion (D<DSE) to vehicle diffusion (D>DSE) for OAPS 
diffusion in PPG as a function of molecular weight. Adapted with permission from Ref 246. 
Copyright 2018, American Chemical Society. 

Core-shell diffusion208 and vehicular diffusion109 has also been observed in well-entangled 

P2VP melts using RBS and attractive NPs of different size. For 26-nm diameter SiO2 in P2VP 

(2RNP > dtube), the measured diffusion coefficient was slower than predicted by Equation 1.4 and 

the difference was found to increase with Mw.208 The difference between DNP and DSE was 

quantitatively accounted for by an increased hydrodynamic radius that was found to scale with 

Mw
1/2208, as predicted in core-shell diffusion and also observed in PPG-based attractive PNCs.225,246 

For attractive OAPS in P2VP (2RNP < dtube), vehicle diffusion was observed when the timescale and 

Mw-dependence of NP diffusion was compared to the those of polymer segmental relaxations and 

chain diffusion.109 As shown in Figure 1.16, OAPS relaxations were found to scale weakly with 

Mw
0.7, fall between segmental relaxations and relaxations of entanglement strands, and D/DSE 
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enhancements were found to reach ~104 at N/Ne ~ 20 (not shown).109 Together, these experimental 

observations are consistent with vehicle diffusion, where a similar Mw scaling is predicted 

theoretically and observed in simulations.214  

 

Figure 1.16: Comparison of relaxation times for poly(2-vinylpyridine) (P2VP) at various length-
scales and attractive OAPS NPs as a function of P2VP molecular weight. The Rouse times of a 
Kuhn monomer (τ0, BDS) and P2VP reptation time (τrep, ERD) were measured on bulk P2VP. 
OAPS relaxation times (τOAPS) are calculated directly from RBS measurements. All measurements 
are made at 140°C. Reprinted with permission from Ref 109. Copyright 2019, American Chemical 
Society. 

The diffusion of attractive NPs in a polymer melt has also been probed with atomistic247–

249 and coarse-grained124,166,192,214,229,250,251 MD simulations. For small fullerenes, NP diffusion in 

various polymers247,248 can be observed at microsecond timescales with atomistic detail where only 

one fullerene is included to prevent fullerene aggregation and crystallization. Hopping diffusion 

was observed in attractive fullerene-polymer melts, such as polyimide248 or polystyrene (PS)247, 

and absent in a non-interacting polypropylene (PP)247 melt. The comparison of fullerene dynamics 

in PS and PP shows NP hopping occurs when small NPs adsorb to and desorb from polymer 

segments, as predicted in vehicle diffusion.247  Fickian diffusion occurs in both cases at long times, 

and NP diffusion is slower in more attractive melts.247 For larger NPs using coarse-grained MD 

simulations, NP diffusion is observed to be systematically slower for polymer melts with increased 

NP-polymer interaction, although the degree to which NP diffusion is slowed depends on system-
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specific parameters such as NP size and interaction strength, among other parameters.124,229,250 

Although most PNC simulations apply NP-polymer interaction through a LJ potential, which can 

be considered comparable to physical bonding in PNCs, the case of ionic interactions was also 

studied using MD simulations.251 

1.6.5 Non-diffusive NP dynamics 

 Non-diffusive NP dynamics, characterized by MSD ~ ta where a ≠ 1, is predicted at length- 

and timescales before the diffusive regime, such as ballistic motions.38,211–213 As previously 

mentioned, subdiffusion (a < 1) is predicted for 2RNP > b due to the caging of NPs within the 

correlation network of polymer melts (on the order of b) or the entanglement mesh (on the order of 

dtube).212,213 Experimentally, a crossover from subdiffusion to Fickian diffusion was observed at 

length scales of ~RNP using NSE measurements and PEG-functionalized polyhedral oligomeric 

silsesquioxane dispersed in PEG.227 This is consistent with the aforementioned theory by 

Rubinstein and coworkers.211 In general, this regime is largely unexplored, especially for larger 

NPs, because observations of motion on the order of or less than RNP in the melt necessitates 

excellent spatial and temporal resolution and unique length- and time-scales. 

 Non-diffusive NP dynamics have been widely reported in XPCS in various PNC systems 

and experimental conditions.131,159,260–265,252–259 Systematic measurements of ~100 nm-diameter PS-

grafted SiO2 NP relaxations (tNP) in unentangled PS as a function of Mw revealed a temperature 

dependence to the stretching (or compressing) exponent, g, on the intermediate scattering function 

(ISF) and the scaling of n, where tNP ~ q-n.253 For example, sub-diffusion (n>2, g<1) is observed at 

high temperatures, super-diffusion (n<2, g>1) is observed at lower temperatures, and the crossover 

is at 1.25Tg where Brownian diffusion is observed (n~2, g~1).253 In another XPCS study of 

attractive 11 nm-diameter PEG-grafted SiO2 NPs dispersed in PMMA of varying molecular weight, 
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Brownian diffusion is observed in unentangled melts but superdiffusion (n = 1, tNP ~ q-1) is 

observed above the entanglement molecular weight and the NP velocity is reasonably independent 

of Mw (Figure 1.17).159 Observations of nondiffusive NP dynamics have also been reported in PNCs 

containing dilute159 and concentrated256,257 NP volume fractions, grafted159,253 and bare255 NPs, 

athermal253,254 and attractive159,254,255 interactions, and under various measurement conditions260. 

Interestingly however, Brownian diffusion has also been observed in XPCS of various PNC 

systems and conditions.234,266,267  

 

Figure 1.17: (a) Nanoparticle relaxation time as a function of q for PEG functionalized SiO2 in 
PMMA of varying molecular weight. Solid line denotes superdiffusion (q-1) and dashed line denotes 
Brownian diffusion (q-2). (b) NP velocity extracted as the slope of (a) as a function of entanglements 
per chain. Different symbols represent different q. Adapted with permission from Ref 159. 
Copyright 2016, American Chemical Society. 
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 The origins of anomalous NP dynamics in XPCS remain somewhat unclear. 

Superdiffusion, akin to a velocity, may occur when a probe experiences kinetic forces without drag 

forces (ballistic motion) or when a probe interacts with a gradient or field, among other scenarios. 

Fundamentally, XPCS measures the ensemble-averaged characteristic decorrelation time of the 

sample electron density distribution as a function of wave-vector, q.268 Structural decorrelation on 

the order of 2p/q does not require NP diffusion on the order of 2p/q, so the diffusion length can be 

somewhat unclear in XPCS. However, since XPCS samples length-scales beyond ~100 nm, it is 

unlikely that the observed super-diffusion rises from probing short-length scale ballistic motions, 

which are likely << RNP. Some authors surmise that superdiffusive dynamics show the NPs are 

coupling to internal stress fields, either caused by nonequilibrium and kinetically trapped chain 

conformations and stress fields in the PNCs or deformation caused by particle motion, both of 

which can provide elastic energy leading to superdiffusion.159,256,258 This claim remains debated. 

Other authors surmise that observed non-diffusive motion results from NP-NP correlations, even 

in the dilute NP limit when no clear structure factor peak is observed. However, an apparent 

molecular weight effect in PNCs with similar structure (Figure 1.17) and diffusive measurements 

in lightly aggregated PNCs indicate that NP-NP correlations are not the predominant origin of 

anomalous dynamics.159,234,255–257 As a final note, XPCS requires high-brilliance X-ray radiation for 

prolonged periods of time, and although beamlines monitor sample degradation and try to reduce 

exposure time and flux, the potential impact of beam damage (albeit largely unknown) has been 

noted.269–271 Future studies should aim to further understand the origin of this non-diffusive 

behavior and develop new and complimentary methods to systematically probe NP motion on 

similar timescales and compare directly to XPCS.  
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1.7 Outline of Thesis Chapters 

This thesis fundamentally examines multiscale polymer and nanoparticle dynamics in 

model polymer nanocomposites using experiments and simulations. As discussed in Section 1.2, 

many macroscopic properties of PNCs are dictated by microscopic dynamic processes, including 

the dynamics of the polymer segments, chains, and NPs. However, a fundamental understanding 

of these dynamic processes remains poorly understood, especially with respect to the expansive 

parameter space presented by these multicomponent materials. As such, this thesis aims to navigate 

the hierarchy of PNC dynamics and highlight the coupling nature of NPs and polymers in melt 

PNCs.  

Although each chapter is introduced below, the organization of this dissertation is as 

follows. Chapter 2 and Chapter 3 survey segmental dynamics in attractive PNCs while Chapter 4 

and Chapter 5 survey chain-scale motion in athermal and attractive PNCs, respectively. Multiscale 

polymer and NP dynamics in attractive PNCs with very small NPs are surveyed in Chapter 6. 

Finally, Appendix E presents an experimental protocol to vary the NP-polymer interaction while 

Appendix F and Appendix G present preliminary results for NP diffusion in attractive PNCs and 

the bound polymer layer in PNC solutions (respectively).  

 Chapter 2 uses temperature-modulated differential scanning calorimetry (TMDSC) and 

quasi-elastic neutron scattering (QENS) to systematically study the influence of highly attractive 

NPs to polymer segmental dynamics, particularly at small length scales (~1 nm) and fast timescales 

(~1 ns). Using P2VP/SiO2 PNCs, we measure the segmental mobility and characterize the 

segmental diffusion coefficient as a function of NP concentration, temperature, and matrix 

molecular weight. We show that segmental mobility is decreased in PNCs relative to bulk at all 

temperatures, primarily due to relaxations at the NP-polymer interface. Interestingly, we find that 

this reduction in segmental dynamics is very weakly dependent on P2VP molecular weight, which 
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stands in contrast to the documented molecular weight effect on segmental dynamics in attractive 

polymer nanocomposites at lower temperatures, as observed by TMDSC.  

 In Chapter 3, we further probe the segmental dynamics in P2VP/SiO2 PNCs more 

mechanistically using the unique capability of deuterium and hydrogen labeling that QENS offers. 

Specifically, we study neat polymer and PNCs composed of fully protonated P2VP (where the 

dynamics of all protons are measured) and backbone deuterated dP2VP (where only the dynamics 

of the pendent pyridine ring are measured). In the melt state at T>Tg, we find that protons on the 

pendent group are slightly more mobile than backbone protons, but the normalized diffusion 

coefficient of segments is ~35% slower than bulk in both PNC samples. This observation highlights 

the connection between backbone and pyridine motion, even in PNCs where the motion is 

temporally slowed by attractive NPs, and provides fundamental insights into the segmental 

diffusion process in PNCs.  

 To probe polymer motion at longer length-scales, Chapter 4 presents coarse-grained 

molecular dynamics simulations of a monolayer of hexagonally-packed NPs in a polymer melt. In 

doing so, we observe the magnitude and length-scale over which homogeneously confining NPs 

impact the polymer conformations and diffusion. We show conformations under strong 

confinement (i.e. the interparticle distance, ID, is less than twice the polymer radius of gyration, 

2Rg) are more impacted than around an isolated NP, and the effect depends on the ratio of RNP/Rg 

rather than either independently. We then show the polymer diffusion is slowed by the presence of 

NPs and persists more than five times beyond the length-scale over which polymer conformations 

are perturbed, which is ~Rg. Furthermore, by analyzing the directional van Hove distributions, we 

show polymer preferentially diffuses away from the NP monolayer, diffusion through the 

monolayer is slowed as a function of confinement, and diffusion away from the NP monolayer 

remains bulk-like. 
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 In Chapter 5, we develop and apply ion scattering measurements that separate and directly 

measure the fraction of free polymer and polymer adsorbed to attractive NPs entirely in the melt 

state. By annealing thin PNC films of P2VP/SiO2 deposited on bulk polymer matrices, free polymer 

from the PNC rapidly diffuses into the underlying matrix while the spontaneously-formed bound 

polymer remains with the NPs. Correlations of the fraction of bound chains and the NP surface area 

provide measurements of the bound polymer layer thickness (~Rg) and show the average surface 

area occupied by adsorbed chains in the melt is much smaller than predicted from an isolated chain 

or measured in solution. The bound polymer fraction decreases as a function of annealing time and 

decreases more rapidly at higher temperatures and for lower molecular weights, but even after 

annealing more than 106 reptation times, some polymer remains bound to the NPs.  

In Chapter 6, we study multiscale dynamics of polymer segments, polymer chains, and NPs 

in mixtures of entangled P2VP with very small, attractive octa(aminophenyl) polyhedral oligomeric 

silsesquioxane (OAPS, RNP ~ 0.9 nm). With increasing OAPS concentration, both the segment 

reorientational relaxation rate (measured by dielectric spectroscopy) and polymer chain center-of-

mass diffusion coefficient (measured by elastic recoil detection) are substantially reduced. This 

commensurate slowing of both the segmental relaxation and chain diffusion process is 

fundamentally different than the case of PNCs composed of larger, immobile nanoparticles 

(Chapter 2 and Chapter 5).  Next, using RBS to probe the NP diffusion process, we find that small 

OAPS NPs diffuse anomalously fast in these P2VP-based PNCs. The OAPS diffusion coefficients 

are found to scale very weakly with molecular weight, Mw
–0.7±0.1, and our analysis shows that this 

characteristic OAPS diffusion rate occurs on intermediate microscopic time scales, lying between 

the Rouse time of a Kuhn monomer and the Rouse time of an entanglement strand. The motion of 

the polymer and the NPs in this unique system support the recently developed theory of vehicle 

diffusion.   
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Chapter 7 summarizes the conclusions of this dissertation and includes a discussion of 

several directions of recommended future work. Appendix A, B, C, and D provide supporting 

information for Chapters 2, 3, 5, and 6, respectively. Appendix E discusses procedures and 

methodology for functionalizing SiO2 NPs to control the NP surface energy. Appendix F discusses 

measurements of NP dynamics in entangled polymer melts using X-ray Photon Correlation 

Spectroscopy (XPCS). Appendix G presents preliminary small-angle neutron scattering 

measurements that probe the bound polymer layer in PNC solutions. 
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CHAPTER 2: Segmental Diffusion in Attractive Polymer 

Nanocomposites: A Quasi-Elastic Neutron Scattering Study 

Content in this chapter was published in 2019 in Macromolecules, volume 52, issue 2, pages 669-

678, in a modified version. The authors of this chapter are Eric J. Bailey, Philip J. Griffin, 

Madhusudan Tyagi, and Karen I. Winey. 

2.1 Introduction 

The addition of nanoparticles (NPs) to a polymer matrix, forming a polymer 

nanocomposite (PNC), can significantly enhance the thermal, mechanical, and functional 

properties of the host matrix.2,4  Furthermore, PNC materials have wide-ranging tunable properties 

that can be dominated by the polymer, the nanostructured filler, or the interfacial region. As such, 

they are appealing materials for a variety of fields. Several questions still exist regarding the 

dynamic properties of free and interfacial chains. Polymer dynamics in polymer nanocomposites 

and polymer melts significantly influence or dictate their processability, applications, glass 

transition temperature (Tg), and various macroscopic properties (such as creep, toughness, and 

transport). In addition, due to the large surface area to volume ratio of NPs, PNCs are a model 

system to study the perturbation to polymer dynamics caused by a solid interface.  

 At the largest length scale, elastic recoil detection measurements have been conducted to 

probe center-of-mass polymer chain diffusion in PNCs with NPs that are athermal170, attractive272, 

grafted182 and anisotropic196,197,201,273. This work has recently been reviewed.26 Similar dynamics 

were probed using nuclear-magnetic-resonance techniques as well.189 On a smaller length scale, 

segmental dynamics in PNCs have received more attention due to their relevance toward ion 

transport, small molecule separation, and the glass transition. This topic has also recently been 

reviewed from different perspectives.29,36,54,270,274 However, additional fundamental studies are 
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needed to explore the complex parameter space and understand the underlying physics of interfacial 

and confined polymer dynamics. 

 There are several methods that can be used to analyze segmental dynamics including 

nuclear magnetic resonance (NMR), dynamic mechanical measurements (DMA), broadband 

dielectric spectroscopy (BDS), temperature-modulated differential scanning calorimetry 

(TMDSC), neutron spin echo (NSE) and quasi-elastic neutron scattering (QENS). The approximate 

timescales associated with many of these measurement techniques, as they pertain to segmental 

dynamics, are schematically represented in Figure 2.1. Also included in Figure 2.1 is a 

characteristic polymer segmental relaxation (a-process) curve following Vogel-Fulcher-Tammann 

(VFT) temperature dependence, 

 𝜏(𝑇) = 𝜏:exp	 (
#

$%$!
)    (2.1) 

where t0, B and T0 are fitting parameters related to high temperature relaxation time, fragility, and 

Vogel temperature, respectively. To probe the a-process with a particular technique, the 

measurement temperature must be chosen such that the a-process falls within the accessible 

temporal window of the technique. For example, TMDSC measurements are particularly useful for 

measurements near Tg (~0.5 – 50 s) and BDS is useful for its coverage of over 6 decades in 

relaxation times at temperatures above Tg.57 QENS, the focus of this paper, has the advantage of 

spanning even shorter time scales while providing simultaneous temporal and spatial information 

to capture the timescales and geometries of measured motions.  
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Figure 2.1: Primary segmental relaxation times (a-process) of bulk polymer as a function of 
inverse temperature. Approximate time scales for five techniques, and their corresponding 
temperatures, are depicted by shaded regions along the relaxation curve. Not depicted is NMR, 
which is used to characterize various polymer dynamic processes over several orders of magnitude. 
Black line represents VFT fit for bulk 40 kg/mol P2VP measured via TMDSC (red circle), BDS 
(blue circle), and QENS (green circle). 

QENS measurements have been performed on filled rubber107,275, polymer/layered silicate 

nanocomposites24,276, and other PNC systems77,95,127,141,260,277,278. For example, in a PNC where free 

chains were removed by extraction, Roh et al. found slower relaxations and increased dynamic 

heterogeneity for 1,4-polybutadiene segments near aggregated carbon black NPs compared to 

segments in bulk polymer.107 For crystalline poly(dimethyl siloxane)/SiO2 PNCs, multiple polymer 

processes were analyzed and generally, bulk-like dynamics were measured below the polymer glass 

transition while slow dynamics attributed to interfacial polymer were identified at higher 

temperatures.278 Additionally, QENS and NSE experiments on low molecular weight polyethylene 

glycol and SiO2 (an attractive interaction) shows physically adsorbed chains are dynamically active 

with pico-second segmental dynamics at 413 K, but slowed relative to bulk.77  

Recently, polymer nanocomposites comprising poly(2-vinyl pyridine) (P2VP) and 

colloidal silica (SiO2) have emerged as model systems for studying the properties of attractive 

PNCs.65,69,208 In these systems, it has been experimentally shown that a physically adsorbed bound 

polymer layer of thickness ~Rg spontaneously forms on the NP surface in solution and persists in 
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the melt state.208 On the atomic level, hydrogen bonding between the nitrogen in P2VP and native 

hydroxyl groups on the surface of SiO2 was directly observed by sum frequency generation and X-

ray photoelectron spectroscopic techniques.69 The segmental dynamics of P2VP/SiO2 PNCs have 

also been studied by dielectric spectroscopy as a function of NP concentration65, NP size66, polymer 

molecular weight73, and interfacial bonding strength88. An interfacial layer on the order of a few 

nanometers with suppressed segmental dynamics has been identified in these experiments, and the 

degree to which the dynamics are suppressed increases with decreasing polymer molecular weight, 

among other characteristics.29,69,73 Analysis of small-angle X-ray scattering73, pycnometry data69, 

and various spectroscopic techniques69 suggest that shorter chains pack more efficiently at the NP 

surface, leading to a greater fraction of physisorbed segments, slower interfacial dynamics, and a 

thicker interfacial layer. Despite this progress, a recent review by Sokolov et al. highlighted that 

the impact of temperature on the structure and dynamics of interfacial polymer, and whether the 

molecular weight effect is a kinetically trapped phenomena or an equilibrium state, remains an open 

question.  

 In this article, we present a systematic study of segmental dynamics in attractive polymer 

nanocomposites comprising P2VP and colloidal SiO2 NPs using TMDSC (T~Tg) and QENS 

(T~Tg+150K). We show that motions of P2VP segments on ~1 nm length scales and ~1 ns time 

scales are well described by classic translational diffusion, even at NP concentrations of ~50 vol% 

where the average interparticle spacing is ~2 nm. The average segmental diffusion coefficient 

decreases with increasing NP concentration by up to a factor of ~5 and is mostly independent of 

temperature over the studied temperature range. In contrast to the well-documented molecular 

weight dependence of segmental diffusion in the deeply supercooled regime, our measurements of 

the same dynamic process at higher temperatures show reduced segmental dynamics that are largely 

independent of matrix molecular weight. Finally, by comparing TMDSC, BDS, and QENS, our 

results suggest that temperature has a significant impact on the NP-induced perturbation to 
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segmental dynamics in PNCs and highlights the unique and complementary insights that can be 

provided by QENS.   

2.2 Experimental Section 

Materials: All poly(2-vinylpyridine) (P2VP) was purchased from Scientific Polymer 

Products, Inc. and used as received. To study the molecular weight dependence of interfacial 

dynamics, unentangled (10 kg/mol), lightly-entangled (40 kg/mol), and well-entangled (190 

kg/mol, M/Me ≈ 11) P2VP were also studied.208 Throughout this paper, these samples will be 

referred to as 10, 40, and 190 kg/mol although the weight average molecular weights were 

measured using GPC and are listed in Table 2.1. All measured molecular weight dispersities were 

< 1.3. To study the role of NP concentration and temperature on polymer segmental dynamics, 

PNCs were fabricated with 40 kg/mol P2VP. Silica NPs were synthesized following the modified 

Stöber279,280 method with a log-normal geometric mean diameter (dNP) of 26.1 nm and standard 

deviation standard deviation eσ = 1.2 as determined by analysis of transmission electron 

micrographs (TEM).208  

 

 

 

 

 

 

 

Table 2.1: Nanocomposite details including P2VP molecular weight, NP concentration (fNP), 
calorimetric Tg of bulk polymer and PNCs, measurement temperatures for QENS, and degradation 
temperature taken as the temperature of 5% mass loss in bulk polymer. All P2VP molecular weight 
dispersities are < 1.3. 
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Mw 
(kg/mol) 

fNP 
(vol%) 

Bulk 
Tg (K) 

PNC 
Tg (K) 

ΔTg (K)  
(Tg

PNC-Tg
bulk) 

QENS 
Temper-
ature (K) 

Bulk 
Degradation 
Temperature (K) 

9.9 24.2 362.4 366.6 4.2 525 615 

39.3 25.3 369.0 370.2 1.2 550, 535, 
515, 480 626 

188 25.4 376.2 376.7 0.5 535 626 

39.3 52.7 369.0 372.3 3.3 550, 535, 
515 626 

 

PNC Preparation: PNC samples were made by solution mixing of P2VP/MeOH (cpolymer 

< 2 wt %) with the appropriate amount of SiO2/EtOH (cNP ≈ 15 mg/mL) to achieve desired NP 

concentrations (25 or 50 vol%). Solutions were continuously stirred for at least 12 hours to ensure 

homogeneous dispersion of NPs. The P2VP/SiO2 mixture in solution has good dispersion as found 

by dynamic light scattering, where a single peak at ~dNP was observed. Bulk polymer and PNC 

solutions were drop casted in Teflon dishes and dried in ambient conditions for 24 hours, then 

annealed at Tg+60 K for at least 12 hours under vacuum. Representative TEM micrographs 

illustrate that NPs remain well-dispersed in the as-dried PNCs (Figure A.1). The presence of a 

physically adsorbed bound layer in P2VP/SiO2 PNCs is known to promote good NP dispersion and 

prevent NP-NP aggregation.88,208,210  

Thermogravimetric Analysis (TGA): Polymer degradation behavior and NP 

concentrations were measured via TGA using a TA instruments SDT Q600. For each measurement, 

a sample of 5-10 mg was placed in a platinum pan and heated from 300 K to ~1100 K at a rate of 

5 K/min under air purge. NP concentrations listed in Table 1 were calculated with the TGA results 

and densities of 1.2 and 2.3 g/cm3 for P2VP and SiO2, respectively.73  

Temperature-Modulated Differential Scanning Calorimetry (TMDSC): The 

calorimetric glass transition was measured via TMDSC with a TA Instruments Q2000. All 
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measurements were made upon cooling a sample of ≥ 5 mg of polymer at a rate of 5 K/min with a 

modulation time of 30 sec and amplitude of ±0.5 K over a temperature range of Tg ± 60 K. Tg was 

defined as the inflection point of the heat flow thermograms and all results were reproduced.  

Broadband Dielectric Spectroscopy (BDS): Segmental dynamics of bulk P2VP was 

measured with BDS using a Solartron ModuLab XM MTS with the femto-ammeter accessory. 

Polymer films were placed between steel electrodes and separated with 50 µm silica spacers. 

Samples were annealed in the cryostat at 420 K until the imaginary permittivity spectra stopped 

changing. Isothermal frequency sweeps from 10-1 – 106 Hz were measured every 5 K between 380 

and 450 K on cooling. Measurements were made after heating again to ensure reproducibility.  

Quasi-Elastic Neutron Scattering (QENS): Inelastic neutron scattering measures the 

double differential scattering cross-section (d2s/dWdw), which is related to the probability that a 

given incident neutron is scattered into a solid angle dW with an energy transfer dw. The double 

differential scattering cross-section has incoherent and coherent contributions, each of which can 

be expanded and related to the dynamic structure factors: 
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where k0 and k1 are the magnitude of incident and final wave vectors, respectively, N is the number 

of nuclei, s is the incoherent and coherent scattering cross sections of the nuclei, and S(q, w) is the 

incoherent and coherent dynamic structure factors. Because 𝜎;<=@  (~80 barns) is much larger than 

all other atoms in this system (sother < ~6 barns), we can generally assume that the signal is 

dominated by the incoherent contribution to Equation 2.2.281 For example, using Equation 2.2, 

~90% of the signal in P2VP is incoherent and even at our maximum SiO2 concentration of 50 vol%, 

the polymer accounts for ~63% of the total scattering.281 Sinc(q, w) is the time and space Fourier 

transform of the self-part of the van Hove correlation function and combines spatial (q=k1–k0) and 
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temporal (w) information for correlations between the single nuclei.282 Quasi-elastic neutron 

scattering measures Sinc(q, w) centered at w=0, and is typically used to probe diffusive motions on 

molecular length scales. 

 QENS measurements were made at the High-Flux Backscattering Spectrometer (HFBS, 

NG2) at the NIST center of neutron research in Gaithersburg, MD, USA.283 Samples containing at 

least 200 mg of polymer were folded and sandwiched into aluminum foil and placed in cylindrical 

aluminum cans for measurements. Each sample was approximately 50 µm thick.  

First, in a fixed window scan (FWS), the elastic scattering intensity Sinc(q, w=0) was 

measured as a function of temperature, starting at 50 K with a heating rate of 1 K/min. Second, 

Sinc(q,w) was measured at select temperatures over a q-range of 0.25–1.75 Å-1 and an energy range 

spanning -17–17 μeV (with a resolution of 0.8 μeV as defined by the elastic scattering of vanadium 

at 50 K). These q- and energy ranges correspond to molecular dynamic processes with length and 

time scales of approximately 3–25 Å and 40 ps–2 ns, respectively. The measurement temperatures 

were guided by extrapolating dielectric relaxation times (similar to Figure 2.1) and further refined 

by choosing a temperature where mean squared displacements measured via FWS were ~7 Å2 or 

at least 3 Å2 for the lowest temperature measurements. QENS spectra were collected for 12 hours 

under vacuum after a 30-minute equilibration at the measurement temperature. Analysis was 

primarily conducted in DAVE software.284  

 In this PNC system, relatively high temperatures are necessary to observe the segmental 

diffusion process in the dynamic window of QENS and are mostly unexplored. The thermal 

degradation temperatures of bulk P2VP, as defined by the temperature at which 5 wt% polymer is 

lost in TGA are >600 K (Table 1). (Full thermograms are presented in Figure A.2.) The maximum 

temperature of FWSs and QENS measurements are sufficiently below the onset of thermal 

degradation, by at least 75 K (Table 2.1). Nevertheless, a thorough analysis of molecular weight 
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(GPC), Tg (TMDSC) and thermal degradation (TGA) of samples after QENS measurements are 

presented in Section A.9. Although the thermal degradation behavior did not change after 

measurements (Figure A.10), the molecular weight and glass transition temperature decreased 

slightly (Table A.1 and Figure A.9, respectively). It is important to note that molecular weights 

measured after QENS measurements are still categorically different and span the unentangled to 

well-entangled regimes. These changes in chain length and Tg are expected from slight polymer 

degradation, but do not affect the reported measurements of segmental dynamics or main 

conclusions of this work.285 To confirm this, Section A.9 also includes a time-dependent analysis 

of QENS, showing the sample measurement was the same at the beginning and end of the 

experiment. This result demonstrates the reliability of these QENS measurements.   

2.3  Results 

The glass transition temperature (Tg) of P2VP/SiO2 PNCs as measured by TMDSC are 

shown in Figure 2.2 and listed in Table 2.1. The absolute Tg shown in Figure 2.2 increases with 

P2VP molecular weight (MW) and NP concentration (Figure 2.2, 40 kg/mol). It is well-established 

that the addition of highly attractive NPs causes an increase in Tg resulting from the slowing down 

of the primary structural relaxation (α-process) at the NP-polymer interface.29 As such, it is 

expected that increased NP concentration causes an increase in Tg due to the larger volume fraction 

of ‘interfacial’ polymer affected by the NP surface. Furthermore, the impact of the same 

concentration of NPs is much more pronounced for unentangled polymer (~4 K for 10 kg/mol 

P2VP) than in well-entangled polymer (<1 K for 190 kg/mol P2VP). This increased perturbation 

for lower molecular weight PNCs has recently been reported and described by differences in 

interfacial packing.69,73,88 Importantly, our measurements agree with calorimetric measurements of 

Tg on similar systems.65,73,88  
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Figure 2.2: Absolute glass transition temperature (Tg) as measured by TMDSC for each molecular 
weight and NP concentration studied. Difference in Tg between P2VP with 25 vol% SiO2 and bulk 
P2VP is labelled for 10 and 190 kg/mol P2VP.  

 

2.3.1 Effect of NP Concentration on Segmental Mobility 

To further understand segmental dynamics in these PNCs at elevated temperatures, we use 

neutron scattering to measure PNCs with modest molecular weight (lightly entangled, 40 kg/mol) 

and NP concentrations of 25 and 50 vol%. First, the elastic scattering of each sample was measured 

as a function of temperature from 50 K to 550 K in a FWS. The mean-squared displacement (‹x2›) 

was determined using the Debye-Waller approximation, as discussed in Section 3 of Supplemental 

Information.286,287  Figure 2.3 displays the fitting results where ‹x2(T)› is shown relative to 

‹x2(T=Tg
bulk − 100 K)› and the temperature is plotted relative to Tgbulk. Data without normalization 

is provided in Figure A.3. 



 75 

 

Figure 2.3: Average segmental mean-squared displacement (MSD) obtained from FWS of bulk 40 
kg/mol P2VP and P2VP/SiO2 PNCs with concentrations of 25 and 50 vol%. MSD is defined 
relative to Tg-100 K and temperature is defined relative to bulk calorimetric Tg. The MSD of nuclei 
in dried SiO2 are shown for comparison and display expected linear Debye-like thermal motion. 

 

P2VP segments in bulk and PNCs show similar low mobility for T < Tg, consistent with 

thermal harmonic vibrations in the glassy state.286 For T > Tg, polymer segments exhibit a dramatic 

increase in ‹x2› as they become more mobile and are able to relax in the melt state. The bulk polymer 

and both PNCs show the change in slope occurring at similar T-Tgbulk, as expected from the small 

increase in calorimetric Tg with the addition of NPs. However, at T>Tg, polymer segments in 

P2VP/SiO2 PNCs show significantly reduced mobility with increasing NP concentration. Also 

shown in Figure 2.3 is a sample of SiO2 NPs for comparison. Because the incoherent scattering 

cross-sections of hydrogen (σincH  ~ 80 barns) is much larger than Si (σincSi  ~ 0 barns and σcohSi 	~ 2.1 

barns) and O (σincO  ~ 0 barns and σcohO 	~ 4.2 barns), we expect the SiO2 signal to be dominated by 

hydrogens in surface hydroxyl groups.281 The MSD of nuclei in the dried SiO2 NPs show no change 

of slope and minimal mobility over all temperatures, as expected from thermal vibrations.76,287 

 Figure 2.3 shows the overall mobility of hydrogens in the sample but it is difficult to 

separate various types of polymer motion by monitoring only the elastic scattering intensity. For 
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example, any protons mobile on the experimental length and time scale will contribute to ‹x2›, 

regardless of their motion being diffusion, reorientations, rotations, or other motions. To better 

understand and characterize the segmental mobility and dynamic processes, isothermal QENS 

measurements of SS(q,w) were made. According to Figure 2.3, measurement temperatures of at 

least ~Tg+100 K will place segmental dynamics in the experimental length and time scale. Figure 

2.4a shows a representative QENS spectrum of bulk 40 kg/mol P2VP at 550 K and q=1.21 Å-1 and 

is compared to P2VP with NP concentration of 25 and 50 vol% in Figure A.4. 

 

Figure 2.4: (a) Representative fit of experimental QENS spectra for bulk 40 kg/mol P2VP at 550 
K (Tg+180 K) and q=1.21 Å-1. (b) Quasi-elastic broadening (full width at half max of Lorentzian 
contribution) plotted as a function of q2 for bulk P2VP at different temperatures. Measured 
broadening surpasses experimental resolution and clearly displays linear dependence, indicative of 
translational diffusive motions.   
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 As shown in Figure 2.4a, a delta function is used to describe the elastic contribution, or 

signal from protons not moving within the experimental time window and length scale. A single 

Lorentzian is used to describe the quasi-elastic broadening (dynamics) and a linear function is 

included to represent background signal and dynamics much faster than the time window. The 

experimental data is fit by the linear combination of each contribution after convolution with a 

Gaussian representing experimental resolution. With this relatively simple single Lorentzian 

model, the data show no significant or systematic residuals (Figure A.4) and therefore more 

complex models, such as the addition of another Lorentzian, are unwarranted. 

Figure 2.4b shows the full width at half max (FWHM) of the Lorentzian component for 

bulk 40 kg/mol P2VP plotted as a function of q2 for several temperatures. The quasi-elastic 

broadening is found to increase linearly with q2, indicative of translational diffusive motions where 

the slope is related to the diffusion coefficient (FWHM~Dq2).59 One may expect signatures of 

Rouse dynamics at low q (where FWHM~q4)59,141, but this is not apparent in our data. With a Kuhn 

segment length of ~1-2 nm for P2VP, the length scales probed by QENS are likely smaller than 

those associated with Rouse dynamics.74 The apparent non-zero y-intercept in Figure 2.4b is 

expected from the presence of q-independent reorientational motions (such as pyridine ring 

fluctuations or b-relaxations) as well as potential contributions from multiple scattering events, 

which are expected to be minimal for the present sample dimensions. More complex models, such 

as jump diffusion59, are often applied to polymeric systems but do not appreciably improve the fits 

as compared to the translational diffusion model for both bulk P2VP and PNCs. Importantly, the 

observed quasi-elastic broadening is substantially larger than the energy resolution, especially for 

T ≥ 515 K. As expected, at higher temperatures, the observed FWHM increases as segmental 

mobility increases.  

Using 535 K as an example, Figure 2.5a shows the quasi-elastic broadening is reduced with 

increasing SiO2 NP concentration. The q-dependence of the FWHM for all systems and all 
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measurement temperatures are included in Figure 2.4b and S5. Using the translational diffusion 

model, the segmental diffusion coefficients (Da) were extracted from the slope of Figure 2.5a and 

are plotted as a function of inverse temperature in Figure 2.5b. These extracted diffusion 

coefficients can be directly compared to TMDSC and BDS through t ~ (Daq2)-1 where a q of 0.63 

Å-1 was chosen. As shown in Figure 2.1, the measured QENS relaxations times for bulk 40 kg/mol 

P2VP at T > 515 K are consistent with BDS and TMDSC measurements, suggesting that the 

observed dynamics are related to the primary structural relaxation process. A detailed discussion 

of analysis for BDS measurements and a comparison to literature is provided in Section A.7  

At the high measurement temperatures (T>Tg+100 K) and over the narrow temperature 

range studied by QENS, Da shows Arrhenius behavior for bulk and PNC materials (Figure 2.5b). 

Although Da,PNC < Da,Bulk, all materials exhibit similar activation energies. The effect of NP 

concentration is further highlighted by normalizing Da relative to bulk measurements at the same 

temperature (Figure 2.5c) showing a monotonic decrease in the average polymer segmental 

diffusion coefficient with increasing NP concentration. Specifically, Da drops by ~40% with 25 

vol% NP and ~80% with 50 vol% NP concentration when P2VP is lightly entangled. Furthermore, 

over the narrow temperature range measured, the reduction in diffusion coefficient is independent 

of temperature within experimental error. This slowing of segmental dynamics with increased NP 

concentration is consistent with the increase in Tg (Figure 2.2) and decrease in MSD for all T>Tg 

(Figure 2.3), despite the isolation of diffusive motions of protons. 
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Figure 2.5: (a) FWHM of P2VP and P2VP/SiO2 PNCs as a function of q2 for measurements at 535 
K. (b) Translational segmental diffusion coefficient as a function of temperature for all 40 kg/mol 
bulk and PNC measurements. (c) Reduced segmental diffusion coefficient (relative to bulk) as a 
function of NP concentration.  
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Assuming monodisperse NPs randomly dispersed in the polymer matrix, the average 

interparticle distance (ID) is given as ID=dNP DV2 VπϕNPW⁄ W1/3-1E where dNP and ϕNP are the NP 

diameter and volume fraction, respectively.96 Thus, at ϕNP = 25 and 50 vol%, ID is ~9.5 nm and 

~2.2 nm, respectively. From dynamic and static measurements from various techniques, the length 

scale of the perturbed interfacial layer (from the perspective of segmental dynamics) is often 

reported as ~2-5 nm from the NP surface.29 As such, to a first approximation, the 50 vol%  PNC 

can be considered an “all-interfacial” PNC wherein nearly all of the polymer segments are within 

the interfacial layer. Therefore, Figure 2.5c suggests that the interfacial layer in this strongly 

attractive PNC system is dynamically active at these high temperatures and the measured segmental 

diffusion coefficient from QENS is slowed by nearly one order of magnitude.  

2.3.2 Effect of Chain Length on Interfacial Dynamics 

To study the effect of molecular weight on interfacial dynamics, we studied PNCs with 25 

vol% SiO2 dispersed in P2VP with molecular weights ranging from unentangled to well-entangled 

(10, 40, and 190 kg/mol), Table 2.1. The results from FWSs for each polymer and PNC are shown 

in Figure 2.6. To account for the molecular weight dependence of Tg
bulk (Figure 2.2), ‹x2› is 

normalized to T=Tg
bulk − 100 K and temperature is presented relative to Tg

bulk. Data from all three 

MWs essentially collapse onto a master curve for bulk polymer and 25 vol% PNCs, showing that 

segmental mobility is largely independent of molecular weight (even in the case of PNCs). 
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Figure 2.6: Average mean-squared displacement of segments for different polymer molecular 
weights as a function of temperature. MSD is presented relative to Tg

bulk – 100 K as a function of 
temperature relative to Tg

bulk. 

Isothermal QENS measurements were performed at 525, 535, and 535 K for PNCs and 

bulk polymers with MWs of 10, 40, and 190 kg/mol, respectively. At these temperatures, which 

are all ~Tgbulk+160 K, segments in bulk exhibit a similar average MSD (~7 Å2 relative to <x2> at 

T=50 K), as shown in Figure A.3. Given the weak temperature dependence of Da,PNC / Da,Bulk 

(Figure 2.5c), we will compare these QENS measurements as isothermal.  

All bulk and PNC materials exhibit classic characteristics of translational segmental 

diffusion (FWHM ~ Daq2), as shown in Figure 2.5a and Figure A.7. Figure 2.7a shows that Da for 

bulk P2VP is approximately independent of MW, differing by less than 30% from each other. Small 

variations in bulk Da are attributed to slight differences in measurement temperature relative to Tg 

(Table 2.1, Figure 2.2) and fragility. The measured Da values for 25 vol% PNCs are also shown in 

Figure 2.7a and the segmental diffusion coefficients are significantly suppressed upon the addition 

of attractive NPs.  

To quantitatively compare the impact of molecular weight on segmental diffusion in PNCs, 

Da,PNC is normalized by Da,Bulk in Figure 2.7b. The error bars in Figure 2.7b represent the propagated 
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error in fitting the q2 dependence of the quasi-elastic broadening and do not include the errors 

associated with small differences in NP concentration, measurement temperatures, etc. For all 

molecular weights of P2VP, the addition of 25 vol% SiO2 NPs causes a substantial reduction in the 

average segmental diffusion coefficient. For PNCs with 10 kg/mol and 190 kg/mol P2VP, 

Da,PNC/Da,bulk is 42±5% (T=525 K) and 61±8% (T=535 K), respectively. These conclusions are 

similar to those from the FWS presented in Figure 2.6, that the addition of NPs significantly reduces 

the segmental dynamics in PNCs but the effect is weakly dependent on molecular weight. In 

contrast, a much stronger molecular weight dependence was observed in the difference between Tg 

in PNCs and bulk (DTg): 4.2 K for 10 kg/mol and 0.5 for 190 kg/mol (Figure 2.2). In addition, at 

the highest molecular weight of 190 kg/mol, although Tg approaches the bulk value, the dynamics 

measured by QENS at high temperature are still measurably reduced.  
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Figure 2.7: (a) Measured diffusion coefficient as a function of molecular weight for bulk and 25 
vol% PNCs. (b) Reduced diffusion coefficient as a function of polymer molecular weight.   

2.4 Discussion 

These QENS measurements at high temperatures correspond to time and space correlations 

at fast time scales (~1 ns) and short length scales (< ~2 nm). In this regime, we observed that the 

time scale of polymer relaxation increases with the length scale squared, consistent with 

translational diffusive motion. We expect that the observed diffusion process is dominated by the 

primary structural relaxation (a-process), rather than a secondary relaxation (b-process).65,127,288,289 

Unlike our observations of slower segmental dynamics in PNCs, recent neutron and light scattering 

measurements showed b-relaxations faster than bulk in P2VP/SiO2 PNCs at 300 K.127 Our a-

process assignment is further supported by the agreement between TMDSC, BDS, and QENS 
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measurements of bulk P2VP in Figure 2.1.  Note that the a- and b-processes are expected to 

converge at high temperatures, but BDS, NMR, or QENS measurements at lower temperatures 

might be able to separate their contributions. 

The bulk polymer and PNCs in our measurements exhibit similar q2-dependence of 

quasielastic broadening, differing only in the value of the observed segmental diffusion coefficient 

(Figure 2.5c). Surprisingly, this suggests that the measured dynamics are significantly perturbed 

temporally and relatively unperturbed spatially in our q-range corresponding to ~0.5 – 2 nm. It is 

reasonable to expect segments beyond 2 nm from the NP surface to relax spatially bulk-like (from 

the perspective of QENS) because their local environment is similar to bulk polymer. Since most 

segments, especially in PNCs with 25 vol% NPs (ID~9.5 nm), are far enough from the NP surface, 

our measurements show no significant changes in the q2-dependence of the dynamics. To further 

confirm this hypothesis, measurements over a larger q-range are necessary. Nevertheless, since we 

observe temporal perturbations without spatial perturbations, our results imply that the impact of a 

NP surface is farther ranging temporally than spatially. 

The reduction in normalized Da with increased concentration of attractive NPs measured 

by QENS at high temperatures (Figure 2.5c) captures the slow segmental motion observed in BDS65 

and TMDSC (Figure 2.2). In BDS, the mean molecular relaxation time in similar PNCs is 

nominally unchanged290 and requires detailed analysis to reveal a second relaxation that is nearly 

two orders of magnitude slower.58 In contrast, our QENS analysis provides an average diffusion 

coefficient that is significantly reduced suggesting that this method is insensitive to the faster 

diffusion corresponding to bulk-like P2VP. Others have reported similar findings when comparing 

inelastic neutron scattering and other techniques, including NMR77 and ellipsometry76. This has 

been explained by differences in dynamic sampling, wherein inelastic neutron scattering is biased 

to the slower processes.76 This is consistent with our data. We extract an average diffusion 
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coefficient in PNC systems that is slower than that of bulk, even when the interparticle distance is 

nearly 10x larger than the measurement length scale. The discrepancy between neutron scattering 

and other techniques has also been described in terms of technique sensitivity and dynamic range, 

where the spectral shape is analyzed over only one order of magnitude in QENS (Figure 2.1). This 

is also consistent with our PNC data being described by a single Lorentzian, despite the known 

heterogenous dynamic environment PNCs. Our direct comparison of TMDSC and QENS, along 

with similar measurements from BDS65, demonstrate that considering differences in experimental 

probes and sensitivities is critical in future comparisons, especially in heterogeneous materials such 

as PNCs.   

In QENS, when a segment relaxes slower than the experimental time scale (~2 ns), it 

appears immobile and therefore contributes to the elastic peak and is excluded from the QENS 

broadening analysis. This effect can be directly quantified by the elastic incoherent structure factor 

(EISF), which represents the fraction of immobile nuclei and is calculated by the area of the elastic 

contribution relative to the sum of the elastic and quasielastic contributions.  The EISF for each 

sample measured at ~Tg+160 K is shown as a function of q in Figure 2.8a. For each bulk sample, 

nearly 80% of segments are mobile at q ~ 1 Å-1 but upon the addition of NPs, a smaller fraction of 

nuclei are mobile on this nanosecond time scale. Thorough analysis and fitting of the q-dependence 

of the EISF is beyond the scope of this study, but it is worth noting that our data follows a similar 

trend to comparable systems in literature.59,276  

The addition of hydroxyl-terminated SiO2 NPs introduces additional scattering intensity 

that will contribute to the elastic fraction and therefore affect the EISF. To account for this 

contribution, we assume an upper estimate for the hydroxyl surface density of ~4.9 nm-2 and 

amorphous SiO2 and P2VP densities of 2.3 and 1.2 g/cm3, respectively, and calculate the predicted 

incoherent and coherent scattering intensities of each sample using Equation 2.2.281,291 For NP 

loadings of 25 and 50 vol%, the polymer scattering accounts for 83% and 63% of the total scattering 
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contributions. It is important to note that the incoherent and coherent scattering from SiO2 does not 

affect the measured quasielastic broadening or Da because the nuclei are immobile on the 

experimental length and time scales (Figure 2.3) and therefore contribute solely to the elastic 

scattering. This increase in elastic scattering was accounted for in the EISF, but in all samples, the 

reduction in mobile nuclei was found to be more than expected from just the addition of SiO2 NPs. 

This difference can be attributed to nuclei of the polymer that are slowed beyond the temporal 

window of the experiment and therefore appear immobile, most likely belonging to segments 

closest to the attractive NP interface.  

Using a simple three-phase model including SiO2, immobile polymer, and mobile polymer, 

the “interfacial width” can be extracted by correlating the measured fraction of immobile polymer 

to the increased NP-polymer interfacial volume resulting from increased NP concentration. The 

calculated interfacial width is shown in Figure 2.8b, where the error bars represent the standard 

deviation of calculations for 0.55 < q < 1.6 Å-1. The interfacial with is ~1 nm and is independent of 

NP loading (see 40 kg/mol) and molecular weight. This interfacial width does not delineate the 

slow segments from the bulk-like segments because the remaining segments are still slower than 

bulk (Figure 2.5c). Instead, this interfacial width represents the estimated average distance from 

the NP surface after which segments relax within the window of QENS. Without accounting for 

scattering from SiO2 NPs, the interfacial width falsely appears to be ~2.5 nm but the MW 

dependence remains unchanged.  
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Figure 2.8: (a) Elastic incoherent structure factor versus q for all bulk and PNC samples measured 
at ~Tg+160 K. (b) Extracted interfacial width of segments immobile on the experimental length and 
time scale. Gray squares are BDS measurements adopted from Cheng et al.73  

The extracted interfacial widths via BDS73 and QENS (Figure 2.8b) show surprisingly 

distinct molecular weight dependences. Whereas the interfacial thickness in BDS decreases from 

~4 nm at low MW to ~2.5 nm at high MW (consistent with arguments of MW-dependent interfacial 

packing69,73), the interfacial thickness in QENS is consistently ~1 nm over the same molecular 

weight range. Although these are structural insights inferred from dynamic measurements, the same 

behavior is observed in direct measurements of segmental dynamics. In TMDSC (Figure 2.2) and 

BDS73 measurements, the increase in glass transition temperature and decrease in segmental 
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dynamics (respectively) are highly dependent on matrix MW, whereas we observed that 

Da,PNC/Da,Bulk in QENS is nearly independent of molecular weight. 

Although QENS, TMDSC, and BDS probe the same dynamic process (Figure 2.1), a 

notable difference between these experimental methods is the measurement temperature, which has 

two important implications. First, it remains unclear how the structure, dynamics, and interactions 

of the interfacially bound polymer segments depend on temperature. Thus, TMDSC (T~Tg), BDS 

(T<Tg+60 K) and QENS (T~Tg+160 K) may probe fundamentally different perturbations to the 

segmental dynamic process. Limited experimental data suggests a reduced interfacial width at 

elevated temperatures, which is in line with the observations in Figure 2.8b.29 Second, the loops 

and trains of the adsorbed polymers may depend on processing conditions, even after long 

annealing.29 In fact, processing details including concentrations of polymer and NP solutions, 

solvent quality, and annealing conditions, may impact the adsorbed polymer conformations and 

subsequently the interfacial dynamics. As such, it is important for the field to consider and clearly 

report these details. At elevated temperatures, not only is the entropy of interfacial chains promoted 

and local free volume increased, but the relative strength of the hydrogen bond is decreased. 

Samples measured for several hours at the high temperatures as required for QENS may provide 

enough time and thermal energy for segments to sample their local environment and energetic 

landscape and reach a more equilibrium conformation. Future studies of annealing time and 

temperature are needed to fully understand the influence of processing on interfacial dynamics.  

 Not only can QENS provide complimentary dynamic measurements to other techniques 

but it offers several unique capabilities, making it a useful complement to the field of segmental 

dynamics in PNCs. In this work, the use of spatial correlations in bulk and PNCs showed that 

although the observed segmental dynamics are temporally slowed, they are relatively unperturbed 

spatially. The fast time scales probed by QENS captures dynamics at elevated temperatures to 

elucidate the role of temperature on interfacial segmental dynamics. In addition, the ability to 
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quantify the fraction of mobile and immobile species allowed the extraction of structural parameters 

from dynamic measurements. Finally, unique capability of neutron scattering that has yet to be 

fully exploited is selective H/D labeling to isolate and investigate different polymer dynamics and 

processes within the chain (through intrachain deuteration) or spatially in the PNC (through 

interchain deuteration).  

2.5 Conclusion 

 Quasi-elastic neutron scattering was used to study segmental dynamics in highly attractive 

polymer nanocomposites (PNCs) at high temperatures (~Tg+150 K). We isolate the role of 

nanoparticle (NP) concentration, temperature, and matrix molecular weight on segmental dynamics 

in model PNCs made of P2VP and 26 nm colloidal SiO2. We monitor the elastic scattering as a 

function of temperature to reveal proton mobility over a wide temperature range and measure the 

dynamic structure factor under isothermal conditions to probe dynamics on length and time scales 

of ~ 1 nm and ~ 1 ns, respectively. We show segmental mobility is strongly reduced for all T>Tg 

upon the addition of NPs. At the QENS length and time scales, we observe classic translational 

diffusion of segments in bulk and in PNCs, even when the average interparticle separation distance 

is ~2 nm (50 vol% SiO2). Simultaneously, the average segmental diffusion coefficient is reduced 

by ~80% (relative to bulk) at NP concentrations of 50 vol%, showing strong temporal suppression 

without spatial perturbations. Similar observations are made for PNCs with unentangled and well-

entangled matrix polymers. The decrease in segmental mobility for all T>Tg and a reduced diffusion 

coefficient are highly dependent on NP concentration, but nearly independent of matrix molecular 

weight.  

 Several dynamic probes have been used to study segmental dynamics in highly attractive 

PNC systems. By comparing our QENS results to solely dynamic measurements on slower time-

scales (and therefore lower temperatures), we highlight categorically different observations on 
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similar PNC systems. Namely, calorimetric measurements (measured at T~Tg) show a much 

stronger molecular weight dependence than QENS (measured at T>>Tg). These discrepancies 

provide insights into the effect of temperature on the observed segmental dynamics in attractive 

PNCs. Furthermore, the unique ability of space and time correlations and selective labeling in 

neutron scattering presents a valuable future direction to mechanistically understand segmental 

diffusion in various PNC systems. 
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CHAPTER 3: Correlation Between Backbone and Pyridine Dynamics 

in Poly(2-Vinyl Pyridine)/Silica Polymer Nanocomposites 

Content in this chapter is in preparation to be submitted for publication in a peer-reviewed journal. 

The authors of this chapter are Eric J. Bailey, Madhusudan Tyagi, and Karen I. Winey. 

3.1 Introduction 

Polymer nanocomposites (PNCs), comprised of nanoparticles (NPs) dispersed in a polymer 

matrix, have attracted significant attention in recent decades due to their superior properties relative 

to the bulk homopolymer.4,29 For example, the addition of NPs to a polymer matrix can improve 

the mechanical properties of glassy and melt polymers39,40 and enhance small molecule 

transport43,46. However, a microscopic and mechanistic understanding regarding the origin of these 

altered macroscopic often remains elusive. In the case of mechanical and transport properties, 

segmental dynamics often underly these properties in the melt. As a result, it is advantageous to 

develop a fundamental understanding of the impact of NPs on different molecular motions in PNCs 

to optimize properties and to guide the design and development of PNCs.  

 In model attractive PNCs comprised of poly(2-vinyl pyridine) (P2VP) and 26-nm diameter 

silica (SiO2), broadband dielectric spectroscopy (BDS) reveals the primary structural a-relaxation 

in proximity to the NP surface is ~100x slower than bulk.65,73 These slow segmental relaxations are 

accompanied by slight increases in the glass transition temperature as measured by calorimetry as 

well.55,64,65 We recently reported quasi-elastic neutron scattering (QENS) measurements on the 

same PNC system and showed reduced segmental mobility in PNCs relative to bulk and ~80% 

slower segmental diffusion at 50 vol% NP concentration at T>>Tg.55 We also observe a layer near 

the NP surface (~1 nm thick) that relaxed at timescales slower than the available temporal range, 

which has been observed in the same system by a variety of techniques.68,69,207 QENS has the 

additional capability to probe the spatial dependence of relaxations, unlike other strictly temporal 
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measurements (such as BDS and TMDSC) and therefore provides valuable insights to 

understanding relaxation processes in other PNCs systems.46,107,270,275 In P2VP/SiO2, we found that 

the spatial dependence of the segmental relaxation time was comparable between bulk and PNC, 

implying spatially-similar relaxations in bulk and PNCs (beyond ~1 nm from the NP) despite the 

slower average relaxation rate.55 The secondary segmental dynamics in PNCs, typically 

corresponding to non-diffusive pendant reorientations, has received less attention. In one 

contribution, a combined QENS, BDS, and Brillouin light scattering study of P2VP/SiO2 observed 

picosecond dynamics below the glass transition temperature (Tg) and correlated them to changes in 

mechanical properties.127 

In this article, we present QENS measurements on PNCs to further understand the 

segmental dynamics at short length scales (~1 nm) and fast time scales (~ 1 ns). By measuring bulk 

polymer and PNCs comprised of fully-protonated P2VP and partially-deuterated (backbone 

deuterated) d3P2VP, we aim to decouple the dynamics of the pendant group and backbone chain 

with and without NPs. Partial deuteration of polymers has been successful in differentiating 

molecular motions and contributions to relaxations in QENS in other systems.37,151 The separation 

of backbone and pendant motion in PNCs is critical to understanding the previous measurements 

of segmental dynamics and how polymers segments relax in the presence of attractive NPs.  

3.2 Experimental Details 

P2VP (30.9 kg/mol, 1.1 PDI) and d3P2VP (33.6 kg/mol, 1.2 PDI) samples were purchased 

from Scientific Polymer Products and Polymer Source, respectively, and used as received. Polymer 

molecular weight distributions were measured via GPC. The glass transition temperature of both 

polymers, as measured by differential scanning calorimetry, was 370 K. Colloidal SiO2 NPs 

dispersed in water (Ludox AS-40, dNP = 28±3 nm) were obtained from Sigma-Aldrich and 

measured via SAXS and TEM. Following previous works178,  concentrated NP solutions in water 
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were diluted with DMF, distilled at 130˚C, and repeated until the H2O content as measured by Karl 

Fisher titration was <0.1 wt%. P2VP and d3P2VP were dissolved in DMF (~5 wt% polymer) and 

for PNCs, were mixed with SiO2/DMF solutions (~20 g/L SiO2). Solutions were stirred 

continuously overnight to ensure formation of the bound polymer layer in solution, which is known 

to lead to good NP dispersion.208,292 Solutions were drop cast in a hot PTFE dish (383 K) then 

vacuum annealed at Tg+100 K for 24 hours. For QENS measurements, at least 200 mg of polymer 

was encased in aluminum foil and placed in cylindrical aluminum cans during measurement. 

NP concentrations were measured via TGA where ~5 mg samples were heated beyond 

1100 K in platinum pans to measure the total SiO2 mass. Small-angle X-ray scattering (SAXS;  

0.008 < q < 0.12 Å−1) was conducted at the Multi-angle X-ray Scattering (MAXS) facility at the 

University of Pennsylvania to characterize the NP dispersion in PNC films. QENS measurements 

were conducted at the High-Flux Backscattering Spectrometer (HFBS, NG2) at the NIST Center 

of Neutron Research in Gaithersburg, MD, USA.283 Fixed window scans (FWS) and QENS 

measurement conditions and parameters are reported in our previous publication.55 Importantly, 

HFBS probes 0.25 < q < 1.75 Å−1 and −17 < hu < 17 μeV (with a resolution of 0.8 μeV), so the 

probed molecular motions are approximately 3 − 25 Å and 40 ps − 2 ns.  

3.3 Results and Discussion 

This model attractive PNC system of P2VP/SiO2 is known to form well-dispersed mixtures 

due to the strong NP-polymer attraction which forms a bound polymer layer and prevents NP-NP 

aggregation.208,292 SAXS patterns that were shifted for clarity are shown in Figure 3.1 and show 

that P2VP and d3P2VP PNCs exhibit similar NP structure. In addition, the plateau at low q and the 

undulations similar to NPs in solution indicate a lack of NP-NP aggregates in these PNC films, as 

expected from previously reported PNCs.55,208,292 The NP concentration in both PNC films is ~25 

vol% (~40 wt%), as measured by TGA in the inset of Figure 3.1. 
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Figure 3.1: (a) Chemical structure of P2VP (blue) and d3P2VP (green). (b) SAXS of PNCs and 
SiO2 NPs in solution, all shifted vertically for clarity. (inset of b) TGA measurements of PNCs 
showing similar NP concentrations.   

Since the incoherent scattering cross section (s) for hydrogen (sH ~ 80 barnes) is much 

larger than other atoms (sD, sC, sSi, sO, sN < 6 barnes), QENS is primarily sensitive to the motion 

of protons in these samples.281 Thus, QENS measurements of P2VP/SiO2 and d3P2VP/SiO2 can 

identify the similarities and differences between backbone and pyridine pendant motion in 

P2VP/SiO2 PNCs. Specifically, all protons contribute equally in protonated P2VP PNCs, while 

QENS of d3P2VP PNCs is dominated by dynamics associated with only the pyridine ring. 

Unfortunately, d4P2VP with a deuterated pendant pyridine group, which would isolate only 

backbone motion, is difficult to synthesize and unavailable commercially.  

To characterize the segmental mobility of neat P2VP, neat d3P2VP and both PNCs over a 

broad temperature range, the elastic scattering intensity was monitored as a function of temperature 
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from 50 to 535 K in a fixed window scan (FWS). The mean-squared displacements of segments 

(<x2>) shown in Figure 3.2 were extracted using the Debye−Waller approximation:  

Ielastic
I0

= exp (- q
2

3
〈x2〉)	  (3.1) 

Where Ielastic/I0 is the elastic scattering intensity at any given temperature normalized by the elastic 

scattering at T = 50 K. In practice, ‹x2› is obtained directly as the slope of -3∙ln (Ielastic
I0
) plotted as a 

function of q2 for q2 < 1.22 Å-2.55,76 This analysis assumes motions beyond the resolution of the 

instrumental resolution and produce a change in the elastic scattering can be modeled as simple 

harmonic springs and therefore indicates the average proton mobility in the sample.  
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Figure 3.2: Fixed window scans of bulk polymers and PNCs with 25 vol% SiO2, plotted as mean-
squared displacements of segments (<x2>) as a function of temperature. For clarity, (a) focuses on 
<x2> at low temperatures and (b) focuses on <x2> at high temperatures. 

At low temperatures in Figure 3.2a, <x2> is less than ~1 Å2 which is consistent with 

measurements of polymer glasses since the a-relaxation process is inactive at T<Tg.76,95 The 

d3P2VP PNC sample appears more similar to bulk d3P2VP  than the P2VP PNCs is to bulk P2VP. 

This is likely because the pyridine ring motion is local enough to occur at these low temperatures127, 

even in the PNC, so d3P2VP is dominated by the most mobile protons. As the temperature 

approaches the calorimetric Tg, both PNC samples diverge from their respective bulk polymer. In 

Figure 3.2b, a sharp increase in <x2> is observed for T>Tg in all samples due to the activation of 

the a-process and other segmental motions. At these higher temperatures, convergence is observed 
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between d3P2VP and P2VP neat polymer as well as both PNCs, although the d3P2VP may be 

slightly more mobile in both cases. In both P2VP and d3P2VP, the segmental mobility decreases 

by the addition of attractive SiO2 NPs, in agreement with previous QENS measurements55. The 

small differences between P2VP and d3P2VP samples in Figure 3.2b indicate that the proton 

mobility on the pyridine ring does not differ significantly from protons on the backbone. This 

observation is in direct contact to semiconducting P3HT293 and PVAc melts294, both of which 

exhibit side chain dynamics decoupled from backbone dynamics.   

To further characterize the segmental dynamics, QENS measurements were conducted at 

515 and 535 K, where segments are highly mobile (<x2> > 4 Å2, Figure 3.2). As shown in the 

representative QENS spectra in Figure 3.3, all samples show significant broadening beyond the 

experimental resolution and the broadening in PNCs is markedly reduced from bulk. In other 

words, segmental dynamics are active in all samples but clearly slower in PNCs. These QENS 

spectra can be fit with a linear combination of a delta function for the elastic scattering peak, a 

single Lorentzian for the segmental motion, and a linear background, all of which are convoluted 

with experimental resolution obtained from measurements of bulk vanadium. This fitting is more 

thoroughly described elsewhere.55 This relatively simple fitting procedure, i.e. one Lorentzian used 

to account for the mobile species, describes all spectra well and produces featureless residual plots.  
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Figure 3.3: Normalized QENS spectra for bulk (solid symbols) and PNCs (open symbols) for 
P2VP (blue) and d3P2VP (green) samples at T=535K and q=1.22 Å-1. Grey line shows 
experimental resolution obtained from measurements of vanadium. 

The full-width at half maximum (FWHM) of the Lorentzian, which is inversely related to 

the average relaxation time of the protons, is extracted and plotted as a function of q2 for 515 K and 

535 K in Figure 3.4a and b, respectively. While we report the FWHM of each sample at 515 K, we 

refrain from fitting these data because all samples exhibit similar FWHM (< ~4 µeV) with 

nonnegligible scatter. However, it can be qualitatively deduced that the d3P2VP samples shows 

faster dynamics than P2VP samples, especially at higher q, and both PNCs are less mobile than 

their bulk counterparts.  
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Figure 3.4: FWHM extracted from QENS spectra as a function of q2 for P2VP (blue) and d3P2VP 
(green) bulk polymer (closed symbols) and PNCs (open symbols) at (a) T = 515 K and (b) T = 535 
K. Lines in (b) are linear fits to data, as discussed in the text. 

In Figure 3.4b at 535 K, the d3P2VP samples exhibit slightly faster dynamics than their 

P2VP counterparts for both bulk polymers and PNCs for all q. The FWHM of each sample varies 

linearly with q2, which indicates diffusive motion (i.e. t-1 ~ q2) on these short timescales where the 

slope is related to the diffusion coefficient, Da. These fits are presented with the data in Figure 3.4b, 

and the extracted Da is presented in Figure 3.5. Interestingly, the y-intercept of each sample is 

similar, FWHM ~1.4 µeV. Although assigning a dynamic motion to this feature is beyond the scope 

of the study, we suspect it represents fast, q-independent, motion of protons in the pyridine ring.  
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Figure 3.5: (a) Diffusion coefficients of segments in each material system at T= 535 K. (b) 
Normalized diffusion coefficient of PNCs. 

The fit results of Da from data in Figure 3.4b (T = 535 K) are shown in Figure 3.5. 

Considering the bulk polymers first, Da is only ~12% faster in d3P2VP as compared to P2VP. This 

implies the motion of the pyridine ring is slightly faster than the motion of the backbone and they 

are highly coupled at 535 K. The observation is consistent with expectations that pendant groups 

are more mobile than the chain backbone, but the motions are highly coupled at high temperatures 

(T>>Tg). In both PNCs, Da is reduced by ~35% relative to bulk (Figure 3.5b). In other words, the 

observed spatial and dynamic perturbation imposed by the NPs is quantitatively the same for P2VP 

and backbone-deuterated d3P2VP. 

There are two main explanations for the agreement observed in Figure 3.5b. First, the 

motion in P2VP may be dominated by the more-mobile pyridine rings (commonly referred to as a 

b-process), so deuteration of the backbone proves inconsequential. However, we surmise that this 

is not the case. Agreement between TMDSC, BDS, and QENS in our previous work55 supports the 

notion that QENS samples backbone reorientation, known as the a-process. In addition, systematic 

deviations of Da in Figure 3.5a support the notion that backbone protons contribute in the P2VP 
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samples. The second explanation is that the backbone and pyridine motion are highly correlated 

and coupled in both neat polymer and PNCs at T >> Tg. Not only is this explanation supported by 

Figure 3.2b, but it is well-established that primary (a) and secondary (b, g, etc.) relaxations 

converge at high temperatures, such as those used in this work. Therefore, our results imply that 

this coupling remains true in the presence of highly attractive NPs while segmental and chain 

dynamics are slowed significantly.65,207,208 This supports the conclusion that although the segmental 

dynamics are slowed in PNCs, the spatial relaxation and way in which the segments relax are 

largely unaltered from bulk.55  

3.4 Conclusions 

We used QENS to characterize segmental dynamics in P2VP/SiO2 PNCs comprised of 

fully protonated P2VP and backbone-deuterated d3P2VP. While all protons are sampled evenly in 

P2VP, d3P2VP selectively probes the motion of the pendant group. By monitoring the mobility of 

segments as a function of temperature, we observed that pyridine motion in the PNC is similar to 

bulk for T<Tg, but mobilities of pyridine pendants and backbone protons converge at T>Tg. In both 

P2VP and d3P2VP PNCs, however, the dynamics were reduced relative to their bulk counterparts 

at all temperatures. From measurements of QENS at T>>Tg, we observe diffusive dynamics of 

protons in all samples on time and length scales of ~1 ns and ~ 1 nm. Even though the segmental 

diffusion coefficient observed in d3P2VP samples (which are dominated by the pendant group) are 

systematically faster than P2VP samples, the normalized diffusion coefficients in 25 vol% PNCs 

are both ~35% slower than bulk. This observation highlights the connection between backbone and 

pyridine motion, even in PNCs where the motion is temporally slowed by attractive NPs. These 

results provide further insight toward developing a fundamental understanding of the mechanistic 

impact of NPs to segmental dynamics in PNCs.  
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CHAPTER 4: Chain-Scale Polymer Conformations and Dynamics 

Through a Monolayer of Confining Nanoparticles 

Content in this chapter is in preparation to be submitted for publication in a peer-reviewed journal. 

The authors of this chapter are Eric J. Bailey, Robert A. Riggleman, and Karen I. Winey. 

4.1 Introduction 

It is well known that static and dynamic properties of a polymer melt can be altered by the 

addition of nanoparticles (NPs).4,26,29 These hybrid materials, called polymer nanocomposites 

(PNCs), have received considerable attention for several decades due to their potential applications 

in critical areas such as electronics, biomedical engineering, and energy.4 Despite the diverse 

research through experiments, simulations, and theory, the connection between microscopic 

parameters and macroscopic properties remains elusive, motivating the need for further 

fundamental studies. The structure, conformation, and dynamics of polymer chains near NPs 

influence various properties of interfacial polymers including mechanical, transport, and functional 

properties and more broadly the processability of PNCs. However, due to the broad and interrelated 

parameter space and complex nature of PNC materials, the NP-induced perturbation to static and 

dynamic properties is not well established.   

The experimental determination of polymer chain conformations (e.g. the radius of 

gyration, Rg) in PNCs with small angle scattering is challenging. Using small angle neutron 

scattering (SANS), experimental observations of increased chain dimensions,295 decreased chain 

dimensions,209 and unperturbed conformations296 have been reported, as compiled recently297. In 

one contribution, meticulous fitting of combined X-ray and neutron scattering revealed an 

interfacial layer in attractive PNCs over which the structure (e.g. density, conformations, chain 

packing) are perturbed, but individual chain conformations were unavailable.209 In part due to the 

ensemble-averaging and isotropic nature of PNCs and SANS, molecular dynamics simulations are 
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more conducive for meticulous interrogation of polymer conformations, as reviewed recently.110 

Starr et al. used MD simulations of a single faceted NP in a polymer melt to show polymer chain 

flattening at the NP surface (for RNP > Rg) and the recovery of bulk conformations beyond ~Rg from 

the NP surface.79,120 Other authors have conducted similar simulations in the dilute regime with 

various NP sizes, chain lengths, NP-polymer interactions, where expanded79,298–302 and 

unperturbed153,154,192 conformations were reported but all conformations were within ~20% of bulk. 

Fewer simulations addressed strongly confined PNCs (high NP concentration) by including several 

NPs in the simulation box with random order or on a lattice.303,304 Namely, for a variety of NP sizes 

(Rg/RNP ~ 1-8), repulsive NPs did not perturb the average conformations but chains swelled with 

increasing loading of small, attractive, NPs.304 In part due to the sometimes conflicting results and 

dense parameter space, a mechanistic understanding of how NPs perturb polymer conformations, 

especially under strong confinement, has not been developed.  

The dynamics of polymer chains are also known to be perturbed near NPs. It is reasonably 

established by the convergence of simulations and experiments on different material systems that 

small length-scale polymer segmental dynamics are slow near attractive and weakly interacting 

NPs.29,55,65,66,119 At longer length-scales, the chain-scale polymer diffusion is known to be affected 

by the presence of NPs. Elastic recoil detection (ERD) has been used to measure tracer polymer 

diffusion into PNCs with spherical NPs for various NP loadings, tracer MWs, NP sizes (RNP), and 

NP-polymer interactions.170,181–183,272 In each case, the polymer diffusion coefficient was slower in 

the PNC (D) than in bulk (D0) and D/D0 was found to depend on only the confinement parameter 

(ID/2Rg) where ID is the average accessible interparticle distance between nearest NPs. 

Furthermore, D/D0 < 1 was observed even at ID/2Rg ~ 10, which implies that the temporal effect 

of NPs on polymer diffusion is spatially long-lasting. We note that this behavior, where D/D0 is 

related to ID/2Rg is restricted to PNCs with immobile NPs and isothermal measurements and 

deviations have been observed.109,188  
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Although MD simulations of polymer diffusion can be challenging due to computational 

expense, especially for high NP loadings and long polymer chains, insights have been gained from 

MD simulations and other calculations, as recently reviewed.32 For example, the addition of 

attractive NPs was found to slow polymer diffusion relative to bulk as a function of NP 

concentration.192 However, a nonmonotonic trend was observed in PNCs with repulsive NPs where 

D/D0 > 1 at low NP concentrations and D/D0 < 1 when tortuosity dominates at higher NP 

concetrations.192 In another set of MD simulations, polymer diffusion was found to be reduced 

relative to bulk with increasing NP concentration and the slowing more significant than predicted 

by totuosity.305 More recently, scaling of D/D0 with ID/2Rg, similar to experimental observations, 

was observed in dynamic Monte Carlo simulations but a scaling factor that depends on temperature, 

NP size, NP-polymer interaction was needed to collapse the various PNC systems.194 Furthermore, 

the convergence of D/D0 ~ 1 occurred at ID/2Rg ~3 which is much more rapid than observed in 

experimental systems. Despite numerous observations, a systematic understanding of the how D/D0 

depends on ID/2Rg and the origin of the spatially long-lasting effect of NPs on polymer diffusion 

remains unclear.  

In this article, we use coarse-grained molecular dynamics simulations to study polymer 

conformations between highly confining NPs and probe the spatial and temporal impact of a 

monolayer of NPs on polymer diffusion. By placing a monolayer of hexagonally packed NPs in a 

dense polymer melt we isolate the confined region and observe the transition from bulk-polymer 

behavior to confined behavior. In doing so, we systematically provide fundamental insights to the 

more complex PNC environment. We show that polymer conformations under strong confinement 

(ID/2Rg < 1) are more impacted than around an isolated NP, and the effect depends on the ratio of 

RNP/Rg rather than either independently. In fact, these conformations can be quantitatively 

replicated by executing a simple random walk in a similarly confining environment. We then show 

the perturbation to polymer diffusion is impacted far beyond the region over which polymer 
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conformations are perturbed. We show the local polymer diffusion coefficient ~Rg from the NPs is 

slowed as a function of confinement, and the slowing persists even ~5Rg from the NPs. 

Furthermore, by analyzing the directional van Hove distributions, we show polymer preferentially 

diffuses away from the NP monolayer and diffusion through the monolayer is slowed as a function 

of confinement. While only considering a monolayer of NPs, we recover the functional form 

observed experimentally in the more complex PNC environment, though the suppression of 

diffusion is expectedly weaker. Unlike experiments, however, for constant degrees of confinement 

(ID/2Rg), we find that larger NPs perturb diffusion more strongly as may be expected from 

tortuosity arguments. These molecular dynamics simulations highlight the impact of a monolayer 

of NPs and provide fundamental insights into the temporal and spatial effect of confining NPs on 

polymer conformations and diffusion.  

4.2 Simulation Method 

We conduct coarse grained molecular dynamics (MD) simulations that follow the well-

established Kremer-Grest model.306 The units reported herein are normalized to the monomer size 

(σ), potential strength (e), and monomer mass (m) where time, τ = σ(m/e)1/2. All simulations were 

run with the LAMMPS MD simulation package using the velocity-Verlet algorithm307 in an NVT 

ensemble with a the Langevin thermostat and periodic boundaries applied in all dimensions.  

The NPs in these simulations were constructed from an amorphous melt of non-bonded 

monomers beads with density (ρ) of 0.9 σ-3. All beads beyond RNP from the center of the simulation 

were discarded leaving a spherical NP with amorphous bead structure and an effective radius 

approximately equal to the defined RNP. These NPs were then assembled into a hexagonal lattice 

monolayer in the x-y plane. The minimum interparticle distance (ID) is used to define the separation 

of nearest neighbor NPs, whose centers are displaced by ID+2RNP (Figure 4.1a). While this defines 

the x and y dimensions of the box, the z-dimension was typically at least 10 Rg (to incorporate a 
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sufficient volume of bulk-like polymer). Box dimensions and other relevant parameters are listed 

in Table S1. Finally, polymer chains were added to the simulation box on a lattice above and below 

the NP monolayer and the system was equilibrated, as described below. The precise value of the z 

dimension was adjusted to achieve a polymer monomer density far from the NP monolayer of 0.85 

σ-3. The simulation box after equilibration is presented in Figure 4.1b. 
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Figure 4.1: (a) A representation of the polymer chains and NPs and (b) a representative image of 
the simulation box including NPs (dark grey), and polymer chains (various colors) with four 
representative chains highlighted (red). All images are obtained from the simulation of ID/2Rg = 1, 
N = 50, and dNP = 7s. (c) Monomer density profile as a function of distance from the NP surface 
for ID/2Rg = 0.5 – 2.  

a

c

z

yx

ID

2Rg

b



 108 

All nonbonded monomer-monomer interactions are governed by a repulsive Lennard-

Jones (LJ) potential and bonded monomers are connected via a FENE anharmonic spring potential. 

Beads in the NP interact with polymer monomers through the same repulsive LJ potential as 

nonbonded monomers, making this an athermal system. A spring force was independently applied 

to NP beads, fixing their equilibrium position but allowing them to vibrate to prevent artificial 

crystallization caused by peaks and valleys on the NP surface. This makes the center-of-mass 

(COM) of the NPs immobile throughout the simulation, which is a reasonable approximation 

because chain diffusion in PNCs170,272 is ~100 times faster than NP diffusion in polymer melts208, 

especially for RNP~Rg.  

Equilibration of the system was monitored by conformation and dynamic properties of the 

polymer. For regions >5Rg from the NP monolayer, monomer density and polymer conformations 

(Rg) were found to equilibrate to bulk values rapidly (<~105 t). During equilibration, the average 

monomer travelled >>2Rg and reached the diffusive regime where MSD~t1. For systems with 

N=200, equilibration was assisted by bond swap algorithm followed by standard MD for times 

sufficient for full chain diffusion. For experimental sampling, a Langevin thermostat was used at T 

= 1 and the timestep used was 0.002t for N=50 and 0.006t for N=200.  

Most results discussed in this work are systems with N=50 beads per polymer chain (Rg = 

3.6s) and NPs with 2RNP = 7s. However, in certain cases, systems with N=200 (Rg ~ 7.2s) and 

2RNP= 3.5s and 14s are reported. In general, we explore levels of confinement of ID/2Rg = 0.5, 

0.75, 1, and 2, Figure 4.1a. The NP-polymer interface in each system with N=50 and d=7s can be 

observed in Figure 4.1c. Due to the amorphous surface structure and lightly vibrating beads, there 

is slight monomer penetration into the NP on the order of ~0.5s. In addition, density fluctuations 

away from the NP surface are minimal and independent of degree of confinement.  Analysis of 

polymer conformations and dynamics will be described later. 
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To further understand polymer conformations in these systems, observations from MD 

simulations are compared to simple random walks generated in a similar environment. Specifically, 

smooth-walled NPs matching the size and location of NPs in MD simulations were placed in space. 

Then, the starting location of the random walk was randomly generated and N steps of 1s were 

generated in random directions. All starting locations and subsequent steps beyond RNP from the 

NP center were accepted and all locations and steps within the NP were declined except those 

within 1s of the NP surface which were accepted conditionally. To be specific, an exponential 

function that dictates acceptance criteria was used near the NP surface (from RNP-1 to RNP) to match 

the amorphous NP surface structure, both of which lead to a slightly less sharp NP surface (Figure 

4.1c). This yields a qualitatively similar NP-polymer interface and shows good agreement at the 

chain-scale with MD simulations, as will be discussed later. Since RNP matches MD simulations 

and the random walks have no excluded volume, we vary the number of steps per chain (n) to match 

Rg of MD simulations in bulk. For comparison to N=50 in MD, we use n=83 to get a bulk Rg of 

~3.6s in both simulations.    

 

4.3 Results and Discussion 

4.3.1 Polymer Conformations: Effect of Confinement 

We first present calculations of the chain conformations at various locations in the 

simulation box. It is useful to describe the conformation of a polymer chain by reporting component 

of Rg perpendicular to the nearest NP surface (Rg
⊥), which follows the radial symmetry imposed by 

the NPs. Rg
⊥	is calculated using Equation 4.1:  

𝑅S5 =
(
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〈∑ ∑ [
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where ri represents the location of bead i with respect to the center of the nearest NP and N is the 

number of beads in the chain. In bulk polymer where there are no NPs, the origin of the simulation 

box is used rather than the center of the nearest NP. 

 Figure 4.2 shows spatially resolved and time-averaged maps of Rg
⊥ within the NP 

monolayer (x-y plane, top) and through the NP monolayer (x-z plane, bottom) for N=50 chains in 

PNCs with RNP~Rg for three different confining environments. The value of Rg
⊥ is normalized to 

Rg
⊥ far from the NP surface (Rg

⊥,∞ ), which matches Rg
⊥ in bulk polymer. Using ID/2Rg = 2 in Figure 

4.2 as an example, Rg
⊥ is compressed at the NP surface, but eventually returns to an unperturbed 

conformation. The perturbed area is constant in thickness around the NP in both planes and 

uniformly around the NP surface. As the confinement is increased, or the NP-NP separation 

distance is decreased, the perturbed area maintains the same thickness but eventually perturbed 

areas from different NPs begins to overlap (ID/2Rg = 0.5, Figure 4.2). In fact, nearly all 

conformations in the x-y plane are perturbed when ID/2Rg = 0.5 and none resemble bulk-like 

conformations. Regarding the x-z plane, the conformation significantly above and below NP 

monolayer are bulk-like while conformations between the NPs are compact. Although we only 

report Rg
⊥, our observation of chain flattening against the NP surface is also apparent in analysis of 

the 3-D Rg or Ree for any individual component.  
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Figure 4.2: Map of polymer conformations, plotted as Rg
⟂/ Rg

⟂,∞ in the x-z plane (through the NP 
monolayer) and x-z plane (excluding the bulk regions above and below the NP monolayer) on the 
top and bottom, respectively.  

 

 Figure 4.2 allows visualization the spatial influence of NPs and confinement on polymer 

conformation, but we further investigate these perturbed conformations by isotropically averaging 

the conformation as a function of distance from the nearest NP surface in Figure 4.3a. The chain 

compression directly at the NP surface is mostly independent of confinement and reduces Rg
⊥ ~25% 

relative to the unperturbed state. In addition, we observe that polymers beyond ~Rg from the NP 

surface retain their bulk-like conformation, similar to observations reported by Starr et al. on an 

isolated NP in a polymer melt of shorter polymer chains (N=20).79 It is important to note that the 

position of chains in this calculation were defined by their COM position from the NP surface, 

which explains the apparent penetration into the NP in Figure 4.3a. It is possible for chains to wrap 

around the NP such that the COM is within the NP excluded volume without the presence of a 

single monomer within the excluded volume.  
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Figure 4.3: (a) Isotropically-averaged and normalized polymer conformation as a function of 
distance from the NP surface. Symbols represent MD simulations and the solid line represents a 
random walk around an isolated NP. (b) Normalized polymer conformation as a function of location 
between two confining NPs. Symbols represent MD simulations, dotted and dashed lines represent 
the predicted perturbation from only the nearest NP and both confining NPs (respectively), and 
solid lines represent random walk generation in the same confining environment. All MD 
simulations are for N=50 and d = 7s.  

The analysis in Figure 4.3a restricts the maximum distance from the NP surface to be ID/2 

to ensure an isotropic average around the nearest NP. In contrast, Figure 4.3b analyzes the 

conformations directly between confining NPs, as schematically represented in the inset of Figure 

4.3b. In each case, chains residing directly between the NPs are considered at position 0, the NP 

surfaces are the ID/2Rg away from the center position (i.e. +/-2 for ID/2Rg=2), and chains with 

COM inside the NP are excluded for clarity. Because the least confined system has ID ≥ 2Rg, bulk 

conformations are retained even between NPs. The most confined systems in Figure 3b show 
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conformations directly between the NPs remain perturbed from bulk, as qualitatively observed in 

Figure 4.2. It is interesting to note that the perturbation directly at the interface of the nearest NP is 

still independent of confinement, but chains with COM residing in between the NPs are more 

heavily perturbed compared to conformations near a single NP. 

When considering the perturbation imposed by two confining NPs, as opposed to a single 

isolated NP, there are two extreme cases. First, the conformation of the polymer may be dictated 

by only the nearest NP. If this is true, the profile between NPs should follow the isotopically 

averaged profile observed in Figure 4.3a, which is represented by the dotted red line for the 

ID/2Rg=0.5 system in Figure 4.3b. This case underestimates the perturbation, indicating both NPs 

contribute to some degree to the perturbed conformation. The second extreme case is that both 

confining NPs perturb the conformation as much as the case of an isolated NP. Mathematically, 

this can be estimated by multiplying the perturbation at r1 in Figure 4.3a by the perturbation at r2. 

This case is represented by the dashed red line for the ID/2Rg=0.5 system in Figure 4.3b and clearly 

over estimates the perturbation. Thus, when ID < 2Rg, both confining NPs influence the 

conformation of the polymer chain, but their perturbations are not simply multiplicative.  

To further probe conformations in these confining environments, we now compare the 

observed conformations to random walks in a similar confinement geometry, as described in the 

previous method section. The calculated conformations from random walks around an isolated NP 

are shown by a solid line in Figure 4.3a. Even though the simple random walk uses a smooth NP 

and no excluded volume, it quantitatively captures the main observations from MD simulations. 

For example, conformations beyond Rg from the NP surface remain bulk-like and conformations 

at the NP-polymer interface are flattened by ~20%. Using the same method, we now generate 

random walks in the confined environments between nearest-neighbor NPs and compare directly 

to MD simulations in Figure 4.3b (solid lines). For all degrees of confinement, the observations 

using random walks match those from MD simulations. This result shows that the flattened 
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conformations observed are simply a result of confined random walks. Furthermore, we suspect 

that for athermal systems, this simple method can be used to rapidly predict conformations in 

complex environments.   

4.3.2 Polymer Conformations: Effect of NP size 

We now explore the conformations of polymer chains with different chain lengths (N=50 

and N=200) near NPs of different sizes (2RNP = 3.5, 7, and 14 s). In each case, RNP/Rg is 

approximately 0.5, 1, or 2. As shown in the MD simulations in Figure 4.4, conformation profiles 

with matching RNP/Rg collapse onto the same curve and systems with larger RNP/Rg show larger 

perturbations at the NP interface. For example, when RNP/Rg ~ 0.5, polymer conformations are 

relatively unperturbed, experiencing a ~5% decrease in Rg
⊥ when the chain COM is ~0.5Rg from 

the surface of the NP. In fact, some swelling is observed with the addition of small NPs. We also 

note that for each system, regardless of RNP/Rg, the conformations begin to approach bulk-like 

values ~Rg from the NP surface. We observe the same effects using the random walk model 

reported in Figure 4.3, as shown in Figure B.3. This further supports the notion that conformations 

in complex confining environments and around various NPs, even when the NP and polymer have 

similar radii of curvature, are simply confined random walks.  
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Figure 4.4: Isotropically-averaged normalized polymer conformations as a function of distance 
from the NP surface showing the effect of NP size relative to bulk Rg (RNP/Rg) for systems with 
different NP sizes and chain lengths.  

4.3.3 Polymer Diffusion: Effect of Confinement 

We now aim to probe polymer diffusion near and through the confining NP monolayer. In 

the simplest analysis, we extract the polymer chain diffusion coefficient in the z direction (Dz, 

perpendicular to the NP monolayer). The average Dz for N=50, 2RNP = 7s, and ID/2Rg = 0.5 is 

7.6x10-4 s2/t, compared to bulk polymer which is 8.7x10-4  s2/t (Figure B.4 and Table B.1). 

Clearly, polymer diffusion is slower in systems with NPs, as reported in simulations and 

experiments. The observed reduction in diffusion from this simple analysis is noteworthy because 

the majority of volume is bulk polymer in our simulation box, yet polymer diffusion is still 

measurably perturbed. This demonstrates a spatially long-lasting impact of NPs on polymer 

diffusion, which was also reported in experiments. However, more complex analysis is needed to 

probe this perturbation further.  

We first highlight the local polymer diffusion near and far from the NP monolayer by 

observing the variation in polymer diffusion as a function of distance from the NP monolayer. To 

be specific, we analyze monomer trajectories for time periods up to 60,000t and for each trajectory 

and time period, calculate the average z position (ẑ). As shown schematically in Figure 4.5a, this 
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definition of ẑ provides a measure of the most common z position that the diffusing species sampled 

during it’s trajectory. Then, we generated several mean-squared displacement vs time curves after 

grouping monomers with similar ẑ positions together (Figure 4.5b, ID/2Rg = 0.5). Each curve shows 

that MSD varies linearly with time for t > ~30,000t, which indicates diffusive dynamics where the 

slope is related to the diffusion coefficient (MSD = 2Dt). The MSD curves far from the NP 

monolayer (cyan in Figure 4.5b) closely match bulk polymer (solid line in Figure 4.5b), meaning 

the bulk-like region of the simulation exhibits diffusion dynamics similar to bulk-like polymer. In 

contrast, the dynamics directly outside the NP monolayer (pink in Figure 4.5b) are significantly 

suppressed relative to bulk or far from the NP monolayer.  



 117 

 

Figure 4.5: (a) Schematic representation of analysis to assign a z position to a given polymer 
trajectory. (b) Time averaged mean-squared displacement as a function of time for various ẑ, as 
schematically represented in (a), for ID/2Rg = 0.5 (symbols) and bulk (solid line). (c) Normalized 
local polymer diffusion coefficient as a function of distance from the NP monolayer.  

 

In Figure 4.5c, we summarize the spatial dependence of polymer diffusion by plotting the 

z-directional local diffusion coefficient, Dz(z), normalized to Dz of bulk, as a function of distance 

from the NP monolayer for systems with different degrees of confinement. Generally, we observe  

c
ID/2Rg = 0.5
ID/2Rg = 0.75
ID/2Rg = 1
ID/2Rg = 2

Within 
NP 
layer

a

z"

ID/2Rg = 0.5
24.5 < z" < 31.5σ
17.5 < z" < 24.5σ
10.5 < z" < 17.5σ
3.5 < z" < 10.5σ

0 < z" < 3.5σ
Bulk

2D

z"
b



 118 

three different regimes that occur at different distances from the NP monolayer: fast polymer 

diffusion within the monolayer, slow polymer diffusion just outside the NP monolayer, and bulk-

like polymer diffusion far from the NP monolayer. In addition, we observe that these three regions 

occur for each level of confinement, but the deviations from bulk are more extreme under stronger 

confinement.  

For polymer diffusion within the NP monolayer, Figure 4.5 shows that chains diffuse more 

rapidly than bulk. This result is reminiscent of the enhanced polymer diffusion observed under 

intermediate levels of confinement in athermal pores or between althemal substrates, where 

analogous systems exhibited D/D0 ~1.2.308–310 Furthermore, previous simulations of polymer 

diffusion in PNCs with smooth and repulsive NPs showed that diffusion near the NP surface is 

enhanced due to the reduced segmental friction near the NP.192 This regime is likely not 

significantly affected by tortuosity because movement in the z direction is often accompanied by 

an increase in accessible volume. In contrast to the enhanced diffusion within the monolayer, the 

strongest reduction in polymer diffusion is observed directly outside the NP monolayer. In the most 

confined case of ID/2Rg=0.5, diffusion ~2Rg from the center of the NP monolayer is nearly 30% 

slower than bulk diffusion. This is likely where tortuosity penalties are present because as chains 

approach the NPs, they are approaching the confinement region with reduced accessible volume. 

Finally, at long distances, diffusion within 5% of bulk is recovered in all systems. Importantly, if 

we determine the system-average diffusion coefficient from this analysis by calculating a weight-

average of the Dz(z) where the weight is the number of chains in each binned z, we recover the 

macroscopic Dz reported in Appendix B. This self-check supports the validity of this local analysis 

and the attribution of a position to individual trajectories.  

The slow polymer diffusion near the NP monolayer observed in Figure 4.5 is spatially long 

lasting. In systems with NPs, the diffusion coefficient remains slower than bulk until ~6Rg from 

the NP monolayer. Recall from Figure 4.3a that conformations reach bulk-like values after only 
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~Rg. This decoupling of dynamics and conformations has been recently reported at the segment 

scale, but our results suggest that it extends to the chain-scale as well. Furthermore, the long-lasting 

nature of polymer diffusion has been observed experimentally where D/D0 < 1 even when ID is 

>20Rg.182 In this analysis, the maximum MSD accessed is < 120s2 (~10s average displacement), 

and the region over which diffusion is perturbed is more than 21s. This means that the NPs perturb 

polymer diffusion even when the average bead does not interact with the NP monolayer.  

To further understand polymer diffusion through the NP monolayer, we calculate and 

analyze one-dimensional van Hove distributions of polymer beads. In this analysis, we calculate 

the probability (P) of finding a polymer bead at a given z location given a certain lag time (Dt) and 

starting location (z0). The van Hove distribution for bulk polymer is shown in Figure 4.6a for three 

different Dt. As expected, P(z, Dt) in bulk follows a symmetric Gaussian distribution that broadens 

with increasing Dt. In fact, the variance of the distribution (G) increases with Dt1/2 (Figure 4.6b) for 

Dt > ~30,000t indicating diffusive motion with a diffusion coefficient matching Dz (Figure B.5). 
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Figure 4.6: (a) Van Hove distribution of monomers in bulk polymer at various times, Dt. (b) 
Extracted variance (G) as a function of Dt showing diffusive behavior (G ~ Dt1/2). 

 

We demonstrate the analysis for van Hove distributions in the presence of NPs with ID/2Rg 

= 0.5, Dt = 78,000t, and z0 = 4s , meaning the initial bead locations are just beyond the NP 

monolayer (Figure 4.7a). We ascribe z<0 to motion toward or through the NPs and z>0 to motion 

away from the NPs. The distribution shown in dashed red in Figure 4.7a is the raw distribution 

which shows a clear depression in P(z,z0,Dt) in the NP monolayer as a result of the decreased local 

volume fraction of polymer (Figure B.2) . The distribution shown in solid red in Figure 4.7a 

represents the corrected van Hove distribution, obtained by dividing the raw distribution by the 

normalized local polymer volume fraction at each z position in the box and then renormalizing the 

distribution. The corrected van Hove distribution effectively accounts for the space occupied by 

the NPs but retains the dynamic information about the polymer. 
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Figure 4.7: (a) Van Hove distribution of ID/2Rg = 0.5 for Dt = 78,000t and corresponding 
schematic representation of the simulation box. Dashed line represents the raw van Hove 
distribution and the corrected distribution obtained by dividing by the relative local polymer 
volume fraction. (b) Corrected van Hove distribution of ID/2Rg = 0.5 (solid symbols) compared to 
bulk (open symbols). Directional fitted Gaussian profiles are shown in red and green lines.  

 

The van Hove distributions of bulk polymer and ID/2Rg=0.5 are directly compared in 

Figure 4.7c. Although the maximum of each distribution is located at a z displacement of 0, the van 

Hove from the ID/2Rg=0.5 system is narrower and asymmetric relative to bulk. This observation 

means that diffusion through the NP monolayer is slower than bulk, as expected from Figure 4.5c, 
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and more chains diffuse away from the NP monolayer than through it. To further quantify this 

behavior, we use a Gaussian function to independently fit the distributions to the left and right while 

restricting the center to be at a z displacement of 0. The fits are included in Figure 4.7 for bulk 

(dashed) and ID/2Rg = 0.5 (solid). Although the fit of the distribution through the NP monolayer is 

imperfect and is likely a result of the correction for polymer volume fraction, we note that the 

parameters extracted from the fit (G and amplitude) accurately represent the width and integrated 

amplitude of all distributions. 

We begin by analyzing the width of the distribution in each direction and converting it to 

a diffusion coefficient, D = G/(2t), to separate diffusion toward the NP monolayer and diffusion 

away from the NP monolayer. Figure 4.8 shows the diffusion coefficients as a function of degree 

of confinement, ID/2Rg. While diffusion away from the NP monolayer remains bulk-like, diffusion 

through the NP monolayer is restricted up to almost 40% under the most confined case. 

Furthermore, the trend in diffusion through the NP layer is reminiscent to the functional form 

observed experimentally: D/D0 = exp(-Rg/ID).184 Of course, the magnitude of reduced diffusion 

that we observe is less than observed experimentally, likely because our system is 1-D diffusion 

through a monolayer rather than isotropic diffusion through infinitely many layers.  
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Figure 4.8: (a) Normalized diffusion coefficient away from NPs (green open symbols) and through 
NPs (red solid symbols) as a function of ID/2Rg. (b) The asymmetry, plotted as P(z>0)/P(z<0), as 
a function of the initial and center location of the van Hove distribution of z0 for Dt = 78,000t. Inset 
shows schematic representation of z0. All data presented is obtained from simulations with dNP=7s 
and N=50.  

 

We next characterize the asymmetry in the presence of NPs while simultaneously probing 

the length scale over which diffusion is perturbed. We highlight the asymmetry by calculating the 

ratio of the probability of a bead diffusing toward the NPs, P(z>0), and away from the NPs, P(z<0), 

as a function of the starting location, z0. Although representative van Hove distributions are 

presented in Figure B.6, the ratio of P(z>0)/P(z<0) is plotted as a function of z0 for Dt = 78,000t in 

Figure 4.8b. In qualitative agreement with Figure 4.5c, the asymmetry in diffusion away from and 
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toward the NP monolayer persists ~3Rg from the NP monolayer. Although the general trend 

observed in Figure 4.8b is true for all Dt, increasing Dt leads to longer-lasting asymmetry. The 

results in Figure 4.8b suggest that for chains near the NP monolayer, more chains diffuse away 

from the NP monolayer than through the NP monolayer and this effect is stronger for more confined 

systems. We note that this analysis takes advantage of the symmetry in the simulation and direction 

is considered relative to the NPs, not positive or negative in the z direction. Therefore, the 

simulation still has a net flux of zero through the NP monolayer but the asymmetry in Figure 4.8b 

partially highlights the geometric and tortuosity effect of the NP monolayer. 

In Figure 4.8, we show that the monolayer of confining NPs slows diffusion toward the 

NPs but does not perturb diffusion away and that more chains diffuse away from the layer than 

through it. The latter is expected from excluded volume because fewer chains can enter the 

monolayer than diffuse away.170,179 However, the slow diffusion observed through the monolayer 

may be impacted by excluded volume but is also likely influenced by configurational entropy of 

the chain, as suggested experimentally.188 Although we expect more tortuous trajectories in real 

PNCs due to the spatial distribution of NPs, our use of a hexagonal lattice with fixed and varying 

ID uniquely highlights the perturbation.  

4.3.4 Polymer Diffusion: Effect of NP size 

Finally, we now study the same degree of confinement (ID/2Rg = 1) and the same chain 

length (N=50) but vary the NP size. While the NP surface to surface distance remains the same, the 

diameter of the NP changes the thickness of the NP monolayer and the NP concentration in the 

monolayer. Using the same analysis presented in Figure 4.8a, we separate diffusion toward and 

away from the NP monolayer in Figure 4.9. While slow NP diffusion toward the NP monolayer 

and bulk-like diffusion from the NP monolayer is observed regardless of NP size, we find that 

larger NPs slow diffusion toward the NP more strongly. Interestingly, this result is in contrast to 
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experimental observations181,272 where polymer diffusion in PNCs with different NP sizes scaled 

with ID/2Rg but is in agreement with recent MD simulations194 which shows polymer diffusion in 

PNCs was more impacted by larger NPs. It is important to note that experimental system were not 

purely athermal, polymer were entangled, and diffusion was monitored over more than 100Rg, all 

of which may contribute to the discrepancies between these simulation and previous experiments.  

 

 

Figure 4.9: Diffusion coefficient through the NP monolayer (red closed symbols) and away from 
the NP monolayer (green open symbols), normalized to bulk, as a function of NP size (2RNP) for 
systems with N=50 and ID/2Rg = 1. 

4.4 Conclusions 

We use coarse-grained molecular dynamics simulations to study polymer behavior in the 

presence of a monolayer of hexagonally packed NPs in a polymer melt. Using this unique 

simulation box, we study the polymer conformations within the NP monolayer and the spatial and 

temporal impact of the NP monolayer on polymer diffusion through confining NPs. We show that 

polymer conformations under strong confinement (ID/2Rg < 1) between two NPs are more 

impacted than around an isolated NP and the effect depends on the ratio of RNP/Rg rather than either 

independently. Furthermore, we show that these conformations originate from a confined random 
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walk which provides mechanistic insight into predicting conformations in complex confining 

environments.   

We also show that polymer diffusion in systems with NPs is slower than bulk. We show 

that the local polymer diffusion coefficient within ~Rg of the NP layer is slowed as a function of 

confinement, and the slowing lasts even ~5Rg from the NPs, despite the fact that perturbation to 

polymer conformations only persist ~Rg from the NPs. Furthermore, by analyzing the directional 

van Hove distributions, we show polymer preferentially diffuses away from the NP monolayer and 

diffusion through the monolayer is slowed as a function of confinement. While only considering a 

monolayer of NPs, we recover the functional form observed experimentally in the more complex 

PNC environment, but expectedly a weaker suppression of diffusion. Unlike experiments, however, 

for constant degrees of confinement, we find that larger NPs perturb diffusion more strongly. These 

molecular dynamics simulations highlight the impact of a monolayer of NPs and provide 

fundamental insights into the temporal and spatial effect of confining NPs on polymer 

conformations and diffusion. The observations from these simplified systems help provide context 

for more complicated PNC systems and help develop fundamental intuitions to understand chain-

scale polymer behavior in PNCs.  
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CHAPTER 5: Characterizing the Areal Density and Desorption 

Kinetics of Physically Adsorbed Polymer in Polymer Nanocomposite 

Melts 

Content in this chapter was accepted and published online in 2020 in Macromolecules, DOI: 

10.1021/acs.macromol.9b02205, in a modified version. The authors of the chapter are Eric J. 

Bailey, Philip J. Griffin, Russell J. Composto, and Karen I. Winey. 

5.1 Introduction 

 Polymer nanocomposites (PNCs), or materials comprised of nanoparticles (NPs) dispersed 

in a polymer matrix, are appealing candidates for a variety of applications and technologies, 

including functional materials, membranes and coatings, and various consumer products.4 In these 

materials, the polymer layer adsorbed to nanoparticles, often called bound polymer, can enhance 

properties and improve NP dispersion, especially for PNCs with attractive NP-polymer 

interactions.4,25,26,29 For example, this bound layer is responsible for mechanical strengthening39,127 

and improved ion and small molecule transport,14,42 among other properties. In addition, the 

presence of bound layers can sterically prevent NP-NP aggregation, akin to a covalently grafted 

polymer brush but with less synthetic effort.210,292,311,312 Importantly, the stability of the various 

PNC properties and NP morphology are predicated on the stability and lifetime of this bound layer, 

which remain poorly understood and challenging to measure.4,25,29 

 The conformations of polymers adsorbed to interfaces are perturbed relative to bulk and 

contain trains (chains of adsorbed segments in direct contact with the surface), loops (sections of 

non-adsorbed segments between trains), and tails (non-adsorbed chain ends).110,313 As observed in 

various experiments, the bound polymer layer thickness (lb) around a NP in solution206,210,314 or in 

the melt55,73,209,210 is less than or approximately the radius of gyration of the chain (Rg).4,29 Molecular 
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dynamics simulations reveal a similar length-scale and show adsorbed chains have conformations 

that are flattened perpendicular to the NP surface and extend ~Rg from the NP surface.79,110  

 Polymer dynamics are also perturbed near NP-polymer interfaces.26,29,54,66,73,315 For 

example, in a mixture of poly(2-vinyl pyridine) (P2VP) and highly-attractive silica (SiO2) 

nanoparticles studied by dielectric spectroscopy, P2VP segments beyond ~5 nm from the NP 

surface relax at timescales similar to bulk while P2VP segments within the bound layer relax nearly 

100x slower than bulk.65,88 One may reasonably expect that these slow segmental relaxations lead 

to slow dynamics at longer length and time scales, an effect that has been observed near flat 

substrates.185,205,316,317  For example, polystyrene diffusion from a hydroxyl-covered silicon 

substrate was nearly one order of magnitude slower than bulk, and some chains remained immobile 

on the timescale of the experiment.185 In the same system, solvent washing for up to 150 days 

revealed two populations of adsorbed chains: tightly bound chains comprised predominately of 

trains and loosely bound chains comprised predominately of loops and tails.316  

 Using this evidence of slow segmental dynamics near NPs in PNCs and heterogeneous 

populations of adsorbed chains at the substrate interface in thin films, it is reasonable to expect 

slow chain-scale dynamics at the NP interface in PNCs with attractive interactions. These 

anticipated populations are schematically represented in Figure 5.1. In the initial condition depicted 

in Stage 1, some chains reside in close proximity to the NP interfaces and others reside farther from 

NPs in bulk-like regions. Free chains in the PNC, i.e. those far from the NP surface, are able to 

relax and diffuse at timescales similar to bulk. Thus, after annealing in the melt state on the order 

of the bulk chain mobility, this population of polymer will relax at the chain-scale, diffuse, and be 

replaced by other free chains (Stage 2). At longer times, weakly bound chains, i.e. those with few 

or short trains, are expected to desorb from the NP surface and exchange with free polymer. At this 

stage, only tightly adsorbed chains will remain from the initial PNC configuration (Stage 3). At 

sufficiently long times in Stage 4, even these tightly adsorbed chains will desorb, so that all chains 
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diffused relative to the initial configuration in Stage 1. Naturally, the timescales associated with 

these stages depends on various parameters such as NP size, polymer molecular weight, NP-

polymer interactions, and temperature. 

 

Figure 5.1: (a) Schematic representation of chain scale relaxations in attractive PNCs. The first 
chains to relax at the chain-scale from the initial condition (Stage 1) the bulk-like polymers far 
from a NP surface, while chains that are bound to the NP remain in their initial configuration, Stage 
2. Next, chains that are loosely bound to the NP surface relax, Stage 3. Finally, at sufficiently long 
times, all chains have relaxed in Stage 4. 

 Distinguishing Stages 1 – 4 in PNCs remains an experimental challenge. By contrast, the 

directionality of thin films facilitates the separation of bound and free populations. However,  some 

progress has been made in PNCs. For example, free chains can be removed by repeated solvent-

washing, centrifuging to separate NPs with adsorbed polymer from free polymer, and then 

removing the free polymer.141,206,210,318 Recently, this technique was used to fabricate deuterated 

P2VP-coated SiO2 NPs that were dispersed in protonated P2VP and small angle neutron scattering 

(SANS) revealed a decreasing bound layer thickness with increased annealing time (i.e. from Stage 

2 towards Stage 3). Interestingly, lb was found to decrease from ~3 nm to ~0.6 nm when annealing 

at Tg+75°C, but lb remained constant after annealing at Tg+50°C, indicating that the desorption 

process is highly temperature sensitive.206 These scattering measurements measure the change in 

scattering length density, which depends on isotope concentration and local mass density209 and 

subsequently assign a uniform bound layer thickness. Unfortunately, the extent to which the bound 



 130 

layer and interfacial polymer conformations are perturbed by solvent-washing, if at all, remains 

unclear. In another study with conventional sample preparation, the bound polymer layer thickness 

was inferred by measuring the SiO2 NP diffusion in P2VP melts. These measurements revealed an 

effective hydrodynamic radius larger than the core NP radius by ~Rg, implying that adsorbed chains 

remain adsorbed during NP diffusion. Although the length-scale of the bound polymer was 

determined and Stages 1 and 2 were distinguished, this NP diffusion study did not capture the 

internal structure or the stability of the bound polymer at long times. With limited data sets and few 

experimental methods, the understanding of chain-scale dynamics and properties of the bound layer 

in melt PNCs, and the dependence on various parameters,  remains incomplete.  

 In this article, we develop ion scattering methods to quantify the fraction of bound and free 

polymer as a function of NP concentration, polymer molecular weight, annealing temperature, and 

annealing time. Whereas most techniques define the bound layer through segment-sensitive 

properties55,65,69,71,73,209 or rely on solvent-assisted separation of bound and free 

polymer206,210,292,314,316,318,319, the experiments presented herein probe the chain-scale structure and 

dynamics of bound polymers directly in the melt state. At short times (Stage 2) our analysis shows 

that bound chains extend ~Rg from the NP surface in the melt and reveals the average surface area 

per bound chain. The bound polymer fraction decreases at long annealing times and depends on 

annealing temperature and molecular weight. These results highlight the importance of chain-scale 

considerations on the structure and desorption dynamics in attractive PNC melts, motivate more 

investigations at the chain-scale, and provide fundamental insights for stabilizing bound polymer 

layers.  

5.2 Experimental Section 

Materials: The poly(2-vinylpyridine) (P2VP) polymers were purchased from Scientific 

Polymer Products and used as received. Partially deuterated poly(2-vinylpyridine), dP2VP, of 130 
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kg/mol was synthesized at the Center for Nanophase Materials Science at Oak Ridge National 

Laboratory. Other dP2VP of 110 kg/mol and 31 kg/mol were purchased from Polymer Source, Inc. 

and used as received. All polymer molecular weight averages were characterized by GPC and 

polydispersities (compared to narrow polystyrene standards) are < 1.4. Silica (SiO2) nanoparticles 

(NPs) were synthesized following the modified Stöber method279,280 with a log-normal geometric 

mean diameter (dNP) of 26.1 nm and standard deviation of 3.9 nm as determined by analysis of 

transmission electron micrographs (TEM).208 

Bilayer Sample Fabrication: Bilayer samples were comprised of a thin (<150 nm) 

dP2VP-based PNC film deposited on a matrix of neat P2VP polymer, as depicted in Figure 5.2a. 

Neat P2VP matrices were made by doctor blading a solution of P2VP in methanol (MeOH) (cpoly ~ 

50 g/L) on an ozone-cleaned silicon wafer. Doctor bladed films were dried for several hours at 

room temperature, then annealed at ~Tg+80°C under vacuum for at least 48 hours. The resulting 

films were ~20 µm in thickness.  

The PNC films were made from solution as follows. The dP2VP was mixed with MeOH 

and allowed to completely dissolve by stirring overnight. Then, requisite amounts of SiO2 in ethanol 

(EtOH) were added to dP2VP/MeOH. The resulting polymer and NP concentrations were cpoly < 

~20 g/L and cNP < 7 g/L, respectively. This solution was stirred at room temperature for at least 48 

hours to ensure proper mixing and provide ample time for the spontaneous formation of the bound 

polymer layer in solution.208 To deposit the PNC films, a thin layer of 2000 kg/mol polystyrene 

(PS) was first spin coated on an ozone-cleaned silicon wafer with thickness ~30 nm. This sacrificial 

PS layer mitigates potential SiO2 aggregation at the polar substrate and promotes release of the 

adsorbing dP2VP PNC film from the wafer. The dP2VP/SiO2/MeOH PNC solution was then spin 

coated onto the PS-treated silicon substrate to a thickness between 100 to 150 nm.  

To form the bilayer samples (Figure 5.2a), the PNC film was lifted from the substrate in 

DI water (such that the PS layer is facing toward the water and the dP2VP layer is facing up) and 
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transferred to the preannealed P2VP matrix. This diffusion couple is placed on a hot plate at 

Tg+50°C for < 20 seconds to weld the bilayer films and prevent delamination of the PNC film. Bulk 

diffusion couples (neat dP2VP on P2VP) that are used for comparison and to determine the 

diffusion coefficient of the free polymer are fabricated in the same manner as PNC tracer films, 

without the addition of NPs.   

 Bilayer films are annealed at the requisite temperatures under a nitrogen environment (~0.4 

atm) after at least four nitrogen purges. Temperature equilibration (within ±1°C) during purging 

was < 1 min. For anneals less than 5 minutes, only one purge was used.   

Ion Beam Measurements: The depth profile of dP2VP was measured using elastic recoil 

detection (ERD), which has been used to measure the tracer diffusion coefficient through the PNC 

film109,169,170,188 and is described elsewhere169. ERD offers a depth resolution (full width at half 

maximum) of ~110 nm and depth penetration (for deuterium) of ~700 nm, which is large compared 

to both the NP and polymer size. In ERD, He2+ ions are accelerated at 3 MeV and incident onto the 

sample at 70° off-normal. Light elements, such as hydrogen and deuterium, are forward recoiled to 

a detector at the complimentary angle. A thin (~10 µm) Mylar film is used to block forward recoiled 

He2+ ions. The measured energies are converted to depth profiles through the stopping power of 

He2+ into the sample, the stopping power of deuterium or hydrogen leaving the sample, and the 

stopping power through the Mylar film.  

 The depth profile of SiO2 NPs was measured using Rutherford backscattering spectrometry 

(RBS), which has been used to measure the diffusion of tracer NPs into polymer matrices,109,169,208 

as described elsewhere.169 RBS offers a depth resolution of ~80 nm and a penetration depth (for Si) 

of ~1 µm. In RBS, He+ ions are accelerated to 3 MeV and incident on the sample in normal 

geometry. Backscattered He+ ions are collected at a detector 10° off normal. The energies of 
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collected He ions are converted to depth profiles by the stopping power of He+ into and out of the 

sample. 

5.3 Results 

5.3.1 Evidence of Bound Polymer 

Figure 5.2 shows a schematic representation of the experimental samples and process 

(Figure 5.2a) and representative experimental data (Figure 5.2b and Figure 5.2c). As shown in 

Figure 5.2b, the as-cast PNC bilayer samples contain a mixture of dP2VP (solid green) and SiO2 

NPs (black) in the top ~150 nm film. We selected material systems and annealing conditions such 

that DNP < Dpoly. Therefore, after short annealing times the NPs remain in the top ~150 nm (Figure 

5.2c, black), while free polymer diffuses into the underlying matrix (Figure 5.2c, green). Compared 

to the diffusion of neat dP2VP (Figure 5.2c, open circles), the PNC bilayer sample annealed at the 

same conditions contains excess dP2VP in the top film (where the NPs are located) and a 

corresponding depletion of dP2VP beyond ~200 nm. These data clearly demonstrate the ability of 

these experiments to separate the dP2VP that quickly diffuses away from the PNC layer and the 

dP2VP that is slower to diffuse and thereby establish the timescale for Stage 2. Analysis of these 

profiles reveal the amount of bound polymer and by extending to longer anneals, reveal the 

progressing from Stage 2 to Stage 3.  
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Figure 5.2: (a) Schematic representation of experimental samples before and after annealing. Blue 
and green represent P2VP and dP2VP, respectively, while black represents SiO2 NPs. (b,c) ERD 
(green) and RBS (black) depth profiles for 110 kg/mol dP2VP samples with SiO2 NPs (closed 
circles, fNP = 19 vol%) and without NPs (open circles) for samples before annealing (b) and after 
annealing for 120 min at Tg+80°C (c). Inset of (b) depicts measurement geometry for ERD (green) 
and RBS (black). The underlying P2VP matrix in this representative dataset is 250 kg/mol.  

	
 

5.3.2 Extracting the Fraction of Bound Chains 

 Akin to Figure 5.1, the analysis of the dP2VP depth profiles considers two populations: 

bound polymer residing in the top PNC film (𝜙a>b<c) and free polymer diffusion into the matrix 

(𝜙/Udd). Thus, the depth profiles are fit to a linear combination of 𝜙a>b<c and 𝜙/Udd that is 

convoluted with a Gaussian representing experimental resolution.   

𝜙(𝑧) = Res ∗ b𝜙a>b<c(𝑧) + 𝜙/Udd(𝑧)c                                     (5.1) 

where  

𝜙a>b<c(𝑧) = 𝑋a>b<c ∙ 𝜙e>fg	 when   0 < z < h                          (5.2) 

𝜙/Udd(𝑧) = (1 − 𝑋a>b<c)	 ∙ (
(
+
Derf ( ?%h

√j7k
) + erf ( ?[h

√j7k
)E)	        (5.3) 

where z is the depth, Res is the resolution function, fpoly is 1-fNP, h is the thickness of the PNC film, 

D is the free chain diffusion coefficient, t is the annealing time, and Xbound represents the number 

fraction of bound dP2VP chains. A representative fit is provided in Figure 5.3a. 

D, t

dP2VP + SiO2 NPs
P2VP Dpolymer > DNP

(a) (b) (c)

He+
He+

He2+

H,D



 135 

 

Figure 5.3: (a) Representative volume fraction of dP2VP as a function of depth (circles), total fit 
(red solid line), contributions from bound polymer (blue dashed line) and free polymer (green 
dashed line), and the actual depth profile without experimental resolution (grey dotted line). (b) 
Comparison of fit quality for various values of Xbound, where the limits are considered poor fits, to 
demonstrate fitting errors. (c) Comparison of duplicate samples and measurements showing 
reproducibility. Data displayed is for 110 kg/mol dP2VP deposited on 250 kg/mol P2VP, fNP = 19 
vol%, T= Tg+80°C, and t = 45 min (a,b) or 180 min (c). 

A step function is used to describe the deuterated polymer in the PNC layer (Equation 5.2), 

which after annealing is the signature of bound polymer. The 𝜙e>fg and h values in Equation 5.2 

are known from RBS and ERD measurements of the unannealed bilayer sample (Figure C.2). The 

concentration profile of free polymer is described by Equation 5.3 and is the solution to Fick’s 
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second law for a finite source diffusing into a semi-infinite medium, as previously reported.109,170,208 

The diffusion coefficient of neat dP2VP into the P2VP matrix (Dbulk, Figure C.4) is used to 

approximate the diffusion of free dP2VP chains through the NPs in the PNC layer and in the 

underlying matrix. Note that the D used to fit the annealed PNC bilayer samples may be reduced 

from the bulk diffusion coefficient by at most ~25% to improve the fit to ERD data.170,272 In 

addition, the tracer PNC film thickness, h, may vary upon annealing due to asymmetric diffusion 

between dP2VP and P2VP, i.e. the Kirkendall effect.320 Thus, the thickness in Equation 5.2 is 

allowed to vary between the resolution of ERD (~110 nm) and the ERD-measured thickness of 

unannealed samples, typically 125-150 nm. Importantly, these two parameters (D and h) can be 

separately evaluated because they have distinct contributions to the overall depth profile of dP2VP. 

Thus, after selecting the appropriate D (0.75·Dbulk ≤ D ≤ Dbulk) based on the slope at z > 200 nm, h 

is selected by the region 100 < z < 200 nm. As a result, Xbound is the only remaining fit parameter 

used to describe the relative concentrations at z < 200 nm (bound polymer) and z > 200 nm (free 

polymer). 

It is important to note that Xbound is explicitly defined as the excess dP2VP fraction residing 

with the NPs in the thin PNC layer after a given annealing time and not necessarily the fraction of 

chains in direct contact with the NP surface. However, at short annealing conditions, the rate 

limiting step for polymer diffusion into the underlying matrix is most likely desorption from the 

attractive NP rather than slow diffusion through the PNC film (i.e. confinement effects imposed by 

NPs). Previous studies have established that the reduction in polymer diffusion coefficient (relative 

to bulk) through comparable PNCs is dependent on the interparticle distance (ID)181 relative to the 

chain size (2Rg).170,272 For the most confining PNC conditions studied herein, the tracer diffusion 

is expected to be only ~2x slower than bulk polymer.170,272 Furthermore, this anticipated slow 

diffusion of free polymer in the PNC lasts only in the PNC film, which is ~150 nm in total thickness. 

In reality, the population described by 𝜙a>b<c diffuses orders of magnitude slower than bulk. Thus, 
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when chains desorb, they are able to freely diffuse into the underlying matrix, thereby leading to 

the experimental realization of Figure 5.1. 

Finally, the extracted values of Xbound may have uncertainties associated with fitting the 

model or sample-to-sample variability. Figure 5.3b shows how the fit varies from experimental 

data for different values of Xbound with other variables fixed. We consider Xbound = 0.32 as the best 

fit, but show variance of ±0.05, where the extremes clearly deviate from the concentration profiles, 

particularly at z = 75 nm and 250 nm. Figure 5.3c shows replicated samples under the same 

conditions to demonstrate small variances between identical samples. Thus, we estimate an error 

bar ±0.03 on Xbound.  

5.3.3 Effect of NP Concentration 

 To explore the role of NP concentration (fNP), we measure the depth profile of dP2VP-130 

(130 kg/mol dP2VP) with SiO2 NP concentrations of 4, 11, and 16 vol%. All samples were annealed 

for 45 minutes at 180°C (~Tg+80°C) and the underlying matrix was 110 kg/mol P2VP. At these 

annealing conditions, the characteristic diffusion length of neat dP2VP-130 is more than 500 nm.  

Thus, free polymer diffuses into the underlying film during annealing (Figure 5.4a), while the 

slower NPs and the NP-bound polymer remain near the surface (Figure 5.4b).   
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Figure 5.4: (a) ERD measurements of dP2VP-130 concentrations and (b) RBS measurements of 
NP concentrations as a function of depth after annealing PNC samples of fNP=4 vol% (light) and 
16 vol% (dark) for 45 min at T= 180°C. (c) Xbound as a function of fNP showing linear dependence. 
(d) Extracted concentration of bound polymer as a function of distance from the NP surface 
(assuming exponentially decaying distribution) showing a bound layer thickness on the order of 
Rg. The underlying P2VP matrix is 110 kg/mol. 

 

As shown in Figure 5.4c, the extracted Xbound of dP2VP increases linearly with NP 

concentration from the origin. In PNCs with individually dispersed NPs, the bound fraction is 

expected to scale linearly with the NP surface area, and thereby fNP. Thus, the linear relationship 

in Figure 5.4c is consistent with our assertion that Xbound reflects the polymers adsorbed to the NP 

surface, namely Stage 2. Note that Xbound is ~34% at fNP = 16 vol%, indicating that the majority of 

polymer chains are free to diffuse and relax at timescales similar to neat polymer.  

To gain more insight into the quantitative meaning of Xbound, the concentration profile of 

the bound polymer around a single NP can be calculated by assuming an exponential decay as a 

function of distance from the NP surface.73,88,209,313 Using a construct with a single NP in a volume 

defined by fNP and RNP, the bound polymer (Xbound) was represented by spherically integrating the 

exponential profile around the NP surface:  
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where lb is the characteristic length of the exponential decay of the bound polymer concentration. 

Figure 5.4d shows the extracted concentration profiles of the bound layer. The bound layer extends 

~Rg from the NP surface with lb ~ 4.9±0.7 nm. This value of lb is independent of fNP, as expected, 

and is smaller than the chain size (Rg ~ 9.9 nm206,208), in agreement with other measurements of the 

bound layer thickness.29,206,208,210 The result that lb ≤  Rg further supports our assertion that (i) 

annealing at 180°C for 45 minutes is sufficient for free polymer to spatially separate from NP-

bound polymer, i.e. Stage 2, and (ii) that our definition and extraction of Xbound accurately reflects 

the bound fraction. In addition, the result that lb is independent of fNP suggests that polymer 

bridging has little effect on our results, despite the fact that polymer bridging has been observed 

through mechanical measurements at small NP concentrations (fNP < 5 vol%)40 and that ID at 16 

vol% (~16.2 nm)181 is slightly smaller than 2Rg (19.8 nm).  

5.3.4 Desorption of Bound Polymer 

 The diffusion of free dP2VP into the underlying P2VP matrix is relatively rapid (< 1 hr), 

as demonstrated in the experimental realization of Stage 2 in Figure 5.4. However, polymers that 

are initially adsorbed to NPs may desorb and become free to diffuse at longer times (Stages 3 and 

4).206,316 Importantly, the NP diffusion must be restricted to access sufficiently long annealing times. 

To impede NP diffusion (Figure C.5) without perturbing free polymer diffusion170,321, the 

underlying P2VP Mw was increased from 110 kg/mol to 250 kg/mol.208,214,216  

First, we measure the bound fraction remaining in the PNC after long annealing times in 

an effort to observe Stage 4. Figure 5.5 presents measurements of PNCs comprised of dP2VP-31 

and dP2VP-110 with fNP = 19 vol% deposited on 250 kg/mol P2VP after ~12 hours of annealing 
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at 160°C, 180°C, and 200°C. Importantly, all dP2VP depth profiles show the presence of bound 

polymer, meaning that Stage 4 is not observed under these experimental conditions. For all 

temperatures studied, dP2VP-31 exhibits a lower bound fraction than dP2VP-110, which is 

consistent with a smaller lb expected for lower Mw. For a fixed annealing time (~12 hrs), more 

polymer desorption has occurred at higher temperatures. Although we observe a sharp decrease in 

Xbound between 160°C and 180°C, only a modest decrease in Xbound is observed upon further 

increasing the temperature to 200°C.  

 

 

Figure 5.5: (a) Depth profiles for dP2VP-31 that are unannealed (black) and annealed at 160°C 
(purple) and 180°C (magenta) for 12 hours. (b) Measured Xbound for dP2VP-31 (open symbols) and 
dP2VP-110 (closed symbols) as a function of annealing temperature for annealing times of 12 hours 
(circles) or 13 hours (triangle). The P2VP matrix is 250 kg/mol and the PNC layer has fNP = 19 
vol%. 

To probe the kinetics of desorption, i.e. the transition from Stage 2 to Stage 3, Xbound was 

measured as a function of annealing time. As shown in the depth profiles for dP2VP-31 (Figure 

5.6a) and dP2VP-110 (Figure 5.6b), the dP2VP concentration in the top PNC layer generally 

decreases as the annealing time increases. For dP2VP-31 and dP2VP-110 annealed at 180°C and 

200°C, the extracted Xbound are plotted in Figure 5.6c as a function of annealing time. Figure 5.6c 

shows a systematic decrease in Xbound with increasing annealing time and demonstrates ongoing 
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dP2VP desorption from SiO2 NPs. Furthermore, for these times, smaller values of Xbound are 

observed for the lower Mw dP2VP-31 (open circles) and at higher temperatures (red symbols), 

consistent with Figure 5.5b. For dP2VP-31, after an initial decrease in Xbound upon annealing, a 

plateau of Xbound ~5% is observed at both 180°C and 200°C. For longer dP2VP-110 at 180°C, the 

initial Xbound persists and a decrease in Xbound occurs at longer annealing times. Thus, we observe 

slower desorption kinetics for larger polymers and at lower temperatures.  

 

 

Figure 5.6: ERD depth profiles for dP2VP-31 (a) and dP2VP-110 (b) for various annealing times 
for T = 180°C. (c) Extracted Xbound as a function of time. The P2VP matrix is 250 kg/mol and the 
PNC layer has fNP = 19 vol%. Error bars of 0.03 in (c) are omitted for clarity. 

In summary, at short annealing times as demonstrated in Figure 5.4, we experimentally 

separate and identify bound polymer from free polymer (Stage 2). Then upon further annealing, as 

demonstrated in Figure 5.6c, we observe polymer desorption from Stage 2 to Stage 3. Although the 

rate at which chains desorb depends on Mw and temperature, in all cases, polymers that are initially 
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bound become free after additional annealing. At long times (as demonstrated in Figure 5.5 and 

Figure 5.6c), some polymer remains adsorbed to the NPs in each data set, meaning that complete 

desorption (Stage 4) was not observed at these experimental conditions.  

5.4 Discussion 

5.4.1 Ion Beam Methods to Probe Bound Polymer in PNCs 

Before further discussing the results presented above, this section will highlight the 

advantages and challenges of combining ERD and RBS to measure the static and dynamic 

properties of bound polymer in PNCs. These ion scattering methods are unique in that they measure 

chain-scale structure and dynamics of bound polymer by isolating and quantifying bound polymer 

directly in the melt. Previous studies have probed chain-scale mobility of polymers (polymer 

diffusion) in PNCs109,170,272 and other studies have probed segmental dynamics at the NP 

interface65,88, but few studies have probed chain-scale phenomena at the interface206,208,210. In 

addition, many studies that probe the bound polymer layer use solvent to isolate the bound polymer 

layer, which may change the polymer conformations of the bound layer relative to the melt.206,210,314 

Below, we summarize the unique attributes and limitations of these measurements. 

Conventional PNC Fabrication Methods: PNC samples for these ion beam 

measurements are fabricated by conventional solvent-based fabrication procedures so that the 

observations are widely applicable. To be specific, we mix a single polymer component with 

solvent and NPs and spin coat the film. Thus, the bound layer is formed naturally and spontaneously 

in solution and densified as solvent is removed. All post-processing is conducted in the glassy state 

and separation of bound and free polymer is done purely in the melt state.   

Separate Free and Bound Polymer: Using the sample geometry in Figure 5.2a, isolation 

of free and bound polymer is achieved by the comparatively faster diffusion of free polymers from 
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the PNC layer into the homopolymer layer. This spatial separation of free and bound polymer, as 

discussed in Figure 5.3, enables straightforward data interpretation using the simple model 

presented in Equation 5.1. The ability to selectively and independently measure the depth profile 

of the NPs (RBS) and deuterated polymer (ERD) in various samples and for different annealing 

conditions (t, T) permits informed fitting of experimental data, and ultimately, accurate delineation 

of bound and free polymer.  

Measurement of Bound Fraction: This ERD/RBS measurement directly measures the 

amount of bound polymer in the PNC, as opposed to a length-scale of the bound layer or the local 

dynamics within it. As a result, new information is available. Although straightforward 

approximations can lead to the bound layer thickness (Figure 5.4d, Figure C.3) and measurements 

as a function of time can lead to chain-scale dynamics (Figure 5.6c), additional information such 

as the average NP surface area occupied by adsorbed chains can be reported (as discussed below). 

Note that this method, unlike scattering methods or measurements of hydrodynamic sizes, is not 

sensitive to the size, shape, or size dispersity of the NPs. However, the experimental signal depends 

intimately on the interfacial area which presents an inherent paradox: high NP concentrations are 

desired to maximize the signal in the measurement and low NP concentrations are desired so 

adjacent NPs are non-interacting and polymer bridges between different NPs are minimized. Thus, 

a good practice is to measure the bound layer at multiple NP loadings, Figure 5.4.   

Broad Potential for Studying Experimental Parameters: This experimental method 

offers a wide array of accessible experimental parameters, many of which were studied herein, such 

as temperature, time, Mw, and fNP. Ex-situ annealing provides a wide range of time and temperature 

without complicating the ERD/RBS measurements. The two main requirements for the PNC system 

are the necessity of deuterated polymer and slower NP diffusion than polymer chain diffusion. For 

the former, it is important to note that partially deuterated polymer can be used, and these 

measurements require very little deuterated polymer (~10 µg per sample). For the latter, this 
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relation is naturally true for many annealing conditions and several PNC systems. When necessary, 

the NP diffusion can be slowed by increasing the viscosity or even lightly crosslinking the 

underlying matrix (e.g. Figure C.5). For matrix materials that significantly differ from the tracer 

polymer, it will be important to characterize how the differences impact the measurement. Although 

not a requirement, these ERD/RBS measurements are more convenient for glassy polymers (i.e. Tg 

< 25°C). Beyond these straightforward requirements to the materials, the ERD/RBS method is 

applicable to a broad range of PNC systems and experimental parameters. 

Measuring Concentration Profiles: The ability to quantify the polymer and NP 

concentrations as a function of depth into the sample are critical to the success of these 

measurements. Here, we use ERD and RBS measurements that require specialized equipment not 

commonly available. Other techniques that are more widely available, such as secondary ion mass 

spectrometry (SIMS), are likely capable of similar measurements of the bound layer in PNCs. 

Depth-profiling techniques are insensitive to areal information so complimentary measurements 

might be needed to probe areal properties (e.g. NP dispersion). 

5.4.2 Characterization of Areal Density 

With direct measurement of the number fraction of bound chains (Xbound) and precise 

knowledge of the NP surface area (through RNP and fNP), we can report the average surface area 

occupied by an adsorbed chain, a parameter that is often difficult to quantify in the melt.  At 180°C, 

about 32% of the dP2VP-110 remains as bound polymer after 45 min (Figure 5.6c). These 

annealing conditions are identical to those in Figure 5.4c and were long enough to separate free and 

bound polymer but short enough to minimize desorption of initially bound dP2VP (Stage 2), as 

supported by the extracted bound polymer layer thickness (Figure C.3). The measured Xbound values 

can be related to the total NP surface area to reveal the average NP surface area occupied by each 

dP2VP chain (<SAchain>): 
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where rpoly is the neat polymer mass density and NA is Avogadro’s number. Equation 5.5 assumes 

all bound chains are dP2VP. Note that at longer annealing times where dP2VP/P2VP exchange is 

likely, calculating <SAchain> is unreliable and therefore not reported. 

 For dP2VP-110, <SAchain> is ~14 nm2/chain in the melt state, which corresponds to an 

effective areal density of 0.072 chains per nm2. For comparison, the projected areal coverage of an 

unperturbed polymer (pRg2) isolated on the NP surface is much larger <SAchain>~260 nm2/chain. 

This result suggests that the adsorbed dP2VP has relatively few (or short) trains and several (or 

large) loops and tails. Moreover, this areal density highlights that bound chains are highly 

interpenetrating within the bound layer. In contrast, a similar P2VP/SiO2 system was repeatedly 

solvent washed to remove free polymer and is reported to have a polymer concentration of ~12 

wt%, corresponding to <SAchain>~60 nm2/chain.206 The smaller <SAchain> measured by ion 

scattering in the melt appears to be the result of solvent washing producing less bound polymer 

than in the melt. This observation can be reconciled in terms of the polymer density in the bound 

layer. For an isolated chain, since the polymer density is low, the chains near the interface occupy 

more of the surface area. As the polymer density increases in a polymer solution and more so in 

the melt, the densification leads to more polymers near the interface and therefore more that are 

bound. This quantitative comparison further highlights the differences between the bound layer in 

solution and in the melt.210  

For dP2VP-31, <SAchain> is 5.8 nm2/chain (areal density of 0.17 chains per nm2) at the 

shortest annealing time accessible at 180°C (5 min). The measured <SAchain> relative to the 

projected chain size, <SAchain>/pRg2, is 8.0% and 5.3% for dP2VP-31 and dP2VP-110, respectively. 

This difference suggests a larger percentage of segments in dP2VP-31 chains are adsorbed on the 

surface of the NP. This observation is consistent with the model previously proposed from BDS, 
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pycnometry, SAXS, and IR and X-ray spectroscopies studies which indicate that shorter chains 

pack more efficiently at an interface.69,73,88 It is also somewhat surprising that the chains in both 

PNCs occupy, on average, relatively small amounts of the NP surface yet still exhibit long-lived 

adsorption. Although we begin to interpret these dynamic results further in the next section, it is 

important to note that our analysis of <SAchain> reveals an average areal density and whether the 

distribution is narrow, broad, or multi-modal remains unclear. As others have discussed29,206,210,316, 

we expect the <SAchain> of individual chain can deviate strongly from the average and can be 

phenomenologically described as ranging from weakly- to strongly-adsorbed.  

5.4.3 Collapse of Desorption Data 

Data in Figure 5.6c characterizes the desorption of bound polymer as a function of time for 

different annealing temperatures and Mw. To gain insights into the mechanism and microscopic 

parameters that influence the lifetime of the bound layer, we scale the annealing time to different 

polymer dynamic processes. Since the P2VP/SiO2 interaction and adsorption is fundamentally at 

the segment scale, Figure 5.7a shows Xbound as a function of annealing time normalized by the 

segmental relaxation time, ta, of neat polymer (obtained from Ref 55). Although the data from 

180°C and 200°C seem to overlay on each other, ta fails to capture the effect of Mw, suggesting 

that bound polymer desorption also requires consideration of polymer chain length or cooperative 

motion. Since this measurement fundamentally monitors the diffusion of the chain from the NP 

surface, Figure 5.7b shows Xbound as a function of annealing time normalized by the chain-scale 

mobility, given by the reptation time in bulk polymer (trep = Rg
2/Dchain, Figure C.4). The Xbound data 

for two molecular weights, three annealing temperatures, and a range of annealing times collapse 

reasonably well. The current data set spans a range of 102–106 trep and the bound fraction decreases 

by nearly 6x, from ~30% to ~5%, over that timescale. On average, these chains desorb ~104 times 

slower than bulk trep and even after annealing for times longer than ~106 trep, some polymer remains 
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adsorbed. Chain desorption occurring after more than 1010 ta or 103 trep, if they desorb at all, is 

particularly noteworthy considering the relatively small average <SAchain> we calculated using 

Equation 5.5. We speculate that the chains with relatively few adsorbed segments (and therefore 

lower local  SAchain) are the ones we observe desorbing while those with more absorbed segments 

(and therefore higher local SAchain) are the bound chains that persist beyond ~106 trep. It remains 

unclear how the polymer conformations and distribution of them within the bound layer change 

during annealing, desorption, resorption, and exchange.  

 

Figure 5.7: Rescaled desorption data from Figure 5.6c. The experimental Xbound is plotted as a 
function of (a) annealing time normalized to segmental relaxation time (ta) and (b) annealing time 
normalized to chain reptation time (trep).  
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While it remains to be tested if this collapse will apply to a broader range of PNCs and 

conditions, the effective collapse of the current data implies significant cooperativity and chain 

length dependence of desorption of P2VP from SiO2. The observed correlation between polymer 

desorption and t/trep in Figure 5.7b highlights two important dependences: temperature and chain 

length. The temperature dependence is largely captured by the temperature dependence of polymer 

dynamics (i.e. friction coefficient) as opposed to an activation energy. In fact, normalization of the 

annealing time to either ta or trep reasonably collapses data from the same Mw, which is consistent 

with the fragility of chain-scale and segmental mobilities often being comparable.322 The desorption 

kinetics may become decoupled from polymer dynamics as the temperature approaches Tg, but 

desorption will slow precipitously and may be experimentally inaccessible. The dependence of 

desorption on chain length, where t/trep ~ N3 for entangled chains, could be influenced by the fact 

that larger chains have (i) slower intermediate and chain dynamics in bulk, (ii) more adsorbed 

segments per chain, and (iii) likely more or longer trains per chain. It is important to note that all 

polymer in our measurements are entangled (M>Me), and although it remains unclear how the 

entanglement network and constraint release is perturbed in the bound layer109,152,208, this may 

contribute to the observed chain-length dependence in Figure 5.7.  

Our results clearly demonstrate that polymer desorption from attractive NPs in the melt is 

more than a segmental phenomenon, is cooperative in nature, and is complex. Despite our 

observation in Figure 5.7, it remains unclear if desorption is dictated by a segmental relaxation rate 

and chain-length dependent adsorption energy or, conversely, a chain-scale relaxation rate and a 

chain-length independent adsorption energy. One may reasonably expect the timescale of 

desorption to be related the product of a segmental relaxation time and exponential of the adsorption 

energy. In this light, one can imagine incorporating another term into the normalization of Figure 

5.7 that accounts for an adsorption energy that changes with molecular weight. This difference in 
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adsorption energy may result from a different average length of trains, distribution of loops and 

trains, or reflect some longer-lasting cooperativity. The current data set is insufficient for this level 

of analysis or the definition of this adsorption energy. Alternatively, the collapse in Figure 5.7b 

may suggest that the chain-scale relaxation plays a dominant role and the effective energy term is 

on the order of ~104 and constant with molecular weight. A physical interpretation of this may be 

that the rate limiting step for desorption is chain diffusion away from the NP surface. In other 

words, interfacial segments can desorb and readsorb (which occurs on the order of 10-5 sec 

according to BDS)65,73 until the chain diffuses away from the NP surface (which occurs on the order 

of 103 sec according to Figure 5.6c). Although our results in Figure 5.7 begin to interrogate the 

complex and multiscale questions associated with polymer desorption from a NP surface, many 

answers remain elusive. Future experimental and theoretical efforts are required to provide more 

insight into the underlying physics, development of a mechanistic description, and documentation 

of the microscopic properties and parameters that dictate bound layer desorption in polymer melts.  

5.5 Conclusions 

 The combination of ERD and RBS experiments separates, identifies, and quantifies 

spontaneously-formed bound polymer layers in polymer nanocomposite melts and reveals new 

static and dynamic properties of bound polymers. Unlike most measurements of bound polymers 

in PNCs that rely on solvent-assisted removal of free chains206,210,292,314,316,318,319 or define bound 

and free polymer through segment-sensitive techniques55,65,69,71,73,209, these ion scattering methods 

define the bound layer in the melt through deviations in the chain-scale dynamics. Three 

populations of chains are observed in our measurements: free chains diffusing at bulk-like 

timescales, weakly adsorbed chains that desorb at timescales ~104 times slower than bulk polymer 

diffusion, and strongly adsorbed chains that remain bound for these experimentally-accessible 

timescales. These ion scattering measurements reveal a bound layer thickness of ∼0.5Rg, that 
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bound polymer extends ∼Rg from the NP surface, and the average surface area occupied by bound 

chains in the melt, which is much smaller than predicted by an isolated chain model or measured 

in solution. Polymer desorption increases with annealing time and the polymer desorption kinetics 

depends on temperature and chain length. This study provides a framework to understand bound 

polymer structure and desorption in the melt and to guide the design and evaluation of more stable 

interfacial layers. Our results and observations motivate theoretical and further experimental 

inquiries into the kinetics and mechanisms of polymer desorption from NPs and their dependence 

on various PNC properties.  
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CHAPTER 6: Multiscale Dynamics of Small, Attractive Nanoparticles 

and Entangled Polymers in Polymer Nanocomposites 

 

Content in this chapter was published in 2019 in Macromolecules, volume 52, issue 5, pages 2181-

2188, in a modified version. The authors of the chapter are Eric J. Bailey, Philip J. Griffin, Russell 

J. Composto, and Karen I. Winey. 

6.1 Introduction 

Understanding nanoparticle (NP) and polymer dynamics over their hierarchy of length and 

time scales is a complex problem relevant to drug delivery, filtration technology, and the properties 

and processability of polymer nanocomposites (PNCs).4,25,26,29,323 Because NPs and polymers share 

overlapping energy, length, and time scales, their motional processes are interrelated and therefore 

significantly impact each other. This is especially true for very small NPs in well-entangled 

polymer matrices, where the radius of the nanoparticle (RNP) is on the order of the radius of gyration 

of the polymer (Rg) or the entanglement tube diameter (dtube).  

 It is now well established that polymer dynamics at small length scales (e.g. segmental 

relaxations) are perturbed near a NP surface26,29,36,54,55 and are highly dependent on system-specific 

parameters, including NP-polymer interfacial interaction88,116 and NP size66,108. For example, 

poly(2-vinylpyridine) (P2VP) segmental dynamics are ~100 times slower near the surface of 

moderately-sized, attractive silica NPs (SiO2, RNP = 13 nm), but remain bulk-like beyond ~5 nm 

from the NP surface.65 Similar behavior is reported in MD simulations of attractive PNCs.315 

However, the magnitude of reduced segmental dynamics is dependent on the NP-polymer 

interaction while the length-scale over which relaxations are perturbed is nominally independent of 

interactions and reported as ~3 nm.315 For attractive PNCs with NPs on the order of the segment 

size (RNP = 0.9 nm), experiments coupled with theory and simulations designed to mimic the sizes 
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and interactions in the experimental system report categorically different behavior as compared to 

PNCs with larger NPs.108 For example, in PNCs with smaller NPs, segmental relaxations slow 

precipitously and become more dependent on temperature (more fragile) with increasing NP 

concentration (fNP).108 In addition, the glass transition temperature increases up to 30°C at fNP = 54 

vol% but the step in specific heat capacity remains unchanged, both of which are not true for PNCs 

with larger NPs.108 

 At longer length scales, polymer chain diffusion through PNCs has been measured as a 

function of NP concentration170, NP and polymer size181, NP-polymer attraction272, and NP 

interface softness182. In each case, the polymer chain diffusion coefficient through PNCs decreases 

with decreasing interparticle separation distance (achieved by increasing fNP or decreasing RNP). It 

is important to note that the NPs in these experiments are effectively immobile on the timescale of 

polymer diffusion, with the exception of a recent subset of systems with anisotropic NPs.200  

 It is crucial to consider the hierarchy of polymer dynamics from the segment to chain scale 

when studying the diffusion of NPs in a polymer melt because the relevant polymer dynamics 

depend on the size of the NP, polymer chain length, and NP-polymer interaction.159,212,213,216,234 A 

continuum hydrodynamic description of the translational diffusion of spherical particles, DSE, in a 

polymer melt is given by the Stokes-Einstein (SE) equation with static boundary conditions:   

𝐷,- =
.<$

8|}!2%&
  (6.1) 

where kBT is the thermal energy term and h0 is the zero-shear viscosity of the polymer medium.35 

However, the SE prediction often fails to describe NP diffusion in polymer melts, especially when 

RNP < Rg (or dtube) or in systems with strong NP-polymer attraction.38,214,216 Both of these cases, 

small NPs and strong interactions, are especially important to understand because it is at these 

limits where uniform NP dispersion is most often realized.29,296 It has been shown that athermal 

gold NPs (RNP = 2.5 – 10 nm) diffuse in entangled poly(butyl methacrylate) melts (M/Me = 12, 
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where Me is the entanglement molecular weight) approximately 10 – 100 times faster than the SE 

prediction.221 Diffusion of small NPs in athermal or repulsive polymer melts at timescales faster 

than DSE was also observed in MD simulations228,229 and predicted in self-consistent generalized 

Langevin equation theory.216 To describe the diffusion of small NPs, h0 is sometimes replaced with 

a length-scale-dependent viscosity smaller than the macroscopic value and corresponding to 

approximately the NP size, however, Equation 6.1 is commonly used for comparison.159,216,228,234 A 

more recent theory by Yamamoto et al. that includes NP-polymer attraction predicts two competing 

mechanisms of NP motion called core-shell and vehicle diffusion.214 In the core-shell mechanism, 

NPs and adsorbed polymer chains diffuse together with an effective size larger than RNP. This core-

shell diffusion has been observed experimentally in mixtures of P2VP and SiO2 (RNP > Rg), where 

SE behavior was retained by using an increased effective NP size to capture the presence of an 

irreversibly bound polymer layer.208 In vehicle  diffusion, NPs are predicted to diffuse with the 

local polymer environment until the NP desorbs and re-adsorbs in a new environment, which 

usually leads to fast NP diffusion relative to Equation 6.1.214 A crossover between core-shell (where 

D/DSE ~ 0.6) and vehicle diffusion (where D/DSE ~ 20) was recently measured using dynamic light 

scattering (DLS) in mixtures of sticky NPs (RNP = 0.9 nm) in polypropylene glycol (PPG) melts 

with M/Me < 6.246  

 In this article, we combine measurements of polymer dynamics at the segment and chain 

scale with measurements of NP diffusion to probe polymer and NP dynamics in PNCs with small 

nanoparticles (RNP << Rg), entangled polymers, and attractive NP-polymer interactions. The PNCs 

are comprised of well-entangled poly(2-vinylpyridine) (P2VP) (M/Me ≈ 1 – 26 where Me = 18 

kg/mol and Rg = 4.5 – 18.7 nm)208 and octaaminophenyl silsesquioxane (OAPS) NPs (RNP ≈ 0.9 

nm)108. The polymer dynamics on the chain-scale are suppressed by up to ~60% relative to bulk at 

NP concentrations of 25 vol%. This reduction in chain dynamics is largely due to a slowing of 

polymer segmental dynamics, which likely results from favorable pyridine-amine interactions. In 
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addition, relative to the hydrodynamic SE prediction based on the NP size and zero-shear melt 

viscosities, the NP diffusivity is dramatically enhanced (up to a factor of 10,000). NP diffusion 

coefficients in this system are modestly dependent on polymer molecular weight, scaling as ~Mw
-

0.7±0.1, which is comparable to recent theoretical predictions of the vehicle mechanism in well-

entangled attractive polymer melts.214 By measuring and correlating multi-scale polymer and NP 

dynamics, we conclude that the transport of small, attractive NPs in entangled polymer melts occurs 

via the vehicle mechanism, where NPs diffuse via successive adsorption/desorption events that 

likely take place on Rouse time scales.   

6.2 Experimental Section 

Materials and PNC preparation: All poly(2-vinylpyridine) (P2VP) was received from 

Polymer Source or Scientific Polymer Products and used as received. All polymer molar mass 

moments and distributions were verified by gel permeation chromatography (relative to narrow 

polystyrene standards), and all dispersities were < 1.3, as listed in Table D.1. Partially deuterated 

poly(2-vinylpyridine) (dP2VP) was synthesized at the Center for Nanophase Materials Science at 

Oak Ridge National Laboratory. The deuterium to hydrogen ratio (measured by elastic recoil 

detection) is approximately 1:2 and the weight-averaged molecular weight and dispersity 

(measured by GPC) are 100 kg/mol and 1.2, respectively. Dry octaaminophenyl silsesquioxane 

(OAPS) powder was used as received.   

 PNCs were fabricated by solution mixing and drying. Solutions of OAPS in MeOH 

(cOAPS~20 g/L) and P2VP in MeOH (cP2VP~50 g/L) were fabricated and allowed to stir for several 

hours. Once completely dissolved, the requisite amount of OAPS/MeOH was added dropwise to 

P2VP/MeOH solutions while stirring. P2VP/OAPS/MeOH solutions were stirred for at least 24 

hours before deposition and annealing, as further described below. 
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 Differential Scanning Calorimetry (DSC): The polymer glass transition temperature (Tg) 

was measured via DSC with a TA Instruments Q2000. All measurements were made upon cooling 

a sample of ~5 mg at a rate of 10°C/min between 175°C and 25°C. Tg was defined as the inflection 

point of the heat flow thermograms. DSC samples were fabricated by drop casting 

P2VP/OAPS/MeOH solutions onto Teflon, air dried, then annealed at T=170°C under vacuum for 

~24 hours. Results for Tg of P2VP/OAPS PNCs as a function of OAPS concentration and molecular 

weight are provided in Figure D.2. Tg for bulk 100 kg/mol P2VP is measured to be ~96°C.  

 Broadband Dielectric Spectroscopy (BDS): Polymer reorientational segmental dynamics 

were measured using a Solartron ModuLab XM MTS with the femto-ammeter accessory. BDS 

samples were processed as described for DSC samples, but after annealing, were melt pressed to 

the appropriate size and placed between steel electrodes and separated with 50 µm silica spacers. 

Samples were annealed in the cryostat at 160°C until the imaginary permittivity spectra at all 

frequencies remained constant (within 5%) over several hours. Isothermal frequency sweeps from 

10-1 – 106 Hz were measured every 3 K on cooling from 179°C to 107°C. Select measurements 

were made after heating again to ensure reproducibility. 

 Elastic Recoil Detection (ERD): The polymer chain translational diffusion coefficient 

was measured into P2VP/OAPS PNCs using ERD, an ion scattering technique used to measure the 

depth profile of light elements such as deuterium and hydrogen. Solutions containing 

P2VP/OAPS/MeOH were doctor bladed on a silicon wafer, air-dried, then annealed for at least 48 

hours at T=160°C under vacuum. The resulting thickness was at least 20 µm. Tracer films were 

made by spin coating a thin layer of 2000 kg/mol polystyrene (PS) (~30 nm) on an ozone-treated 

silicon wafer, then a ~50 nm film of 100 kg/mol dP2VP from MeOH on the PS layer. To form the 

diffusion couples (Figure 6.1a), bilayer tracer films were floated off the silicon wafer and 

transferred to the pre-annealed PNC matrix for subsequent annealing at T=140°C under vacuum. 
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Polymer diffusion couples were then measured via ERD where a He2+ ion beam is accelerated to 3 

MeV and incident on the sample in forward scattering geometry (70° off normal), as described in 

detail in Ref 169 and further discussed elsewhere.170,272 A mylar film before the detector is used to 

obstruct He ions but allow forward-recoiled deuterium ions to be detected.   

 Rutherford Backscattering Spectrometry (RBS): Nanoparticle diffusion into bulk P2VP 

was measured as a function of P2VP molecular weight (Mw) using RBS, an ion scattering technique 

used to measure the depth profile of heavy elements, such as Si herein. The P2VP matrix of varying 

molecular weights was doctor bladed from solutions of P2VP/MeOH on a silicon wafer and 

annealed for at least 48 hours at T=160°C under vacuum. The resulting thickness was at least 20 

µm. The tracer films were made by spin coating a thin layer of 2000 kg/mol polystyrene (PS) (~30 

nm) on an ozone-cleaned silicon wafer, followed by a ~150 nm film spin coated from the 

P2VP/OAPS/MeOH. Tracer films were then floated in DI water and transferred to the pre-annealed 

bulk P2VP matrix for subsequent annealing at T=140°C under vacuum (Figure 6.3a).  The same 

P2VP Mw was used in tracer and matrix films. The OAPS concentration in the tracer film was fixed 

to 25 vol%. This concentration is large enough to provide sufficient Si signal in RBS, but low 

enough to minimally affect polymer viscosity, and below the reported aggregation concentration.108 

OAPS diffusion couples were measured with RBS where He+ ions are accelerated to 3 MeV and 

incident normal to the sample surface. Backscattered He ions are collected at a detector 10° off 

normal. RBS is described in detail in Ref 169 and discussed elsewhere208,236. 

6.3 Results 

6.3.1 Polymer Dynamics 

 We first probe the dynamics of P2VP in P2VP/OAPS PNCs by measuring the diffusion 

coefficient of the chain (Dpoly) as a function of OAPS concentration. As described elsewhere170,272 
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and schematically depicted in Figure 1a, elastic recoil detection (ERD) was used to measure the 

depth profile of 100 kg/mol dP2VP (M/Me~5.5, Rg ~ 8.6 nm) as it diffuses into PNC films with 

different NP concentrations after different annealing times. At OAPS concentrations of 25 vol%, 

the highest concentrations studied here, yet still below the previously reported aggregation 

threshold108, the expected NP-NP separation distance for randomly packed OAPS (RNP = 0.9 nm) 

is only ~2.5 nm. We confirm reasonable OAPS dispersion in P2VP using X-ray scattering between 

2 Å and 370 nm, as described in Figure D.3. Furthermore, measured Si depth profiles in Figure D.4 

show uniform distribution of OAPS through the depth of the film with no measurable surface 

aggregation. OAPS dispersion at NP concentrations up to 25 vol%, which is not common in PNCs 

containing POSS297,324, suggests strong and favorable NP-polymer interactions between OAPS and 

P2VP.108,246 
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Figure 6.1: (a) Schematic representation of unannealed and annealed diffusion couples used to 
measure dP2VP diffusion into P2VP/OAPS. Measured concentration profiles from ERD of 100 
kg/mol dP2VP diffused at 140°C into (b) 25 vol% OAPS PNCs after 0, 30.3, 65, and 120 hours 
and (c) PNCs of different NP concentrations after 65 hours. Symbols represent experimental data 
and solid lines represent fits used to extract diffusion coefficient. Inset of (b) depicts schematic of 
ERD measurement. In schematics, grey represents the sacrificial PS layer, green and blue represent 
dP2VP and hP2VP (respectively) and black circles represent OAPS NPs. Schematics not drawn to 
scale. 

 

Representative diffusion profiles of dP2VP diffusing into P2VP with 25 vol% OAPS at 

140°C at various diffusion times are shown in Figure 6.1b. As expected, dP2VP diffuses farther 

into the underlying matrix after longer annealing times. The dP2VP diffusion coefficient is 

extracted from the experimental data by fitting each concentration profile with Fick’s second law 

describing a finite source diffusing into a semi-infinite medium.170,325 Figure 6.1c displays dP2VP 
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profiles measured at the same annealing temperature and time as a function of OAPS concentration. 

For the same annealing conditions, dP2VP diffusion is slowed as the NP concentration in the 

underlying matrix is increased. The extracted polymer diffusion coefficients as a function of NP 

concentration are shown in Figure 6.2a. The error bars, which are smaller than the size of the data 

points, are calculated from the standard deviation of at least three annealing times. 

 Whereas the addition of small molecules326, including POSS324, often enhances dynamics 

and plasticizes a polymer melt, we observe the opposite effect in this attractive mixture. The 

observed monotonic reduction in Dpoly can be qualitatively understood by a slowing of segmental 

dynamics and increase in glass transition temperature, as previously reported in the same system.108 

To compare dynamics at the segment and chain-scale, the segmental reorientational relaxation time 

(ta) was measured by dielectric spectroscopy at 140°C and is presented in Figure 6.2a (see Figure 

D.5 for dielectric measurements at various temperatures). As the OAPS concentration increases, ta 

increases showing slower relaxations, consistent with DSC measurements (Figure D.2) and 

literature.108  
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Figure 6.2: Measured dP2VP diffusion coefficient (black) and segmental relaxation times (red) as 
a function of OAPS concentration (Mw = 100 kg/mol and T = 140°C). (b) Normalized P2VP 
diffusion coefficient (black) and segmental relaxation time (red) as a function of NP concentration. 
Included for comparison in (b) is polystyrene diffusion in PNCs with immobile, athermal NPs (RNP 
= 15 nm) at T = 140°C (blue).188 
  

By comparing the normalized chain and segmental dynamics in PNCs to bulk P2VP in 

Figure 6.2b, we find the addition of these Kuhn bead-sized NPs slows segmental dynamics slightly 

more than chain dynamics. For example, at the highest NP loading, chain diffusion is slowed by 

~60% relative to bulk, while the segmental dynamics are slowed by ~80%. To further understand 

these reductions in polymer dynamics, we interpret our results in terms of the reptation model, 

where polymer diffusion in an entangled matrix is defined as: 
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where Ree is the polymer end-to-end distance, N is the degree of polymerization, Ne is the degree 

of polymerization of an entanglement strand, x is the monomeric friction coefficient, and b is the 

Kuhn length.35 The term kBT/xb2 is proportional to the segmental relaxation rate, ta-1 (Equation 

6.2).35 Thus, according to the reptation model, the observed differences between Dpoly and ta in 

Figure 6.2b could be related to dilation of chain dimensions (increasing Ree) or disentanglement 

effects (increasing Ne). Recent small angle neutron scattering experiments on a similar system of 

poly(methyl methacrylate) and weakly attractive POSS observed no change in Ree in PNCs relative 

to bulk.297 Thus, it is unlikely that differences in chain dimensions are responsible for differences 

in polymer dynamics in our system. Moreover, disentanglement has been observed in recent 

rheology measurements of this P2VP/OAPS system.108 Furthermore, in an athermal system of 

poly(ethylene oxide) and small gold NPs, neutron scattering also revealed tube dilation of ~20% at 

a NP concentration of 20 vol%.131 Given these observations, we surmise that the observed 

enhancements in Dpoly relative to ta are primarily related to disentanglement and tube dilation likely 
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resulting from excluded volume, but the specific impact of NP-polymer attraction in our system 

remains unclear. Figure 6.2b also includes a quantitative comparison to the reduction in chain-scale 

diffusion of polystyrene (PS) diffusing into athermal PNCs comprised of PS and phenyl-capped 

SiO2 (SiO2-Ph, RNP = 15 nm).188 At T = 140°C and at all fNP, the addition of small OAPS into P2VP 

(attractive) is more impactful and more dependent on fNP than the addition of larger SiO2-Ph into 

PS (athermal).188  

 

6.3.2 Nanoparticle Dynamics 

To fully understand the dynamics in these attractive P2VP/OAPS PNCs, we next measure 

the diffusion of OAPS NPs in P2VP of various molecular weights. As described elsewhere208,236 

and shown schematically in Figure 6.3a, Rutherford backscattering spectrometry (RBS) was used 

to measure the depth profile of OAPS infiltration into bulk P2VP. A representative set of fitted 

diffusion profiles for OAPS diffusion into 90 kg/mol P2VP at 140°C is presented in Figure 6.3b. 

OAPS diffusion was measured in seven P2VP melts (2RNP/dtube~0.25) with Mw ranging from 28 to 

467 kg/mol spanning M/Me~1 to 26 and Rg/RNP~5 to 21, as listed in Table S1.  
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Figure 6.3: (a) Schematic of unannealed and annealed diffusion couples used to measure OAPS 
diffusion into bulk P2VP polymer melts. (b) Representative concentration profiles from RBS of 
OAPS in 90 kg/mol P2VP after 0, 6, 10, and 30 minutes at 140°C. Inset of (b) depicts schematic of 
RBS. In schematics, grey represents the sacrificial PS layer, blue represents P2VP and black circles 
represent OAPS NPs. Schematics not drawn to scale. 

 

 The measured DOAPS presented in Figure 6.4a monotonically decreases with increasing 

P2VP Mw, but only weakly, scaling as Mw
-0.7±0.1. Furthermore, these NP diffusion coefficients are 

substantially larger than those predicted by SE (DSE, Equation 6.1), calculated using the zero-shear 

viscosity (h0) of bulk P2VP208 (see Figure D.6 for details). Recent rheology measurements108 of 

P2VP/OAPS showed only a subtle change in h0 upon the addition of up to 25 vol% OAPS, which 

is equivalent to the maximum local OAPS concentration in unannealed tracer films and more 

concentrated than the local environment OAPS NPs experience during these diffusion 

measurements (~5 vol%, Figure 6.3b). We have verified the negligible change in h0 (~30% increase 

relative to bulk) in 5 vol% OAPS PNCs using small amplitude oscillatory shear measurements 

(Figure D.6). 



 163 

 

Figure 6.4: (a) Measured OAPS NP diffusion coefficient (solid black circles) and Stokes-Einstein 
prediction (blue open circles) as a function of P2VP molecular weight. Data shown in blue circles 
with crosses were calculated using extrapolated values of h0, as described in Figure D.6. (b) OAPS 
diffusion coefficient normalized to SE prediction as a function of number of entanglements per 
chain (solid black circles). Earlier experimental measurements208 (open circles) of larger attractive 
NPs (RNP = 13 nm) are shown for comparison. 

 In this attractive P2VP/OAPS system, we observe fast NP diffusion relative to SE 

(DOAPS/DSE) by 101–104 over the molecular weight range studied (Figure 6.4b). These results are 

consistent with an extrapolation to large Mw of the recent DLS study of a similar system (OAPS in 

PPG) that found a crossover from D < DSE to D > DSE at Rg ~ RNP (as well as M ~ Me).246  In stark 

contrast to our previous studies of SiO2 NP diffusion (RNP = 13 nm) in P2VP that diffuse via the 

core-shell mechanism (Figure 6.4b, open circles), decreasing the size of the NP by a factor of ~14 



 164 

changes D/DSE by up to 104 at high Mw (Figure 6.4b).208 This clearly demonstrates the fundamental 

importance of NP size on transport mechanisms.  

 The weak molecular weight dependence found for DOAPS in P2VP/OAPS PNCs suggests 

that NP motion is coupled to polymer dynamics between segmental relaxations (approximately Mw 

independent) and longer-range Rouse relaxations (scaling with Mw
-1) and is decoupled from chain-

scale relaxations (scaling with Mw
-3.4). Recent theoretical predictions by Yamamoto et al. predict 

that small NPs with enthalpic attraction to the polymer matrix diffuse in entangled polymers via a 

vehicular mechanism.214 In vehicle diffusion, NPs diffuse with the local polymer environment until 

successive desorption and adsorption events lead to Fickian NP diffusion.214 The frequency of 

desorption events and lifetime of NP-polymer adsorption depend on system-specific parameters, 

especially NP size and NP-polymer interaction. Although the NP-polymer interaction and 

desorption time in P2VP/OAPS are difficult to experimentally probe, our observations that NP 

motion is coupled to subdiffusive polymer relaxations (Figure 6.4a) support the theory of vehicle 

diffusion. 

6.4 Discussion 

By directly measuring the dynamics of polymer segments, the chain, and the NPs in this 

P2VP/OAPS model system, we can quantitatively and mechanistically understand how small, 

enthalpically-attractive NPs diffuse in entangled polymer melts and how they impact polymer 

dynamics at various length scales. Figure 6.5 summarizes and quantitatively compares directly 

measured or estimated polymer and nanoparticle dynamics in this P2VP/OAPS system.  
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Figure 6.5: Comparison of relaxation times for P2VP at various length scales and OAPS NPs as a 
function of Mw. The Rouse times of a Kuhn monomer are taken directly from BDS measurements 
of bulk P2VP and are used to calculate the Rouse time of an entanglement strand and the chain. 
The P2VP reptation time and OAPS relaxation time are calculated directly from ERD and RBS 
measurements, respectively. All measurements are made at 140°C. 

 We consider the segmental relaxation time (ta) to be approximately equal to the relaxation 

time of a single Kuhn monomer, and therefore the shortest Rouse time of P2VP (t0). According to 

the Rouse model35, the relaxation time of an entanglement strand (te) is given by te = t0(Ne)2 where 

N e for P2VP74,108,208 is ~23. Our assignment of t0 is supported by recent rheology and dielectric 

measurements of bulk P2VP, which found te/ta ~ 103 or ~Ne
2.108 Although ta is often considered 

molecular weight independent, we measure a weak Mw dependence of ta in bulk P2VP at 140°C, 

scaling with Mw
0.15, which follows the slight increase in Tg (Figure D.2 and Figure D.7). The 

reptation time of the chain (trep) can be calculated from the measured diffusion coefficient in Figure 

6.2a through trep = (Rg)2/(6·Dpoly), and is expectedly slower than the Rouse prediction (tN) which 

neglects entanglement effects. Similarly, the relaxation time of the OAPS NPs can be calculated as 

tOAPS = (RNP)2/(6·DOAPS). The measured t0 and trep data shown in Figure 6.5 are for 100 kg/mol bulk 

P2VP (Figure 6.2a) and all measurements presented are at 140ºC. 

With experimental evidence that OAPS diffusion is slower than Kuhn segment relaxations 

but faster than P2VP chain diffusion, we can further understand the polymer dynamic results 
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presented in Figure 6.2. For traditional PNCs (such as PS/SiO2-Ph), the slowing of chain diffusion 

has been described with excluded volume184 and entropic170,188 arguments. However, chain-scale 

entropic effects can be considered negligible in P2VP/OAPS diffusion, because the OAPS position 

is fully decorrelated on the timescale of conformation fluctuations (~trep), NPs fully penetrate 

polymer conformations, and all chains likely sample similar conformations. These justifications 

are not true for larger and less mobile NPs. Furthermore, in PNCs with larger NPs (RNP ≥ Rg), the 

mean molecular relaxation time is largely unchanged overall116,178, even though friction is known 

to be significantly increased at the NP-polymer interface65. As a result, while segmental relaxations 

are less perturbed than chain diffusion in traditional PNCs, the perturbations are similar in 

P2VP/OAPS PNCs (Figure 6.2b), thus highlighting the fundamentally different mechanism causing 

reduced chain-scale polymer diffusion in PNCs with small, attractive, and highly mobile NPs.  

 In P2VP/OAPS PNCs, we conclude that polymer segments and small NPs relax together 

making the segments slower than in bulk and significantly increasing the friction on the chain. This 

conclusion is supported by observations that the step in heat capacity at Tg remains unchanged upon 

the addition of OAPS NPs108, which we confirm in our DSC measurements, suggesting that these 

small and attractive NPs are dynamically active during segmental relaxations. Since the friction at 

the segmental scale is increased, chain-scale diffusion is similarly slowed while also being slightly 

enhanced by other factors (e.g. disentanglement, Equation 6.2). This mechanism of chain-scale 

retardation through segmental friction is categorically different than previous measurements of 

polymer diffusion in PNCs with larger SiO2 (RNP > 6 nm) and likely results from the enthalpic 

attraction, size, and mobility of OAPS NPs.170,181,182,188,272 

  Given that these attractive OAPS NPs are coupled to Mw-dependent polymer dynamics 

(Figure 6.4a), and the measured OAPS diffusion is faster than the P2VP chain diffusion (Figure 

6.5), we conclude that NP desorption from the P2VP chain occurs. Since t0 < tOAPS < te for all Mw 



 167 

P2VP (Figure 6.5), the desorption time of OAPS NPs (tdes) must also lie somewhere between the 

Rouse time of a single Kuhn bead and that of an entanglement strand. For systems with this dynamic 

behavior (specifically ta< tdes < trep) recent theory predicts vehicle diffusion and DNP scaling of Mw
-

0.5.214 Figure 6.4a, for OAPS diffusion in P2VP, shows qualitative and also approximate quantitative 

agreement with this theory (scaling with Mw
-0.7±0.1). Importantly, the prediction of DNP ~ Mw

-0.5 

assumes Mw-independent segmental relaxations214, thus, the slightly larger exponent observed 

experimentally can be attributed to the Mw-dependence of segmental dynamics (Da~Mw
-0.15, Figure 

D.7). Further potential differences in theoretical predictions and experimental measurements are 

expected from differences in the NP-polymer interaction strength and the exact timescales of tdes 

and t0. 

Although our dynamic measurements provide support of vehicular diffusion, to fully and 

definitively prove this mechanism, additional measurements must be conducted by altering the NP 

desorption time, potentially through changes in NP size, NP surface chemistry, or temperature (in 

the case of hydrogen bonding PNC systems). As NP desorption is slowed through increasing RNP 

or strengthening the NP-polymer interaction, a stronger molecular weight dependence and smaller 

D/DSE can be expected as the NPs will be more coupled to polymer dynamics.208,214 Independently 

controlling NP-polymer interaction strength (without significantly changing NP dispersion) and 

NP size (without significantly changing the NP-polymer interactions) remains an experimental 

challenge.4,25,29  

 

6.5 Conclusions 

Polymer segmental dynamics, polymer chain dynamics, and NP diffusion coefficients, 

were directly measured in mixtures of entangled P2VP (M/Me ~ 1 – 26) and OAPS (RNP = 0.9 nm), 

which exhibit favorable NP-polymer interactions. In this system, the P2VP chain diffusion slows 
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by ~60% relative to bulk at 25 vol% OAPS, an effect consistent with increased friction at the 

segmental scale with potential contributions from disentanglement. In addition, OAPS NPs diffuse 

at timescales between polymer segmental dynamics and chain-scale diffusion and DOAPS is weakly 

dependent on molecular weight, scaling with Mw
-0.7±0.1. We observe enhancements in DOAPS relative 

to hydrodynamic Stokes-Einstein predictions of up to 104, providing experimental support of recent 

theoretical predictions describing vehicle diffusion in well-entangled polymer melts.214 By 

measuring polymer and NP dynamics, we show that small attractive NPs diffuse with polymer 

segments commensurate with the NP size, thereby slowing the polymer segmental motion and other 

dynamic processes (e.g. reptation) that occur at longer length and time scales. We conclude that in 

this attractive PNC system with small NPs and entangled polymers, successive 

adsorption/desorption events on Rouse-like timescales lead to NP diffusion coupled to sub-

diffusive polymer dynamics but decoupled from the polymer chain diffusion, as proposed by the 

vehicular mechanism. 
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CHAPTER 7: Conclusion and Future Outlook 

7.1 Conclusions 

Many macroscopic properties of PNCs are dictated by microscopic dynamic processes, 

including the dynamics of the polymer segments, chains, and NPs. However, due to the overlapping 

characteristic length, time, and energy scales of the NPs and polymers, the interactions and 

dynamics within these materials are complex and poorly understood. This is especially true with 

respect to the expansive parameter space presented by these multicomponent, hybrid materials. 

Thus, fundamental studies into different dynamic processes are critical to design, develop, and 

manufacture new PNC materials. Thus, this thesis examines multiscale polymer and nanoparticle 

dynamics in model polymer nanocomposites using experiments and simulations to provide 

fundamental and mechanistical insights.  

 Chapter 2 uses quasi-elastic neutron scattering (QENS) to systematically study the 

influence of highly attractive NPs on the dynamics of polymer segments at small length scales (~1 

nm) and fast timescales (~1 ns). Using poly(2-vinylpyridine) (P2VP) mixed with up to 50 vol% 

colloidal silica (SiO2), we measure the segmental mobility and characterize the segmental diffusion 

coefficient as a function of NP concentration, temperature, and matrix molecular weight. We show 

that segmental mobility is decreased in PNCs relative to bulk at all temperatures and at high 

temperatures, segments are ~5x slower than bulk at 50 vol% loading. Interestingly, we find that 

this reduction in segmental dynamics is very weakly dependent on P2VP molecular weight, which 

stands in contrast to the documented molecular weight effect on segmental dynamics in attractive 

polymer nanocomposites at lower temperatures, as observed by temperature modulated differential 

scanning calorimetry in this work.  

 In Chapter 3, we further probe the segmental dynamics in P2VP/SiO2 PNCs more 

mechanistically using the unique capability of deuterium and hydrogen labeling offered by QENS. 
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Specifically, we study neat polymer and 25 vol% PNCs composed of fully protonated P2VP (where 

the dynamics of all protons are measured) and backbone deuterated dP2VP (where only the 

dynamics of the pendent pyridine ring are measured). For T<Tg, we show the mobility of protons 

on the pendent group are less affected by the attractive NPs than the protons on the backbone. In 

the melt state at T>Tg, we find that protons on the pendent group are slightly more mobile than 

backbone protons, but the normalized diffusion coefficient of segments is ~35% slower than bulk 

in both PNC samples. This observation highlights the connection between backbone and pyridine 

motion, even in PNCs where the motion is temporally slowed by attractive NPs. These results, 

along with those from Chapter 2, show that segments are perturbed temporally more than spatially 

and provide fundamental insights into the segmental diffusion process in PNCs.  

 To probe polymer motion at longer length-scales, Chapter 4 presents coarse-grained 

molecular dynamics simulations of a monolayer of hexagonally-packed, athermal NPs in a polymer 

melt. In doing so, we observe the magnitude and length-scale over which homogeneously confining 

NPs impact the polymer conformations and diffusion. We show conformations under strong 

confinement (i.e. the interparticle distance, ID, is less than twice the polymer radius of gyration, 

2Rg) are more impacted than around an isolated NP, and the effect depends on the ratio of RNP/Rg 

rather than either independently. We then show the polymer diffusion is slowed by the presence of 

athermal NPs and the slow diffusion persists far beyond the length-scale over which polymer 

conformations are perturbed, which is ~Rg. Although the strongest suppression to chain diffusion 

occurs within ~Rg of the NP monolayer, diffusion is slowed even ~5Rg from the NPs. Furthermore, 

by analyzing the directional van Hove distributions, we show polymer preferentially diffuses away 

from the NP monolayer, diffusion through the monolayer is slowed as a function of confinement, 

and diffusion away from the NP monolayer remains bulk-like. 

 In Chapter 5, we study chain-scale motion in highly attractive PNCs from Chapter 2.  We 

develop and apply ion scattering measurements that separate and directly measure the fraction of 
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free polymer and polymer adsorbed to immobile, attractive NPs entirely in the melt state. By 

annealing thin PNC films of P2VP/SiO2 deposited on bulk polymer matrices, free polymer from 

the PNC rapidly diffuses into the underlying matrix while the spontaneously-formed bound 

polymer in the melt remains with the NPs. Correlations between the fraction of bound chains and 

the total NP surface area provide measurements of the bound polymer layer thickness (~Rg) and 

show the average surface area occupied by adsorbed chains in the melt is much smaller than 

predicted from an isolated chain or measured in solution. The bound polymer fraction decreases as 

a function of annealing time and decreases more rapidly at higher temperatures and for lower 

molecular weights. However, even after annealing more than 106 reptation times, some polymer 

remains bound. We find that the desorption time is related to the chain-scale mobility in the bulk 

as opposed to the segmental relaxation times measured in Chapter 2. These new measurements and 

observations provide early insight into the mechanism of chain desorption from attractive NPs.    

In Chapter 6, we study multiscale dynamics of polymer segments, polymer chains, and NPs 

in mixtures of entangled P2VP with very small, attractive octa(aminophenyl) polyhedral oligomeric 

silsesquioxane (OAPS, RNP ~ 0.9 nm). With increasing OAPS concentration, both the segment 

reorientational relaxation rate (measured by dielectric spectroscopy) and polymer chain center-of-

mass diffusion coefficient (measured by elastic recoil detection) are substantially reduced, with 

reductions relative to bulk reaching ∼80% and ∼60%, respectively, at 25 vol % OAPS. This 

commensurate slowing of both the segmental relaxation and chain diffusion process is 

fundamentally different than the case of PNCs composed of larger, immobile nanoparticles, such 

as those discussed in Chapter 2 and Chapter 5.  Next, using RBS to probe the NP diffusion process, 

we find that small OAPS NPs diffuse anomalously fast in these P2VP-based PNCs. The OAPS 

diffusion coefficients are found to scale very weakly with molecular weight, Mw
–0.7±0.1 and our 

analysis shows that this characteristic OAPS diffusion rate occurs on intermediate microscopic time 

scales, lying between the Rouse time of a Kuhn monomer and the Rouse time of an entanglement 
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strand. The motion of the polymer and the NPs in this unique system support the recently developed 

theory of vehicle diffusion.  

 In summary, this thesis presents experiments and simulations that provide fundamental and 

mechanistic insight into dynamics of segments and chains in PNCs and the motion of NPs in 

polymer melts. The segmental dynamics presented in Chapter 2 and Chapter 3 show slow segmental 

relaxations near large attractive NPs. Chapter 4 and Chapter 5 examine how chain scale motion is 

perturbed by athermal and attractive NPs (respectively). Chapter 5 shows that the slow relaxations 

observed in Chapter 2 and Chapter 3 persist to the chain scale and lead to slow (or nonexistent) 

chain diffusion. Finally, Chapter 6 (with NPs faster than the polymer chains) describes categorically 

different dynamic behavior than Chapters 1-5 (with NPs slower than polymer chains). All together, 

this thesis demonstrates the importance of considering multiple length, time, and energy scales in 

PNCs and provide insights into the effect of various PNC parameters on microscopic dynamics. 

This work has also presented valuable future directions of research, which are presented and 

discussed in Section 7.2. 

7.2 Future Work 

7.2.1 Probing the Role of NP-Polymer Interactions on Various PNC Properties 

The experimental work presented in this thesis focuses on systems with strong and 

attractive NP-polymer interactions in the form of hydrogen bonding between segments and the NP 

surface. Understanding the role of NP-polymer interaction on dynamics is critically important. This 

presents an experimental challenge, however, because changing the material (i.e. the polymer or 

NPs) leads to changes in other properties, which then have to be taken into account in comparisons. 

For example, comparing PNCs with different polymers leads to changes in critical characteristics 

such as the polymer backbone stiffness, glass transition temperature, entanglement molecular 
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weight, and tube size. In addition, it is well established that PNCs with weaker NP-polymer 

interactions exhibit poor NP dispersion in the melt state. Comparing systems with different 

dispersion states is undesirable because dynamics in PNCs are primarily perturbed at the NP-

polymer interface, so changes in the interfacial area need to be considered but are difficult to 

measure.  

 One opportunity to probe NP-polymer interaction while minimizing the effect of other 

variables is to compare P2VP/SiO2 PNCs where the SiO2 is partially or fully functionalized with 

non-polar moieties. These molecular caps on the NP surface will not only change the NP surface 

energy, but will also remove hydrogen bonding sites for P2VP and sterically hinder the formation 

of trains on the NP surface. As a result, fully functionalized SiO2 in P2VP should act akin to SiO2 

and PS, lacking strong favorable attraction, and will likely aggregate. However, if the NPs are 

functionalized at low areal densities, the opportunity for hydrogen bonding will decrease, but 

remain possible. Thus, there is likely a set of partially functionalized NPs that will have different 

surface energies and less hydrogen bonding opportunities than unmodified SiO2, but will still be 

dispersed in P2VP.  

 Proceeding with this line of research necessitates two sequential studies. First, a thorough 

study of NP dispersion is essential to understand the transition from dispersed to aggregated NPs 

as a function of functionalization surface density. After the dispersion state in the PNCs is well 

understood, measurements of multiscale dynamics can proceed.  

 For measurements of NP dispersion, PNCs of low and high NP concentration (~5 and ~15 

vol%) should be fabricated with NPs of different functionalization densities. These PNCs should 

be drop-casted, dried, and annealed until the structure stops changing. The dispersion state of each 

PNC should be studied with ultra-small angle X-ray scattering and transmission electron 

microscopy to understand the ensemble average structure and real-space representation 

(respectively). Preliminary measurements have been conducted on PNCs with 100 kg/mol P2VP 
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filled with 15 vol% MEK-STL (~50 nm diameter) that are unmodified or functionalized with 

octylsilanes at a density of ~0.6 caps/nm2. For comparison with a system known to aggregate, PNCs 

with 100 kg/mol PS and unmodified SiO2 were also fabricated. All PNCs were annealed at Tg+60°C 

for 15 days since a kinetic study has not been completed and the NP morphology was different 

from the as-cast condition. Kinetic studies are underway. The structure factors, S(q), are obtained 

by dividing the PNC scattering pattern by the form factor of the NPs to reveal the NP-NP 

correlations (Figure 7.1). The STL-un NPs (unmodified MEK-STL NPs) in P2VP exhibit a peak in 

S(q) at a location that closely matches the predicted interparticle separation distance for a random 

dispersion of NPs in these conditions, indicating that the NPs are well dispersed. For the same STL-

un NPs in PS, the NPs are aggregated as indicated by the peak in S(q) at slightly smaller distances 

than the average NP diameter (indicating the touching of adjacent NPs) and a deep correlation well 

below 0.01 Å-1. Finally, the STL-oct NPs (octyl-functionalized MEK-STL NPs) in P2VP exhibit 

an aggregated morphology, but one that appears to be more dispersed than PS/STL-un. A peak 

matching the location of PS/STL-un and a lack of a peak at low q indicates a partially aggregated 

system, but more analysis and TEM imaging is required to more clearly define the NP morphology. 

Future studies should follow this protocol, but sample more NP loading, more NPs including fully 

and partially functionalized NPs, and potentially include a kinetic aspect of documenting the 

dispersion after different annealing conditions.  
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Figure 7.1: Structure factors from SAXS measurements for PNCs with P2VP and unmodified SiO2 
(STL-un/P2VP, red), P2VP and octyl-functionalized SiO2 (STL-oct/P2VP, blue), and PS and 
unmodified SiO2 (STL-un/PS, green). All PNCs are composed of ~50 nm Nissan MEK-STL NPs 
at 15 vol%, all polymer is 100 kg/mol, and each sample was annealed. 

For measurements of multiscale dynamics, PNCs with similar dispersion states (none of 

which were achieved in Figure 7.1) should be measured with a variety of probes. For segmental 

dynamics, temperature modulated differential scanning calorimetry (TMDSC) can be used to probe 

the macroscopic glass transition temperature and segmental dynamics. Broadband dielectric 

spectroscopy (BDS) can be used to highlight segmental dynamics in the melt state and may be able 

to isolate the signal from interfacial relaxations. At longer length scales, polymer desorption can 

be measured from different NP surfaces using the technique discussed in Chapter 5, as will also be 

discussed in Section 7.2.2. Finally, measurements of NP diffusion will be insightful. As discussed 

in Section 1.6, most experimental measurements of NP diffusion in polymers are either grafted NPs 

or highly attractive, but simulations have been reported and theory has been developed for weakly 

interacting systems (see Section 1.6). In fact, the interesting situation where neither core-shell 

diffusion208,225,246 nor vehicular diffusion109,246 (Chapter 6) dominate, and both coexist, may be 

realized. These material systems present an interesting opportunity to either confirm theoretical 

predictions or provide more insights to guide them.  
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7.2.2 Further Studies on the Structure and Dynamics of Bound Polymer in the Melt 

Chapter 5 of this thesis developed and demonstrated a technique that can measure new 

structure and dynamic properties of bound polymer directly in the melt state. Although 

measurements of NP concentration, polymer molecular weight, and annealing conditions were 

reported, there are several opportunities for new and impactful research. First and foremost, 

Chapter 5 presents interesting results that suggests the desorption of adsorbed chains correlates 

with the bulk-chain mobility, but this observation needs more robust testing. More complete 

temperature dependence measurements with different molecular weights (including unentangled 

polymer) is necessary to fully test the collapse of experimental data in Section 5.4.3. We 

hypothesize that even loosely bound chains will be unable to desorb at reasonable timescales at low 

temperatures. Similarly, sufficiently low Mw polymer which have a few long trains will likely 

behave differently than high Mw polymer with several trains of varying lengths and more 

conformational entropy. A more thorough study of annealing conditions and polymer molecular 

weight is needed to observe these effects and further develop a mechanistic understanding of 

polymer desorption. 

 Given the difficulty of isolating bound polymer and measuring chain-scale properties like 

thickness, areal adsorbed chain density, and desorption kinetics, much of the PNC parameter space 

remains unexplored. First, NP size (or radius of curvature) relative to the chain size is a potential 

future direction. One may expect bound chains to desorb more rapidly from smaller NPs due to less 

contact area and more convex curvature. An interesting comparison can be made between small 

NPs, large NPs, and flat substrates185. The experiments outlined in Chapter 5 are currently suitable 

for this set of measurements. Another potential direction, as discussed in Section 7.2.1, is the role 

of NP-polymer interaction. Using partially or fully functionalized NPs (Appendix E), the role of 

NP-polymer interaction on the bound layer thickness, adsorbed density, and desorption kinetics can 
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be revealed. For highly attractive systems like P2VP/SiO2, bound polymer exists even after ~106 

reptation times (Chapter 5). In weakly attractive PS and SiO2 flat substrates, bound polymer 

remained after solvent washing for more than 140 days.316 In melt PNCs, it is unclear if bound 

polymer will remain adsorbed after similarly long times if the NP-polymer interaction is weakened.  

Measurements on other model PNC systems, such as PMMA/SiO2, is also suggested and may 

provide additional insights.  

There are also interesting structural properties that can be studied using the methods 

introduced in Chapter 5. Measurements of the areal density of adsorbed chains and bound layer 

thickness provide insight into how chains pack at the NP interface. Importantly, these 

measurements are done after relatively short annealing times, so preventing the motion of NPs is 

not necessary. The measurements presented in Chapter 5 were on PNC films directly after spin 

coating (i.e. no pre-annealing). An interesting future direction is to study how pre-annealing the 

PNC film further densifies the bound polymer layer and changes the structure. In addition, the 

question of competitive adsorption can be addressed using these experiments. For example, in a 

solution of bimodal Mw, the polymer that preferentially adsorbs to the NP surface can be measured 

by the bound layer thickness and adsorbed areal density. Other questions include how the bound 

polymer species depends on the order in which the polymers are introduced, how much pre-

annealing is done, and how different the chain lengths are. These fundamental questions of 

competitive adsorption can help identify the underlying thermodynamics of adsorption and help 

engineer the bound polymer layer for various applications.  

 In addition, new experimental methods should be developed to probe these properties that 

do not rely on access to an ion beam and ERD/RBS capabilities. In an extension of the SANS 

method recently reported206, time-resolved SANS using preferentially adsorbed deuterated and 

protonated polymer can probe bound polymer dynamics. As bound chains desorb and matrix chain 

adsorb, the scattering length density will change. This change in scattering contrast can be extracted 
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and analyzed to reveal the kinetics of exchange. While sample preparation and optimizing the PNC 

parameters to observe bound polymer exchange may be challenging, the development of this 

technique can open a direction of research that can address research questions including but not 

limited to those presented in this section.   

7.2.3 Probing the Bound Polymer Layer in NP-Polymer Solutions 

Section 7.2.2 discussed potential measurements of the bound polymer layer in the melt 

state, but studying the bound polymer layer in solution is also critical (see Appendix G). NP-

polymer solutions present additional interactions that change bound layer properties, making the 

energetics more complex and the parameter space more vast. NP-polymer solutions are also 

academically and industrially relevant. PNCs are traditionally fabricated from solution, so 

understanding the properties in solution will help engineer properties in the melt. There is also 

relevance to biological media and, more directly, colloidal systems.  

 Measurements of small-angle neutron scattering (SANS) and dynamic light scattering 

(DLS) are ideal for this investigation. DLS provides a measurement of hydrodynamic size in 

solution, but can be used to identify polymer adsorption as shown in Figure 7.2 for PS and P2VP 

mixed with SiO2 in DMF. For the attractive system of P2VP/SiO2, polymer adsorbs to the NP 

surface and increases the hydrodynamic size by ~2Rg relative to only SiO2. Conversely, the non-

attractive case of PS and phenyl-capped SiO2 exhibits a NP size that is essentially unchanged from 

SiO2. Similar measurements can be used to more thoroughly navigate the energetics of NP-polymer 

solutions. Furthermore, measurements as a function of polymer concentration may reveal the 

adsorbed chain density in solution (analogous to the SAchain in the melt reported in Chapter 5). At 

low concentration, the NP size should be unchanged from bare SiO2 but eventually the NP size 

should plateau at ~dNP+2Rg. The concentration of the plateau will reveal the polymer coverage on 

the NP.  
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Figure 7.2: DLS measurements of SiO2 (black), 220 kg/mol P2VP + SiO2 (red), and 650 kg/mol 
PS + phenyl capped SiO2 (SiO2-Ph, red) in dimethylformamide (DMF). Polymer concentration was 
~5 g/L in NP-polymer solutions and solvent-transferred Ludox AS40 SiO2 was used in each case. 

 

 SANS can be used to more thoroughly study the bound polymer layer in solution, 

particularly using contrast matching and hydrogenated and deuterated polymer. Preliminary 

measurements are presented in Appendix G. Contrast-matching the solvent with the NPs in dilute 

solutions ensures that only the polymer will be contributed to the scattering pattern. If polymer is 

not adsorbed, a Debye function will describe the data, but if polymer is adsorbed to the particle, the 

data will follow a hollow shell form factor with an inner diameter equal to the NP diameter. This 

difference is expected to be clear (Figure G.2). Since the scattering contrast is related concentration 

and SLD of each component, meticulous fitting should reveal the polymer concentration (density) 

within the bound polymer layer and the length scale associated with the bound layer. Furthermore, 

the stability of the bound polymer can be probed by changing the temperature or adding a good 

solvent for the NP and polymer or a low Mw polymer. The unique ability to measure only the 

polymer makes SANS measurements of bound polymer in solution a worthwhile and insightful 

endeavor with several potential variables to explore.  
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 Using SANS, the kinetics of adsorption and desorption can also be probed. These 

timescales are presently unknown and certainly depend on solution properties, but experimental 

conditions such as temperature, material systems, and measurement parameters may be tuned to 

make this study possible. To study the kinetics of adsorption, the solution can be made by mixing 

a polymer solution and a NP solution and immediately measuring the SANS pattern continuously. 

If polymer adsorption is immediate, the time-dependent measurements will align. If not, the 

formation of the bound layer can be observed in real time. For polymer desorption, or exchange in 

solution, two dilute solutions of NP-polymer-solvent can be mixed. Importantly, one solution 

should be made with only hydrogenated polymer and the other should be made with only deuterated 

polymer. The mixed sample, assuming no structure factor is present, will be the summation of both 

solutions. However, if polymer exchange occurs such that hydrogenated chains desorb and reabsorb 

into deuterated bound layers, the scattering contrast of the system will change. This change in 

scattering contrast can be analyzed as a function of time and related to the fraction of chains that 

desorbed and readsorbed. Alternatively, the same experiment can be conducted with a NP solution 

in a bath of free polymer. Similarly, as chains exchange, the scattering contrast will change. 

Preliminary measurements of both cases will help understand which scattering pattern is tractable 

and which is more difficult to describe analytically.  

 

7.2.4 Understanding the Role of Processing on the Dispersion and Bound Polymer 

Properties 

It remains mostly unclear if PNCs reach their equilibrium morphology or if they are often 

kinetically trapped in a non-equilibrium morphological and structural state. This delineation is of 

critical importance. First, if PNCs cannot access their equilibrium state, comparison with current 

equilibrium-based theory and simulation require caution and new theory and simulation efforts or 
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methods are needed to incorporate nonequilibrium effects. Second, if PNCs are in kinetically 

trapped states, engineers should be able to use processing methods and parameters to further tune 

and control PNC macroscopic properties.  

There is evidence of nonequilibrium effects in common PNC research, including the long-

lived bound polymer that was highlighted in Chapter 5. It has been shown that the final NP 

dispersion states292,311 depend on the solvent quality used during fabrication. Preliminary SAXS 

measurements of PMMA/SiO2 PNCs after different drying conditions are presented in Figure 7.3. 

These measurements show that the rate at which solvent is removed, which was controlled by 

temperature, changes the NP dispersion state. The clear difference in NP morphology in the same 

PNCs but with different processing conditions indicates non-equilibrium effects. Recently, the 

bound layer structure and properties were analyzed in PNCs made from good and poor solvent.70 

In these PEO/SiO2 PNCs, a thicker bound layer and more perturbed dynamics were observed in 

PNCs fabricated from poor solvent (ethanol) relative to a good solvent (water).70 

 

Figure 7.3: SAXS characterization of PMMA/SiO2 PNCs fabricated by solvent evaporation at 
different drying rates. Structure factor showing NP-NP correlations (inset). Differences in the NP 
morphology show that PNCs depend on the processing conditions.  

An intriguing future direction is to systematically change the processing conditions and 

probe the resulting NP structure and multiscale dynamics, particularly of the polymer and polymer 
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segments. For example, the fraction of loops, tails, and trains of bound polymer should depend on 

the quality of the solvent during their formation, among other factors. For example, chains that are 

more expanded in a good solvent may adsorb to NPs with longer trains than a compressed chain in 

a poor solvent which may have more loops. If this is true, it should be possible to engineer more 

stable bound polymer layers through solvent selection. Measurements of bound polymer desorption 

(chain-scale) and BDS or TMDSC (segment-scale) may show these differences.  

Fabricating the model PNCs from different fabrication methods can also be a worthwhile 

direction of future work. These new methods may reveal new morphological states in the same 

PNC system or promote (temporary) dispersion when it may not be achievable with other 

techniques. Such fabrication methods may include traditional drop casting, vacuum-assisted drop 

casting, precipitation in a poor solvent (such as hexane or water), and freeze drying. If NPs that are 

difficult to disperse in a polymer melt at equilibrium can be kinetically trapped in a dispersed state 

initially, there is an opportunity to study the kinetics of NP aggregation in the melt. Furthermore, 

PNCs can be quenched below Tg in their dispersed and aggregated morphology, providing an 

excellent comparison of the role of NP morphology on glassy properties (i.e mechanical or transport 

properties). 

 

7.2.5 Narrowing the gap between simulations and experiments  

As a final direction of research, it is critical to develop the direct comparison between 

experiments and molecular dynamic (MD) simulations. MD simulations present the unique 

opportunity to mechanistically and quantitatively understand PNC dynamic processes, rapidly 

explore the dense parameter space, and isolate, control, and measure individual variables and 

properties. For maximum impact, the continuous goal should be to directly verify simulations with 
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experiments which will help make simulations more predictive and their results attainable 

experimentally.  

 Chapter 4, for example, aims to more thoroughly understand previous experimental 

measurements of  polymer diffusion in various PNCs. However, discrepancies between Chapter 4 

results and experiments were highlighted, which leaves work for the future. For example, a more 

thorough testing of the confinement parameter, ID/2Rg, requires changing the polymer molecular 

weight and NP size simultaneously. This is challenging given the simulation box setup in Chapter 

4 because as the chain length increases, the spatial region over which diffusion can be observed 

also increases causing the simulation size to grow. More traditional simulation boxes with NPs 

periodically arranged or randomly placed may be more suitable to fully test the confinement 

parameter. In addition, incorporating attractive NP-polymer interactions will help highlight if NP-

polymer interaction influence polymer diffusion through confining NPs, which was not observed 

experimentally272. Using concepts from Chapter 5, this may produce a population of chains that 

freely diffuses but at timescales slower than bulk, and another population that remains adsorbed to 

the NPs. Furthermore, these simulations may provide more mechanistic insight into Chapter 5, but 

polymer desorption may be too slow to observe with coarse-grained MD simulations.  

 More broadly, specific parameters and measurements need to be developed to verify and 

directly compare experimental measurements with simulated PNC systems. Although the relation 

of Kremer-Grest parameters to experimental parameters in polymer melts have been reported63, 

several PNC parameters remain unclear. For example, the NP-polymer interaction is often 

modelled by a LJ potential, but the range of interaction strengths (e) that match experimental 

systems remains unclear. This is a challenging comparison to make. Furthermore, the appropriate 

structure of the NP that eliminates artificial packing and enhanced density at the interface and 

properly simulates the energetic landscape remains unclear. This is largely due to a limited 

understanding of NP interfaces experimentally and the present inability to directly compare 
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interfacial properties between simulations and experiments. In the future, research efforts to align 

MD simulations and in experiments in PNCs will help explore the expansive parameter space and 

accelerate new discoveries.  
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 

A.1 TEM Images of 40 kg/mol PNCs 

 

Figure A.1: (left) Representative TEM image for 25 vol% PNC (spin coated) with 40 kg/mol P2VP 
matrix. As expected from the strong NP-polymer attraction, long-range uniform dispersion is 
observed. Bright and dark patches are likely variations in thickness or bubbles caused by solvent 
evaporation during spin coating. (right) Representative TEM image for 50 vol% PNC drop casted 
directly onto TEM grid.  

A.2 Thermal Degradation of Bulk Polymers 

 

Figure A.2: Thermogravimetric curves used to characterize the thermal degradation of P2VP for 
the three molecular weights studied. Feature at ~373 K is likely the evaporation of adsorbed water 
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or solvent that remains present after drying procedure (Tg+60 K for at least 12 hours under vacuum). 
Vertical dashed lines represent the highest measurement temperature for QENS experiments and 
are well below the decomposition temperature of P2VP. 

A.3 Fixed Window Scan Analysis 

The mean-squared displacement (‹x2›) was determined using the Debye-Waller 

approximation, as previously reported.287 After manipulation, it is shown that the intensity of elastic 

scattering (Ielastic) normalized to the intensity of the same sample at 50 K (I0) is related to ‹x2› 

through the square of the scattering vector, q: 

-3∙ln [
Ielastic
I0

\=〈x2〉∙q2 (A.1)  

In practice, ‹x2› is obtained directly as the slope of -3∙ln (Ielastic
I0
) plotted as a function of q2. 

Nonlinear deviations are expected to occur at large q due to the breakdown of Debye-Waller 

approximation.76 Rather than accounting for this with higher order terms that add several variables 

and complexity, we use a linear fit restricted to q2<1.22 Å-2 (length scales at least 5.7 Å). Similar 

methodologies have been reported elsewhere.76,287  



 187 

A.4 Raw Fixed Window Scans 

 

Figure A.3: Average mean-squared displacement of segments obtained from fixed window scan 
of bulk P2VP and P2VP/SiO2 PNCs for all molecular weights and loadings. MSD is defined relative 
to T = 50 K, the minimum temperature measured. All samples show an expected linear increase in 
MSD at T < Tg and an abrupt increase in MSD at T~Tg. Dried SiO2 NPs, which have surface 
hydroxyl groups, are included for comparison. 
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A.5 Representative Fits and Residuals  

 

Figure A.4: Representative QENS spectra (550 K and q = 1.21 Å-1) for bulk 40 kg/mol P2VP, and 
40 kg/mol P2VP filled with 25 and 50 vol% SiO2. Residuals of fitted spectra show no significant 
deviation or systematic trends, especially beyond the instrument resolution where dynamic 
information is captured.  
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A.6 Extracted QENS Broadening for 40 kg/mol Bulk and PNCs  

 

Figure A.5: Quasi-elastic broadening (full width at half-maximum, FWHM) of Lorentzian 
contribution to the fit of QENS spectra for bulk 40 kg/mol P2VP and PNCs of 25 and 50 vol% as 
a function of temperature. Note that P2VP/SiO2 50 vol% was measured at 480 K but fails to follow 
FWHM~q2, so a diffusion coefficient will not be reported. 

 A.7 Discussion of BDS Analysis  
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Figure A.6: (a) Representative imaginary part of the complex dielectric permittivity as a function 
of frequency obtained from 40 kg/mol bulk P2VP at 410 K upon cooling and fit with Equation A.2. 
(b) Relaxation time as a function of inverse temperature comparing measurements made upon 
cooling, subsequent heating, and in literature. Literature data were obtained from Ref 65. 

The dielectric spectra were measured for bulk 40 kg/mol P2VP at various temperatures to 

compare to bulk relaxation times obtained from QENS and TMDSC. The complex permittivity was 

measured as a function of frequency and the imaginary part was fit using a linear combination of a 

Havriliak-Negami function and a conductivity term:57 

ε"(ω)	=	-Im - ��
T([(;ω~A%)BY

C +
�

;ε!�
4             (A.2)   

where w is the angular frequency, De is the dielectric strength, tHN is the Havriliak-Negami 

relaxation time, b and g represent the symmetric and asymmetric broadening (respectively), s is 

the dc conductivity and e0 is the vacuum permittivity.  The mean molecular relaxation time (tmax) 

can be calculated as: 

𝜏max	 = 𝜏HN	 [sin [
𝛽𝛾𝜋

2(𝛾 + 1)\\
( �⁄

[sin [
𝛽𝜋

2(𝛾 + 1)\\
%( �⁄

  (A.3) 

  A representative fit is shown in Figure A.6a for 410 K. Figure A.6b shows the extracted 

relaxation times for P2VP measured upon cooling from 450 K to 380 K in steps of 5 K. Importantly, 

the relaxation times upon cooling and subsequent heating are essentially identical and agree with 

bulk P2VP measurements from literature (Figure A.6). Dielectric measurements of polymer 

nanocomposites have been studied extensively, and are therefore beyond the scope of this 

work.58,65,73 

A.8 Extracted QENS Broadening for PNCs of Various Molecular Weights 
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Figure A.7: Quasi-elastic broadening (FWHM) of Lorentzian contribution to the fit of QENS 
spectra for bulk P2VP and PNCs (with 25 vol% NPs) of different matrix molecular weights. In 
each case, the addition of NPs suppresses the diffusive dynamics. 
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A.9 Sample Degradation Analysis 

Table A.1 presents GPC measurements of bulk P2VP samples before and after QENS 

measurements. 10 and 40k kg/mol samples were measured with a Shimadzu Prominence High 

Performance Liquid Chromatograph with two PLgel mixed-D columns (Agilent). On-line multi-

angle light scattering (MALS) measurements were performed using a Wyatt Dawn Heleos II light 

scattering detector. Weight-averaged molecular weight was determined by MALS (dn/dc = 0.195), 

and molar mass distributions were determined relative to narrow-dispersity polystyrene standards 

using Wyatt Astra VII software. Samples were measured in THF at a flow rate of 1 mL/min. 190k 

samples were measured with the GPCMax with TDA from Malvern Instruments with three PLgel 

Mixed B column (Agilent). Samples were measured with 0.5% TEA in THF at a flow rate of 1 

mL/min after calibration based on DRI detector signals with P2VP standards from Scientific 

Polymer Products, Inc. 

 Figure A.8 presents a time-dependent analysis of QENS data, showing no significant 

variation in the measured diffusion coefficient with measurement time. Figure A.9 and Figure A.10 

present measurements of the glass transition temperature and degradation behavior, respectively, 

for samples before and after measurement.   

Table A.1: Measured molecular weight of bulk P2VP samples before and after fixed window scans 
and QENS measurements. Note that 40 kg/mol QENS samples were measured at four temperatures 
while other MWs were measured at only one. PDI values, defined as Mw/Mn, are included in 
parenthesis.  

Sample Name Mw in kg/mol (PDI) 
Before QENS After QENS 

10k Bulk 9.9 (1.03) 9.8 (1.03) 
40k Bulk 39.3 (1.12) 33.1 (1.13) 
190k Bulk 188 (1.24) 92 (1.85) 
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Figure A.8: Degradation analysis of bulk 190 kg/mol P2VP as a representative example. The 
QENS data was analyzed in four sequential 3-hour experiments and then analyzed individually and 
compared to the summed data. (left) FWHM of Lorentzian contribution to QENS for four 
measurement periods. Inset: Diffusion coefficient extracted over each measurement period. (right) 
Extracted diffusion coefficient (normalized to the average diffusion coefficient over entire 
measurement) plotted as a function of time. No systematic trend is observed and deviations from 
the average are well-within error.  

 

 

Figure A.9: Difference in calorimetric glass transition temperature (Tg) of bulk P2VP samples 
before and after fixed window scans and QENS measurements. The shape of the glass transition 
was unchanged (not shown). 
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Figure A.10: Thermogravimetric curves for bulk 190 kg/mol P2VP (as a representative example) 
before and after fixed window scans and QENS measurements. Degradation temperature and 
behavior remained unchanged after the sample was subjected to measurement conditions.  
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 4 

 

B.1 Table of Simulation Parameters 

Table B.1: Table of simulation parameters for select systems including chain length (N), NP size 
(RNP), box dimensions (Lx, Ly, Lz), macroscopic diffusion coefficient in z direction (Dz), and the 
maximum LJ time. 

Confinement N 2RNP Rg/RNP Lx Ly Lz Dz LJ time 
Bulk 50  N/A 22.744 22.744 22.744 8.7E-4  
0.5 50 7 1 21.2 18.36 57.566 7.6E-4 1.7E7 
0.75 50 7 1 24.8 21.48 42.167 7.7E-4 7.8E6 
1 50 7 1 28.4 24.6 57.4 8.2E-4 1.2E7 
2 50 7 1 21.4 37.07 47.4 8.5E-4 9E6 
1 50 14 0.5 21.4 18.53 53.9 -- 4.8E6 
1 50 3.5 2 21.2 36.72 56.1 -- 5.4E6 
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B.2 Polymer Density in Simulation Box 

 
Figure B.1: Local polymer density as a function of z position in the simulation box.  
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B.3 Random-walk Conformation Maps 

 
Figure B.2: Conformation map in x-y plane through NP monolayer for various degrees of 
confinements obtained from MD simulations (top) and random walk calculations (bottom). NP 
representations in maps from random walk calculation are added to exclude conformations where 
the COM of the conformation is within the NP excluded volume. 
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B.4 Random-walk Conformations Around NPs 

Role of NP size      Role of chain length 

 

Figure B.3: Conformation profile plotted as normalized perpendicular component of Rg as a 
function of COM distance from the NP surface for different NP sizes (left) and chain lengths (right). 
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B.5 MSD of Bulk and PNC systems 

  

Figure B.4: Macroscopic mean-squared displacement as a function of LJ time for bulk N=50 chains 
(left). Comparison of MSD in z-direction for bulk and ID/2Rg=0.5 systems (right). 
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B.6 Diffusion Coefficient Extracted From van Hove Distribution as a Function of 

Time  

 

Figure B.5: Extracted diffusion coefficient from van Hove distribution analysis as a function of 
time for bulk polymer (top) and ID/2Rg = 0.5 (bottom). Dashed lines represent macroscopic 
diffusion coefficient of bulk polymer. 
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B.7 van Hove Distributions for Representative z0 

 

 

Figure B.6: van Hove distributions for bulk and confined systems for several starting locations, as 
depicted in the insets, and Dt = 93,000t. Figures include z0 = 0 (left), z0 = 4 (middle), and z0 = 22 
(right). 

 
  



 202 

APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 5 

C.1 Dispersion of SiO2 NPs in P2VP 

 
Figure C.1: Transmission electron micrographs showing homogeneous dispersion of SiO2 
nanoparticles in (a) 31 kg/mol and (b) 110 kg/mol dP2VP at 19 vol%, the highest concentration 
studied. The TEM specimens were prepared from ~150 nm thick P2VP/SiO2 on ~30 nm PS that 
was floated from a silicon wafer in DI water and transferred to a TEM grid. Due to the high NP 
concentration and sample thickness (~180 nm total), there is extensive overlap of the NPs in the 
TEM image. However, P2VP/SiO2 is known to form stable dispersions.65,208,210 TEM images 
showing SiO2 dispersion in various Mw P2VP (28 – 300 kg/mol P2VP and 10 vol%) after the same 
sample preparation can be found in Ref 208.  
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C.2 RBS measurements of unannealed bilayers 

 
(a) 

 
(b) 

 
(c) 

Figure C.2: (a) RBS measurements of all unannealed diffusion couples showing counts in Si peak 
as a function of depth. (b,c) Comparison of 31 and 110 kg/mol PNCs with RBS (b) and ERD (a). 
We note that the 31 kg/mol sample (open symbols, ~130 nm) is thinner than the 110 kg/mol sample 
(closed symbols, ~160 nm), but the NP concentration is the same (Table C.1). We also note that 
the ratio of counts in ERD and RBS (which is directly related to the relative amount of polymer 
and NP) are in good agreement for both samples.   

Table C.1: Quantitative comparison of unannealed tracer films from Figure C.2a, which are 
defined by dP2VP Mw and fNP. The total Si signal from RBS normalized by the dose (ISi) is 
calculated from Figure C.2a for -200 nm < z < 400 nm. The film thickness (h) and fNP were 
determined from fitting raw experimental data in SIMNRA. Between the different samples, the 
experimental ISi should depend primarily on fNP and h, and as expected, ISi/(h*fNP) is constant 
(within ~10%) for all samples. This verifies that our assignment of h and fNP are reasonable.  

dP2VP Mw 
(kg/mol) 

fNP 
(vol%) 

ISi, Integrated RBS 
counts per dose  
(-200 nm < z < 400 nm) 

h, film 
thickness (nm) 

ISi / (h*fNP) 
(counts/nm) 

130 
4 29.3 105 0.0699 
11 87.5 125 0.0637 
16 155.8 150 0.0649 

31 19 194.9 160 0.0641 
110 19 154.0 130 0.0624 
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C.3 Bound layer thickness analysis for 31 and 110 kg/mol dP2VP PNCs 

 

  

Figure C.3: Analysis of bound layer thickness for 31 kg/mol dP2VP (left) and 110 kg/mol dP2VP 
(right) PNCs comprised of 19 vol% SiO2 and annealed for short times (5 min and 45 min 
respectively). In both cases, the bound layer thickness extends ~Rg from the NP surface, in 
qualitative agreement with Figure 5.4d. The underlying P2VP matrix in both cases is 250 kg/mol.  
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C.4 Measurements of bulk diffusion 

 

 

Figure C.4: Measured ERD depth profiles and diffusion coefficients for (top left) 31 kg/mol and 
(top right) 110 kg/mol dP2VP at 180˚C and varying annealing times. (bottom) Bulk diffusion 
coefficients as a function of inverse temperature. Measurements at 160˚C and 200˚C were 
extrapolated from measurements at lower temperatures (solid circles and triangles) assuming a 
similar fragility as bulk PS (solid black squares). Importantly, the fragility index of chain-scale 
dynamics for PS and P2VP are largely independent of molecular weight and have similar values 
(~90).322 By comparing available Dchain measurements from PS (Ref 188) and P2VP (this work and 
Ref 109) in (bottom), this assumption seems reasonable.  We also note that D31k/D110k ~ (N31k/N110k)-

2.1, in reasonable agreement with the expected D~N-2.3.327 
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Table C.2: Reptation times (trep) defined as the square of the chain radius of gyration (Rg) divided 
by the chain diffusion coefficient (Dchain) and considered the time required for a chain to diffuse 
one characteristic length in the bulk. The chain diffusion coefficient (Dchain) is obtained from Figure 
C.4. These values are used to normalize for chain mobility in Figure 5.7. 

dP2VP Mw 
(kg/mol) 

trep = 𝑅S
+

𝐷=?x;<
t (s) 

160˚C 180˚C 200˚C 
31 0.78 0.08 0.02 
110 39 4.1 0.92 
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C.5 Efficacy of restricting NP diffusion by increasing matrix Mw 

 

 
Figure C.5: Effect of matrix molecular weight on NP diffusion. NPs freely diffuse into 38 kg/mol 
P2VP and NPs remain in the top film when the bottom film is 250 kg/mol. The extracted diffusion 
coefficient from NPs into 38 kg/mol is in good agreement with Ref 208, suggesting that NPs are 
diffusing as individual entities in our PNCs samples, even for tracer PNC films with fNP = 19 vol%. 
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 6 

D.1 Description of Materials   

 

 
P2VP  

Figure D.1: Chemical structure of poly(2-vinylpyridine) (P2VP, left) and octa(aminophenyl) 
polyhedral oligomeric silsesquioxane NPs (OAPS, right) 
 

Table D.1: List of measured polymer molecular weight, entanglements per chain (M/Me), radius 
of gyration (Rg), and measured viscosity (h) for each polymer studied. Also included is the 
measured diffusion coefficient of OAPS NPs (DOAPS), their Stokes-Einstein prediction (DSE), and 
the measured enhancement relative to DSE. 

Mw (kg/mol)a M/Me
b Rg (nm)c h (Pa*s) DOAPS (cm2/s) DSE (cm2/s) DOAPS/DSE 

P2VP 
      

28,000 1.6 4.6 1.21E4 2.2E-12 2.49E-13 8.8 
49,000 2.7 6.1 6.28E4 1.8E-12 4.82E-14 37.4 
90,000 5.0 8.2 3.00E5 1.33E-12 1.01E-14 131.9 
122,000 6.7 9.6 6.95E5 1.05E-12 4.35E-15 241.2 
301,000 16.7 15.0 1.76E7 3.25E-13 1.71E-16 1896.0 
379,000 21.1 16.9 5.02E7d 3.8E-13 6.03E-17 6302.2 
467,000 25.9 18.7 1.02E8d 3.3E-13 2.98E-17 11074.3 
dP2VP 

      

99,000 5.5 8.6 
    

aAll molecular weights were measured with GPC and polydispersities were < 1.3 
bEntanglement calculation using Me = 18 kg/mol 
cRg calculated assuming b = 1.8 nm 
dExtrapolated values assuming h ~ Mw

-3.4 
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D.2 Glass Transition of P2VP/OAPS PNCs 

          

Figure D.2: (left) Calorimetric glass transition temperature (Tg) of P2VP/OAPS as a function of 
OAPS concentration. With increasing OAPS concentration (fOAPS), Tg increases monotonically as 
expected from reduced segmental dynamics and observed elsewhere.108 (b) Tg of bulk P2VP (solid 
circles) and P2VP/OAPS PNCs at fOAPS = 5 vol% (open circles) as a function of molecular weight. 
Inset of (right) shows the change in Tg (DTg = Tg

PNC - Tg
bulk) as a function of molecular weight. 

Although there is a slight increase in Tg as a function of molecular weight, DTg appears to be mostly 
independent of molecular weight, within 1°C, between 38 kg/mol and 467 kg/mol.  
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D.3 Dispersion of OAPS: X-ray Scattering  

 
             

            (a) 

 
      (b) 

 
       (c) 

 

Figure D.3: (a) X-ray scattering characterization of P2VP/OAPS PNCs from 0.0017 Å-1 < q < 3 
Å-1, or 0.2-370 nm. The plateau and lack of features for 0.02 Å-1 < q < 0.5 Å-1 suggests minimal 
aggregation and well-dispersed OAPS. We note that the low q upturn (q < 0.02 Å-1) is also apparent 
in bulk P2VP and in the same PNC system and has been attributed to impurities or voids rather 
than large scale aggregates.108 (b) Wide-angle X-ray scattering showing P2VP amorphous halo and 
no additional features in PNCs with OAPS (such as OAPS crystallization peaks), further supporting 
reasonable OAPS dispersion. (c) Isolation of OAPS scattering obtained by subtracting bulk P2VP 
from P2VP/OAPS PNC (15 vol%) between the low q upturn and amorphous halo. Line in (c) shows 
fit to data with fuzzy sphere model with radius of 0.9±0.5 nm, in good agreement with previous 
measurements and analysis.108 We also note that P2VP/OAPS PNCs are optically transparent and 
homogeneous at all NP concentrations studied.  
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D.4 Dispersion of OAPS: Depth profile of matrix films  

 
Figure D.4: Depth profile of Si measured with RBS showing uniform OAPS dispersion through 
the depth of doctor bladed and annealed films with no measurable surface aggregation.  
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D.5 Dielectric Measurements of P2VP/OAPS Nanocomposites: Role fNP  

 

 
Figure D.5: (left) Dielectric spectra normalized to the maximum associated with a-relaxation at 
T=140˚C (same temperature as diffusion measurements) as a function of frequency. Symbols are 
experimental data and lines are fits comprised of a conductivity term and a single Havriliak-Negami 
function.57 (right) Extracted segmental relaxation time as a function of inverse temperature for bulk 
P2VP and P2VP/OAPS PNCs. Dielectric results are in good agreement with literature.55,108 We 
note that we expect Stockmeyer type A response of P2VP and that BDS measures rotational 
relaxation times, which are expected to deviate slightly from translational relaxation times by a 
factor of 1/2.57 
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D.6 Viscosity Measurements of P2VP and P2VP/OAPS  

 
Figure D.6: Complex viscosity of 49 kg/mol bulk P2VP (black) and P2VP with 5 vol% OAPS 
(red), an approximate OAPS concentration relevant to NP diffusion measurements. Experimental 
details for measurements can be found in Ref 208.  

 

Oscillatory shear measurements were performed using a Rheometrics Solids Analyzer II 

in a sandwich fixture under small applied oscillatory strain (amplitude = 1%). Samples were 

annealed at 190°C for 20 minutes, then cooled to the corresponding measurement temperature. The 

zero-shear viscosity was extracted from the low frequency imaginary shear modulus for 28 and 49 

kg/mol P2VP at 140°C. For 90, 122, and 301 kg/mol P2VP, the zero-shear viscosity can not be 

obtained from the mechanical spectrum G’ and G” measured at 140°C. Measurements of 90 and 

122 kg/mol P2VP were performed at 150-190°C in steps of 10°C and measurements of 301 kg/mol 

P2VP were performed at 180°C and 190°C. In these cases, time-temperature superposition was 

applied to create master curve rheological spectra using Tref = 140°C, and the zero shear viscosity 

was determined from these TTS master curves. The viscosity of 376 and 467 kg/mol P2VP was 

estimated by extrapolating the measured viscosities of the lower molar mass P2VP samples 

assuming scaling of Mw
3.4. All viscosities are listed in Table D.1.    



 214 

D.7 Dielectric measurements of P2VP: Role of molecular weight 

 

Figure D.7: Dielectric spectra normalized to the maximum associated with a-relaxation at 
T=140˚C (at the same temperature as diffusion measurements) for representative low, medium, and 
high molecular weight bulk P2VP. The extracted relaxation time (ta) is measured to scale weakly 
with ta~Mw

0.15±0.05, as can be expected due to slight differences in the glass transition temperature 
(Figure D.2). 
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D.8 Comparison of polymer diffusion with mobile and immobile NPs  

 
Figure D.8: Comparison of P2VP diffusion in OAPS/P2VP PNCs to the master curve developed 
from diffusion through immobile NPs at T=Tg+75˚C (grey line)272 and measurements of PS 
diffusion into PS/phenyl-capped SiO2 at T=Tg+40˚C (grey squares)188 plotted as function of the 
interparticle distance (ID) relative twice the radius of gyration (2Rg). ID is determined assuming 
randomly distributed OAPS NPs (dNP=1.8 nm), given by ID = dNP[(2/(pfNP))1/3 – 1], where fNP is 
the NP volume fraction.  
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APPENDIX E: FUNCTIONALIZATION OF NANOPARTICLES 

E.1 Introduction 

This appendix describes best practices and outlines a method for functionalizing colloidal 

oxide nanoparticles (NPs). This method has been applied to Nissan silica (SiO2) NPs, specifically 

MEK-ST (14 nm in diameter) and MEK-STL (53 nm in diameter), but can likely be used to 

functionalize other SiO2 NPs. This method was used to functionalize NPs with For the reactants (or 

capping agents): phenyldimethyl-methoxysilane (PhDMMS), aminodimethyl-methoxysilane 

(ADMMS), and most commonly, octyldimethyl-methoxysilane (ODMMS). Other capping agents 

with similar silane chemistries should work as well. The typical batch size is 9 grams of SiO2 in 

100 mL of solvent. There is no fundamental limitation of batch size but changing the concentration 

may affect reaction rates. No systematic studies were done to determine the ideal concentration. 

This appendix begins by defining the necessary materials and equipment, then describes the 

preparation of glassware and solutions, and then outlines the conditions for running the reaction.  

This appendix also describes methods for purifying and characterizing the functionalized 

NP solutions. After the reaction is run to completion, successive washing with a poor solvent is 

done to purify the NP solution, change the final solvent, and control the final NP concentration 

(cNP). Since unreacted silane capping agents and reacted dimers are soluble in hexane but the NPs 

are not, repeated dilution with hexane followed by centrifuging allows isolation of functionalized 

NPs. To characterize the efficacy of the reaction, flocculation and thermogravimetric analysis 

(TGA) are used and described herein. Flocculation measurements fundamentally measure the 

change in surface energy in solution while TGA fundamentally measures the mass of molecular 

moieties on the surface on dried NPs.  
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E.2 Materials and Equipment for Reaction 

Necessary equipment:  

• A fume hood with access to nitrogen gas and running water 

• Hot plate capable of simultaneous heating and stirring 

• Oil bath capable of temperatures up to ~100°C and large enough to encompass the reaction 

vial 

• Jack used to raise and lower reaction vial into oil bath 

• Clamps and clamp stands 

• Centrifuge capable of up to ~5000 rpm and up to 50 mL tubes 

Necessary glassware:  

• Glass condenser   

• Three-neck round bottom flask (reaction vessel) 

• Various glass pipettes, beakers, vials, and bottles 

Additional accessories: 

• Needles (23G), at least three 

• Neoprene tubes for flowing nitrogen and other tubes for flowing water  

• Metal tube clamps to secure tubes for water 

• Rubber stoppers for reaction vial and condenser 

• Centrifuge tubes (50 mL) 

Materials: 

• Anhydrous THF 

• Hexane isomers 

• SiO2 NP stock solution 

• Pure capping agent solution (stored in dry conditions) 
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Selection of capping agent: 

 

(a)                              (b)                                  (c)                                (d) 

Figure E.1: The silane on the right (green) is the suggested type for functionalizing silica, as 
described below.  

 

When choosing a silane molecule for this procedure, there are important points to consider 

regarding the silane chemistry, as schematically presented in Figure E.1: 

• The molecule needs to be soluble in THF, since that is the solvent that hosts the reaction. 

It also must be soluble in hexane so the solution can be purified after the reaction. 

• Capping agents with one oxygen (C-O-C, ester group) (a) is preferred over capping agents 

with three (b). A single methoxy group limits the side reactions. Trimethoxy-silanes can 

polymerize with themselves and from oligomeric grafts on the NP surface or in solution 

rather than single groups. This complicates the NP interface and measurements of 

functionalization density.  

• Methoxy-silanes (a) are preferred over those containing chlorine (c). A byproduct of the 

reaction with methoxy-silanes is methanol while a byproduct of chloro-silanes is 

hydrochloric acid. The former is far preferred. Also, the chloro-silane groups are more 

reactive which may promote undesired side reactions.  

• The capping agent should be methoxy- (a) instead of ethoxy-silanes (d). Methoxy silanes 

are likely more reactive and less affected by steric hindrance.  
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E.3 Preparation of Materials  

E.3.1 Preparing NP solution (for Nissan NPs in MEK) 

1. Carefully move the NP stock solution without shaking it as aggregates tend to sediment 

over time. In a fume hood, draw from the top of the solution and transfer the appropriate 

amount of stock solution (usually 30mL) into a capped bottle with a stir bar.  

2. Slowly add anhydrous THF (dropwise) to the NP solution while stirring. Always add a new 

solvent to a NP solution and not the other way around to slowly change the dielectric 

constant of the NP solution. An appropriate drop rate is ~1 drop per second until the NP 

solution is majority THF and an appropriate spin speed is ~250-400 rpm. A burette may be 

useful for dropwise adding THF, but be sure to minimize splashing in the beaker.  

3. Continue adding anhydrous THF until the solution has an approximate concentration of 90 

g/L (mass SiO2 per volume total solvent) and the batch size is appropriate. For 30 mL 

Nissan MEK NPs (which comes from the manufacturer at ~300 g/L), 70 mL of THF is 

appropriate.  

4. Allow the solution to stir for several minutes with a slight vortex.  

5. Sonicate the solution for ~5 minutes. 

6. Consider letting this solution sit overnight to see if the solution is unstable and if NPs 

sediment to the bottom of the beaker. If this problem persists after sonication, add the THF 

solution more slowly or dilute partially with MEK before adding THF.  

E.3.2 Preparing capping solution 

1. The capping agents should be stored in the glove box to minimize exposure to moisture 

since they can react with water. Before removing them from the glove box, calculate the 
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amount of capping agent needed for the reaction using the equation in the next subsection. 

This calculation should be completed before proceeding.   

2. With a micropipette, take out the precise amount of capping agent needed and put it into a 

sealable vial. This amount is usually on the order of 10 µL – 1 mL but depends on the 

targeting areal density, NP size, and batch size.  

3. Dilute the pure capping agent in the vial with at least three times the volume of anhydrous 

THF. This step helps the solution mix properly with the NP solution when added, helps 

dilute the reactant molecules, and helps ensure all of the caps are transferred to the reaction.  

4. Seal the vial tightly, add parafilm, and put it aside until you are ready to start the reaction. 

It is best to do this just before you are ready to add it to the NP solution to minimize the 

time it is out of the glove box. 

E.3.3 Determining the amount of capping agent to add  

 It is important to determine the appropriate amount of capping agent needed for the 

reaction. We use the amount of reactant added to control the areal density of functionalization on 

the NP surface. If the reaction is run in excess (targeting much more than 5 caps/nm2) the resulting 

NPs can be considered fully functionalized. To produce less dense coverage on the surface, fewer 

caps can be added to the solution (e.g. targeting < 1 cap/nm2). However, characterization is 

necessary to understand the relationship between the target and actual coverage. Unknown reaction 

rates, unknown side reactions, and steric hindrance, among other factors, lead to uncertainty in 

predicting the functionalization coverage.  In fact, most capping molecules will not bond to the 

surface. Successful batches show the measured coverage is ~5-20% of the target coverage, but this 

should not be considered a general rule and it is unclear what primarily dictates this efficiency. 

Reactions of capping agents with the glassware, moisture in the NP solution, and other capping 

agents (forming a dimer) all contribute. 
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 Below is the derivation and presentation of how to calculate the necessary amount of pure 

capping solution to add.  

 

Table E.1: Definition of known variables used to calculate the amount of pure capping agent 
required for the reaction.  

Variable Definition   Variable Definition  
dNP diameter of silica [nm]  rNP density of silica [g/mL] 

cNP concentration of NP 
solution in [mg/mL]  rcap density of the capping agent [g/mL] 

Vsoln 
volume of nanoparticle 
solution in the reaction 
[mL] 

 MWcap 
molecular weight of the capping 
agent [g/mol] 

starget 
targeted areal density of 
caps [caps per nm2]  NA Avogadro’s number [6.022*1023 in 

molecules/mol] 
 

Table E.2: Definition of unknown variables used to calculate the amount of pure capping agent 
required for the reaction.  

Variable Definition   Variable Definition  
SANP surface area per NP [nm2]  VNP total volume of NPs [mL] 

SAtot 
total NP surface area in 
solution [nm2]  Ncap number of caps needed 

NNP number of NPs in solution  Vcap volume of pure capping agent 
needed [mL] 
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Calculate the surface area per NP:   

𝑆𝐴&' = 𝜋 ∗ 𝑑&'+     (E.1) 

Calculate the total volume of NPs in the solution: 

𝑉&' =
�D597∗=%&∗(:E?

{%&
    (E.2) 

Calculate the total number of capping molecules needed: 

𝑁&' =
�%&∗8

0∗c%&?∗(:0F
    (E.3) 

Calculate the total surface area of the NPs in the solution: 

𝑆𝐴k>k = 𝑁&' ∗ 𝑆𝐴&'     (E.4) 

Calculate the number of caps needed for target coverage: 

𝑁=xe = 𝑆𝐴k>k ∗ 𝜎kxUSdk    (E.5) 

Calculate the total volume of pure capping agent needed to add to the reaction: 

𝑉=xe =
&GH"∗4�GH"
{GH"∗&;

     (E.6) 

 

E.4 Preparation of Glassware  

It is important to thoroughly clean the 3-neck round bottom flasks before and after each 

reaction. The condensers should be rinsed with acetone on the inside. 

1. With warm deionized water, wash the flasks in the sink with soap. Use a curved brush to 

wash every spot. Using DI water, not tap water, is important during cleaning.  

2. Triple rinse the flasks with DI water to ensure all soap is removed.  

3. Rinse the flask with methanol, toluene, and acetone, in that order. Repeat with particular 

solvents if it is not fully cleaned, using the solvent you think is best for the residue. Always 

end by rinsing with acetone because it is most volatile and easier to dry.  

4. Let it dry in a glassware oven for about 15 minutes or until completely dry. 
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5. Pour about 30mL of anhydrous THF into the flask and add a stir bar. This is done to clean 

the interior of the flasks and condensers with warm THF (simulating the reaction 

conditions) and to also test the setup for leaks before the reaction starts. 

6. Attach the condensers to the middle neck of the flask with green glassware clips and 

consider using PTFE covers to further secure the junction. Put stoppers on all other necks 

and the top of the condenser. 

7. Set the oil bath temperature to 70°C. Add a stir bar (or paper clip) into the oil bath and stir 

it to ensure temperature homogeneity. Wait until the temperature has equilibrated. 

8. Using a jack, lower the round bottom flask with anhydrous THF into the oil baths and turn 

on the water through the condenser. 

9. Put the nitrogen inlet in one of the round bottom flask necks and route the outlet from the 

top of the condenser to an oil bubbler. Note this is not how it is depicted in Figure E.2. 

Each junction should be a needle through a rubber stopper.   

10. Turn on the gas. Adjust the rate so that the oil bubbler has about 3 bubbles per second, but 

adjust as appropriate.  

11. After several minutes, but no more than 30 minutes, move the nitrogen inlet from the round 

bottom flask neck to the top of the condenser. This final configuration is depicted in Figure 

E.2. This process is done to ensure the environment is entirely nitrogen and the oxygen and 

moisture are flushed out. Note that if the nitrogen inlet is left in the bottom the vessel, THF 

vapor may be removed with the N2 flow, and the solution volume and concentration will 

change (which is undesirable).   

12. Let this run for at least a few hours, preferably overnight, while checking all junctions, 

temperatures, flow rates, etcetera.  
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Figure E.2: Schematic representation of reaction setup. Some features are excluded for clarity, 
including tubing for water inlet and outlet, rubber stoppers on round bottom flask necks, condenser, 
thermometer, jack, and syringe and needle to add capping agent (mustard colored solution). 

E.5 Running the Reaction  

The directions for this section assumes the reader is proceeding from Section E.4.  

1. Stop the water and nitrogen flow. 

2. Detach the flask from the condensers and pour out the THF. 

3. Vortex briefly then sonicate the particle solution made in Section E.3 for ~5 min. 

4. Transfer the recently sonicated NP solution into the three neck round bottom flask (pour 

with a glass pipette to avoid spilling) and reattach it to the condenser. It is necessary to 

parafilm the stoppers if they swell with warm THF. 

5. With a marker, mark the solution line on the flasks so evaporation or loss of solution can 

be monitored. 

6. Lower the flasks into the oil baths. The stir speed should be fast enough to see a slight 

vortex but minimize unnecessary and uncontrolled contact with the flask walls.  
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7. Turn on the water.  

8. Ensure the oil bath remains at 70°C and lower the flask into the oil bath. 

9. Fix the N2 inlet in the round bottom flask neck and outlet at the top of the condenser. 

Then turn the gas on. This allows the system to be filled with nitrogen faster and more 

effectively. Let this run for ~15 minutes, but no more than 30 minutes.  

10. Move the N2 inlet back to the tops of the condenser. 

11. Now that the NP solution is at 70°C and completely under nitrogen, gather the capping 

agent made in Section E.3.  

12. Attach a needle to a 20mL syringe and transfer the caps from the vial to the syringe. Note 

that the syringe must be compatible with THF. 

13. Aiming for the middle of the solution, puncture the front-most stopper and slowly add the 

caps to the solution. Try to avoid running the capping agent along the wall of the flask.  

14. Parafilm all stoppers on the flasks if they swell with warm THF to prevent loss of 

solution.  

15. After adding the caps, the reaction has officially started so note the time. Close the hood 

and clearly write down the details of the reaction, materials, timing, and your contact 

information in the event something happens. 

16. Let reaction run for 24 hours. Check on it periodically to make sure that water and 

nitrogen are still flowing. Also, check to make sure the solution maintains the same 

volume (i.e. none is evaporating). If the solution is decreasing in volume, either add 

anhydrous THF to the line marked in step 5 or find and fix the source of loss.  

17. When stopping the reaction, use the jack to remove the flasks from the oil baths. Turn off 

the heat.  

18. Once the solutions have reached room temperature, turn off the nitrogen and water.   
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19. Remove the flasks from the condensers, take off the stoppers and pour the solutions and 

stir bars into sealable bottles. Parafilm the bottles. They are now ready to purify.  

E.6 Purifying the Functionalized NPs 

This process is designed to remove 99.9% of the unreacted caps or dimers from solution 

by crashing particles out with hexane, centrifuging to collect them, and then redistributing them 

with THF. After successful functionalization, NPs are stable at higher fractions of hexane in 

THF/hexane mixtures, depending on their cap and density. But eventually, they will flocculate. 

Therefore, it is important to test the precipitation point beforehand with a small amount of solution 

so that one can calculate the maximum amount that can be cleaned while using the fewest centrifuge 

tubes. 

There are two main ways to crash with hexane effectively. The first option is to crash the 

NP solution by adding hexane in a 50 mL centrifuge tube, centrifuging, removing the supernatant, 

redispersing the NPs, and repeating this process. This is more thoroughly discussed below as it is 

the preferred method. The second method is more time consuming but can be used to purify larger 

batches and may be better for NPs with dense functionalization of non-polar moieties. Here, the 

NP solution is added to a large beaker (~1000 mL or more) and flushed with hexane. This large 

beaker is then sealed, placed in an ice bath (to further decrease the solvent quality), and left 

undisturbed for several hours or overnight. Assuming enough hexane was added, the NPs will 

flocculate to the bottom of the large beaker. The clear supernatant can be carefully removed. By 

agitating the NPs at the bottom, the NPs in poor solvent can be transferred to centrifuge tubes and 

centrifuged to more effectively collect all of the NPs. While this option is more time consuming 

and still requires centrifuging after removing the supernatant from the large beaker, it can be used 

for larger batches and more non-polar NPs.  

Steps for crashing NPs with hexane, centrifuging, and redispersing are presented below. 



 227 

1. In an 8mL vial, add 0.5mL of capped particle solution and a clean stir bar.  

2. Have this solution spin on a stir plate. When the NPs have flocculated, the solution will 

turn white and be opaque. Make sure that the background of the vial makes it easy to see 

whether the particles have flocculated.  

3. Slowly add hexane, keeping track of how much is added.  

4. Stop when the solution turns white and cloudy and calculate the ratio of hexane to NP 

solution. The following steps should be adjusted accordingly based off that ratio, or a 

higher ratio of hexane to ensure the NPs crash during purification.  

5. By limiting the amount of total solution in a 50 mL centrifuge tube to 40 mL, calculate the 

amount of NP solution that can be added to the centrifuge tube using the ratio from step 4. 

For example, if the flocculation point is around 85% hexane, add 5mL (or less) of the 

capped particle solution to a 50mL centrifuge tube and pour 35mL of hexane into the tube. 

6. Pour the proper amount of the NP solution into the centrifuge tube. 

7.  Pour the proper amount of hexane into the tube. Close the lid tightly, shake well, and 

vortex to mix the solution thoroughly.  

8. Centrifuge for 3 minutes at 3000 rpm. When done, the bottom should have a white pellet 

and the top should be clear. Centrifuging too aggressively will result in a pellet that is 

compact and difficult to redisperse. Centrifuging too little will lead to a loose pellet and 

will result in a loss of NPs when the supernatant is removed. Centrifuging for longer times 

and at 5000 rpm has also been successful, but these conditions were not thoroughly tested.     

9. Remove the top of the solution (the supernatant) in the tube and discard safely. 

10. Fill with ~5 mL of THF then shake and vortex the NP solution. After vortexing, sonicate 

for ~5 min. If the solution isn’t clear yet after the pellet has completely broken apart, 

consider adding more THF (or hexane to dilute the NP concentration further for non-polar 

NPs) as needed. Note, if more THF is added to redisperse the NPs than was originally 
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introduced, the NPs may not flocculate in the centrifuge tube after flushing with hexane. If 

this happens, the contents of the tube will need to be divided into two tubes. As a result, a 

best practice is to add ~90% of the THF that was originally added to redisperse the NPs. 

For example, if 5 mL of NP solution was added initially, consider adding 4.5 mL or less of 

THF to redisperse. Adding some hexane helps to dilute the NP solution and will help break 

up the pellet. 

11. Sonicate the tube for ~5 minutes after the pellet is redispersed. 

12. Repeat steps 7-11 at least two more times. Calculate the fraction of nonreacted caps or 

dimers that were removed by considering the solution volume that was removed and 

assuming caps/dimers are homogeneously distributed. Continue this process until 99.9% 

of caps are theoretically removed.  

13. Note that after the last iteration, any solvent can be used to break up the pellet and 

redistribute the NPs. Thus, the final solvent and final concentration can be controlled. 

Obviously, only solvent that produces a stable solution can be used. A combination of 

solvents can also be used if that is desired. 

14. Finally, store the solutions in closed bottles that are sealed with parafilm. 

 

E.7 Characterization of functionalized NPs 

E.7.1 Flocculation method 

 When functionalizing SiO2 NPs with different moieties the NP surface energy will change. 

This can be directly observed by systematically documenting the flocculation point as hexane is 

added to the NP solution. This can be done by adding 1 mL of a predetermined concentration of 

NPs in a good solvent (suggested cNP ~ 40 g/L) to two different vials. Then, in one vial add hexane 
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and in the other add the same good solvent. Add the solvents in small increments (less than 0.5 mL 

is suggested) while recording the total amount added. When the NPs crash out of the solution that 

has been diluted with hexane, the solution will turn white and opaque, especially relative to the 

solution diluted with the good solvent which should not change colors appreciably. Thus, the 

flocculation point can be determined from the difference in color and clarity between the two NP 

solutions. Figure E.3 demonstrates this experiment with MEK-STL in MEK by comparing 

unmodified NPs and octyl-functionalized NPs at the flocculation point of the unmodified NPs 

(1:1.5, MEK:hexane) and octyl-functionalized NPs (1:3, MEK:hexane). 
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Figure E.3: (left) Unmodified MEK-STL NPs in MEK:hexane (1:1.5) and only MEK (MEK 
control). The NPs flocculate in the MEK:hexane solution. (center) Octyl-modified MEK-STL in 
MEK:hexane (1:1.5) and only MEK (MEK control). Both NP solutions remain stable indicating a 
change in the surface energy relative to the unmodified NPs. (right) Octyl-modified MEK-STL in 
MEK:hexane (1:3) and only MEK (MEK control). NPs in the MEK:hexane solution have 
flocculated, thus defining the flocculation point.  

While it is difficult to determine the exact capping density from this method, this is a simple 

experiment that can be conducted rapidly in any laboratory after a reaction to confirm that it was 

successful. It is possible to more quantitatively conduct the experiment or analyze the results, but 

that is beyond the scope of this appendix. 

 

E.7.2 TGA method 

TGA is used to quantitatively analyze the degree of functionalization of the SiO2 

nanoparticles after a reaction. The observed weight loss in a TGA experiment of dried NP powder 

is due to adsorbed water, the capping agent or surface hydroxyls, and impurities leaving the surfaces 

of the nanoparticles. Note that the commercial Nissan NPs likely have covalently bonded molecules 

or adsorbed surfactants on the NP surface, but this information is proprietary.  Separating the 

contributions and masses is challenging but if it is done correctly, TGA provides a quantitative 

number of caps on the NP surface.  
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E.7.2.1 Preparing the TGA sample: 

1. Record the mass of an empty aluminum weighing dish.  

2. With a micropipette, add the purified NP solution product to the dish. Add enough solution 

to have  at least 60 mg of dried NPs. If the product concentration is unknown, deposit ~3 

mL and use this step to measure the concentration.  

3. Carefully bring the dish with solution to the hood and place it on a hot plate.  

4. Heat the solution and dish to the boiling point of the solvent and wait well beyond the time 

it takes the the solvent to be visually evaporated.  

5. Careful move the dish with dried NPs to a vacuum oven. Heat the oven to the same 

temperature as the hot plate and pull vacuum for ~ 1 hour. This will ensure most adsorbed 

water and remaining solvent is removed.  

6. Record the mass of the boat and dried nanoparticles and confirm there are ~60 mg or more. 

This is an appropriate amount for a single TGA measurement of dried NPs. 

7. Proceed to the TGA measurement. See below for suggested TGA thermal treatment. It is 

important to use platinum pans, not aluminum, because this experiment requires 

temperatures up to 900°C.  

E.7.2.2 TGA heating procedure  

1. Set breathing air (not argon or nitrogen) flow rate to 100 ml/min. This allows the carbon to 

convert to CO2 and maximizes the signal in the measurement.  

2. Ramp 10°C/min to 180°C. This thermal treatment ensures the adsorbed water and solvent 

is removed. 

3. Isothermal for 20.00 min. This dwell time allows the measurement to stabilize and ensures 

adsorbed substances are removed. If the mass changes appreciably in this regime, repeat 
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the measurement on a new sample with a longer wait, at a higher temperature, or reconsider 

the drying procedure. 

4. Ramp 10°C/min to at least 900°C. This thermal treatment is the one that removes the caps 

and measures the change in mass that will be analyzed. The heating rate is not critical to 

the measurement.  

5. Isothermal for 15 min. This ensures the sample is no longer changing at the end of the run. 

6. Air Cool. This step more rapidly cools the furnace. 

 

E.7.2.3 Analysis of TGA 

 Here, analysis of TGA is briefly discussed. It is important to avoid analysis of weight loss 

from (i) adsorbed water or solvent, (ii) molecules on the unmodified NP surface from the 

manufacturer, and (iii) the loss of surface hydroxyls. The thermal treatment described above 

removes the contribution of adsorbed water and solvent if the initial mass of the sample is taken 

after the isothermal anneal 180°C. There are several ways to treat the impurities and hydroxyls in 

both the modified and unmodified NPs. TGA fundamentally measures the loss in mass, so a 

comparison between the modified to unmodified samples will highlight only the effect of the 

modification procedure. In other words, the manufacturer impurities and surface hydroxyls will be 

present in both samples, so the functionalization amount can be directly observed by normalizing 

by the unmodified sample. Thus, TGA is analyzed with the following equation and concept. We 

assume the difference in weight observed in TGA between unmodified and modified is equal to the 

difference in weight between the modification agent and the hydroxyl group that it replaces 

multiplied by the number of caps replaced: 

Wunmodified – Wmodified = N x Dw   (E.6) 
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where Wunmodified – Wmodified is the difference in the intrinsic remaining weight (i.e. weight 

normalized by the surface area) obtained directly from TGA measurements. Dw is the difference in 

weight between a hydroxyl, which is present on the unmodified SiO2 surface, and the cap, which 

is present on the modified SiO2. All of these variables are known, so the only unknown is N, the 

number of caps (normalized to the surface area). It is important to correct for units and properly 

calculate Wi normalized to the NP surface area and Dw for each moiety. 

 

 

  



 234 

APPENDIX F: X-RAY PHOTON CORRELATION SPECTROSCOPY 

MEASUREMSNTS OF NANOPARTICLE DYNAMICS IN 

ENTANGLED POLYMER MELTS  

F.1 Introduction 

The diffusion of nanoparticles (NPs) in polymer melts is relevant to designing functional 

properties in polymer nanocomposites (PNCs) and dynamics in other complex media such as 

biological tissue and cells.26,30,252 Despite various experimental research efforts using different NPs, 

polymer, and measurement conditions, much remains unknown.109,208,221,236,246 However, many 

experimental measurements qualitatively agree with theoretical predictions for non-attractive38,211–

213,216 and attractive NPs214 in polymer melts. Unlike most measurements of NP dynamics in a 

polymer melt, X-ray photon correlation spectroscopy (XPCS) consistently measures non-diffusive 

dynamics.159,253,255,256,258,262 However, the origin of these motions remain unknown. Anomalous 

dynamics have been observed in PNCs with aggregated and dispersed NPs, grafted and bare NPs, 

and various PNC materials, preparation routines, and experimental conditions.  

It is important to directly compare XPCS to other measurements using the same PNC 

system to fully understand the origin of non-diffusive motions observed in XPCS. This section 

describes measurements of XPCS that are directly comparable to measurements from Rutherford 

backscattering spectrometry.208 The goal of this section is to present the preliminary results and 

highlight important findings, both of which will contribute to our understanding of XPCS and NP 

diffusion in polymer melts and guide future research efforts. 
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F.2 Materials and Methods 

PNCs were fabricated with traditional drop casting techniques from methanol. All PNCs 

used in this study are composed of 0.5 vol% silica (SiO2) dispersed in poly(2-vinylpyridine) 

(P2VP).  P2VP/SiO2/MeOH solutions were deposited in a Teflon dish (T = 130°C) and dried for 

~10 minutes in the fume hood. Samples were then annealed at T=180°C under vacuum for ~6 hours. 

Note that the glass transition temperature of P2VP is ~100°C. Three different NPs were measured, 

including Nissan MEK-ST (12-nm diameter), Ludox AS40 (28-nm diameter), and Nissan MEK-

STL (50-nm diameter). Ludox AS40 NPs are monodisperse but Nissan NPs are more polydisperse 

(PDI~ 1.35).272  Most measurements were conducted with Ludox AS40. 

Measurements were attempted in two sample holders: PNCs infiltrated into steel holders 

and PNCs sealed in fluid cells (Figure F.1). The steel plates with infiltrated polymer did not 

properly contain the polymer melts at T>Tg, even with Kapton tape. Polymer flowed out of the 

pores and fell with gravity and this behavior was apparent in the XPCS results which showed 

anisotropic dynamics after an azimuthal angle dependent analysis. Upon switching to the fluid cell 

(also called the gel and solution holder), more consistent and expected results were attained. The 

fluid cell has a steel casing fixed to the heating element with Kapton windows and O-rings forming 

a vacuum seal. All results presented here were collected in the fluid cell.  
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Figure F.1: (top) Steel plate sample holders used for XPCS measurements of solid samples which 
did not work for polymer melts. (bottom) Fluid cell with Kapton windows and O-rings (not shown) 
that successfully encapsulate polymer melts during XPCS measurements. The fluid cell was used 
for these XPCS measurements.  

 

X-ray photon correlation spectroscopy (XPCS) uses coherent X-ray synchrotron radiation 

to measure dynamics in inhomogeneous samples by analyzing correlations between sequential 2D 

SAXS patterns.268 A time-averaged autocorrelation is calculated for each pixel on the detector and 

binned radially to generate intensity time-autocorrelation functions, which are related to the 

intermediate scattering function of the scattering species, for several q. Each autocorrelation can be 

fit with a stretched exponential function to extract the relaxation time. The q-dependence of 

relaxation times (which often follows t~q–a) reveals the time scale and geometry of the dynamics 

(e.g. a=2 for purely diffusive motion and a<2 for hyperdiffusive motion). XPCS measurements 

were conducted at the Advanced Photon Source at Argonne National Lab on beam line 8-ID-I. This 

beam line offers a q-range of 0.0024 Å-1 – 0.07 Å-1 (or 9 nm – 250 nm in real space), a dynamic 

range of 500 µs to ~103 s, and in situ temperature control up to ~210˚C. Most measurements were 

conducted at 180˚C, unless otherwise specified. Auto-correlation functions, g2, or normalized 

autocorrelation functions, g1, can be fit with a stretched exponential to reveal the timescale 

associated with NP relaxations.  
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F.3 Results and Discussion 

 

Figure F.2: (a) Small angle X-ray scattering patterns for PNC samples with 28 nm SiO2 (0.5 vol%) 
and P2VP molecular weights of 10 (red), 17 (orange), 36 (green), 56 (purple), 100 (blue), 220 
(magenta), 400 (cyan), and 1000 (black) kg/mol. (b) Structure factor of all PNCs obtained from 
samples in (a) after dividing by the form factor of the NPs measured in solution.  

 We first use the time-averaged small angle X-ray scattering patterns to probe the dispersion 

of the NPs in the polymer melt. Most PNCs exhibit good NP dispersion in the melt, with the 

exception of 17 and 56 kg/mol P2VP which appear to be aggregated (Figure F.2). For dispersed 

PNCs, Figure F.2a exhibits a plateau at low q and Figure F.2b shows a mostly featureless structure 

factor. P2VP/SiO2 PNCs are known to exhibit good NP dispersion. For aggregated PNCs, Figure 

F.2a exhibits increasing signal at decreasing q and a deep correlation well at ~0.15 Å-1. Because 

the 17 and 56 kg/mol P2VP samples are aggregated, they will be excluded from subsequent 

analysis. 

 NP dynamics were probed by conducting XPCS at T>Tg. Interestingly, samples required 

hours of in-situ annealing to replicate measurements more than one hour apart. As shown in Figure 

F.3, the normalized correlation function, g1, which is related to the intermediate scattering function, 
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changes for in-situ annealing of up to ~6 hours and NP dynamics get slower as annealing time is 

increased. Importantly, the SAXS profiles overlap during these measurements indicating the 

ensemble-averaged structure does not change even though the dynamics do. Also, the in-situ 

annealing did not seem to depend on the thermal history of the sample ex-situ and the amount of 

time required to anneal each sample varied. 

 

Figure F.3: Normalized autocorrelation function, g1, as a function of time a representative PNC at 
q = 0.15  Å-1 for different amounts of in situ annealing.  

The general measurement protocol was to monitor the NP dynamics as a function of 

annealing time at T = 180˚C until the dynamics remained constant. Figure F.4a presents the raw 

correlation function (g2) obtained from all dispersed samples PNC samples presented in Figure 

F.2. As the Mw of the P2VP is increased, the decorrelation is delayed to longer times, indicating 

slower NP motion. This slower motion in higher molecular weight P2VP is expected because for 

large NPs (dNP > dtube), NP motions is expected to be coupled to the polymer viscosity, where 

h~Mw
3.4.208,216  
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Figure F.4: (a) Raw correlation function, g2, as a function of time for q = 0.15  Å-1 and T = 180ºC 
for 28-nm SiO2 in P2VP of different Mw. (b) Extracted relaxation times, t, for data presented in (a) 
as a function of q. Grey solid lines show diffusive motions (t~q-2) and grey dashed lines show 
superdiffusive motions (t~q-1).  

 

Autocorrelation functions, such as the representative ones presented in Figure F.4a, are fit 

with a stretched exponential function. The stretching parameter, b, was found to be mostly q-

independent but varied from sample to sample with values between 1 and 2. A value of 1 was 

commonly observed with diffusive motion and b>1 was generally observed with superdiffusion. 

The extracted relaxation time, t, is plotted as a function of q in Figure F.4b. NP motion is slower 

in larger Mw polymer for all q. Furthermore, NP motion in lower Mw P2VP appears to have a 

stronger q-dependence. Figure F.4c highlights the slope of t ~ qa as a function of molecular weight 

to show this effect more clearly. For Mw greater than the critical molecular weight (Mc), 

hyperdiffusive motions are observed and t ~ q-1, akin to a velocity. For the lowest molecular weight, 

unentangled 10 kg/mol P2VP, NP motion appears to follow Fickian diffusion (t ~ q-2). This result, 

that NP motion in entangled polymer melts is apparently hyperdiffusive, was also observed using 

XPCS on measurements of grafted 10-nm SiO2 NPs in PMMA.159 Our similar observation in a 
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different PNC system with larger and bare NPs indicates that this is not specific to the material 

system. Measurements of similar SiO2 NPs in P2VP using RBS208 were restricted to Mw > Mc and 

observed Fickian diffusion, in stark contrast to these XPCS measurements.  

It is important to note that the relaxations times at any q (or equivalently the apparent 

velocity) in Figure F.4b do not scale strongly with Mw for Mw > Mc. PNCs with 220 kg/mol P2VP 

and 1000 kg/mol P2VP exhibit relaxation times that differ by, at most, a factor of 3 at each q. 

However, h differs by more than two orders of magnitude. This observation suggests that the 

observed NP motion is not correlated to polymer viscosity or the diffusion of the NPs. We note that 

the NP motion in 1000 kg/mol is expected to be beyond the XPCS experimental window and full 

decorrelation in Figure F.4a was not expected. However, measurements of the same sample at 

T<Tg, where NP motion is restricted, did produce an auto-correlation function that remained 

constant for 103 seconds. This suggests that XPCS is sampling some aspect of the active dynamics 

in these PNCs. 

We next begin to interrogate the origin of the hyperdiffusive behavior by measuring XPCS 

at different measurement conditions and in different PNCs. We observed the same q-dependence 

in all data sets as a function of temperature, for Tg+50˚C - Tg+100˚C. Faster motion is consistently 

observed at higher temperatures. Lower temperatures are inaccessible because NP motion is too 

slow and higher temperatures approach the limit of the fluid cell. We find temperature has no 

impact on the q-dependence of the dynamics. The same is true for count rate, primary beam 

attenuation, and duration of sampling, among other beamline parameters. We also tested the role 

of NP concentration (fNP) and NP size. Figure F.5a shows the SAXS signal in the raw data increases 

with fNP and that PNCs with NP concentrations between 0.1 and 1 vol% exhibit good NP 

dispersion. Similarly, all PNCs in Figure F.5b, with NP diameters of 12 nm (ST), 28 nm (AS40), 

and 50 nm (STL), exhibit good NP dispersion. However, for 50 nm STL NPs, a clear plateau at 
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low q is beyond the experimental q-range, partially a result of the high polydispersity of these NPs 

which can be observed in Figure F.5b.  

 

 

Figure F.5: Small angle X-ray scattering patterns for PNCs with different NP concentration (a) 
and different NP size (b). All PNCs are composed with 100 kg/mol P2VP. PNCs in (a) are made 
with 28-nm AS40 NPs. PNCs in (b) have 0.5 vol% SiO2 and have NPs with diameters of 12 nm 
(ST), 28 nm (AS40), and 50 nm (STL).  

 Some speculate that the apparently hyperdiffusive motions observed in XPCS are a result 

of NP-NP correlations, but the details of this hypothesis are currently underdeveloped. If NP-NP 

correlations contribute to the hyperdiffusion, changes in NP concentration may result in changes in 

the q-dependence to the relaxation process. Figure F.6a shows the extracted relaxation times of 

PNCs comprised of 28 nm SiO2 in 100 kg/mol P2VP for 180˚C with NP concentrations of 0.1, 0.5, 

and 1 vol%. While these PNCs are all in the dilute limit, their center-to-center NP distances 

assuming a random dispersion are 240, 140, and 110 nm. Notably, all of these length-scales are 

within the q-range of XPCS which highlights a paradox. Very low NP concentrations (fNP << 0.1 

vol%) are ideal to minimize NP-NP interactions and correlations, but measurements at those NP 

concentrations suffer from weak signal and are therefore difficult. This effect is even more 

important to consider for smaller NPs, which are scientifically more interesting.216 



 242 

 As shown in Figure F.6a, the q-dependence of the relaxation time is unchanged for different 

fNP as all NPs exhibit hyperdiffusive motions. In addition, while the 0.5 and 1 vol% samples overlay 

temporally, the motion observed at 0.1 vol% is measurably slower. If this is a true tracer experiment 

in the dilute limit, the resulting NP dynamics should be independent of NP concentration but that 

is not what is observed. Additionally, NP-NP correlations should be strongest and most prominent 

in the highest NP concentration (1 vol%), but this system exhibits essentially no difference from 

the 0.5 vol% sample. More measurements on duplicate samples and other NP concentrations are 

needed to understand the apparent role of NP concentration.   

 

 

Figure F.6: Extracted relaxation times as a function of q showing PNCs with different NP 
concentrations (a) and different NP sizes (b). All PNCs have 100 kg/mol P2VP and were measured 
at 180˚C. PNCs in (a) all have 28 nm SiO2 and all PNCs in (b) have fNP = 0.5 vol%. 

Figure F.6b presents the XPCS results for PNCs with different NP sizes. All NP sizes 

produce hyperdiffusive motion and the timescale is slowest for the smallest NPs (12 nm). This 

result is unexpected because the motion of smaller NPs in polymer melts is known to be faster. 
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Unexpected differences in NP size have reported in XPCS measurements of PEO/Au PNCs as 

well.131 It is important to note that while fNP was held constant in these measurements, the 

volumetric number density of NPs and the center-to-center distance changes.  

The results presented in Figure F.6 are somewhat surprising. Regarding the timescale of 

the dynamics, it is unclear if the measured dynamics are significantly different from each other. 

We expect these measurements to be independent of fNP (Figure F.6a) but depend systematically 

on dNP (Figure F.6b). We suspect the observations are a result of poor sample/experiment 

reproducibility and uncertainty or possibly the unclear nature of how XPCS samples these NP 

dynamics. Regarding the former, the annealing phenomena presented in Figure F.3 could not be 

systematically studied for different fNP or dNP due to time, but the data presented in Figure F.6 are 

after the measured dynamics appeared to stop changing appreciably with in-situ annealing. A 

thorough study of XPCS using duplicate samples would help understand the uncertainty in the 

experiment and sample-to-sample variation.  

The q-dependence presented in Figure F.6 is noteworthy. We showed that superdiffusion 

(t~q-1) was observed for Mw > Mc and regardless of beamline parameters (not shown) or PNCs 

parameters such as fNP and dNP (Figure F.6), the superdiffusive behavior remained. This suggests 

that Mw may be the primary factor that produces these anomalous dynamics, but more work is 

necessary to fully understand the origin. 

F.4 Conclusion  

 In these X-ray photon correlation spectroscopy measurements, we studied the motion of 

SiO2 NPs in polymer melts of different molecular weight. Like other experimental 

works159,253,255,256,258,262, we observe anomalous diffusion in PNCs with NPs dispersed in entangled 

polymer melts. While we observe diffusive motions in unentangled polymer melts, we observe 

superdiffusive NP relaxations in PNCs with Mw > Mc. We also observe that the NP motion is slower 
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in larger Mw polymer, but it does not scale with the polymer viscosity. We find that t ~ q-1 in PNCs 

composed of entangled 100 kg/mol P2VP at all temperatures measured and regardless of beamline 

parameters such as sampling rate, measurement duration, primary beam attenuation, etc. We also 

find superdiffusive motion of NPs in 100 kg/mol P2VP at various NP concentrations (0.1 vol% - 1 

vol%) and three NP sizes (12, 28, and 50 nm diameter). These results suggest that the origin of the 

superdiffusive signatures is dominated by molecular weight and the presence of entanglements, as 

opposed to beamline or PNC details.  

F.5 Future Work  

Before fully understanding the results presented in this section, two important details must 

be understood. First, it is critical to probe systematically the various uncertainties in these 

measurements. Unfortunately, the allotted beamtime was insufficient to fully study uncertainties 

and sources of error. The reproducibility of these measurements is in question because of the 

unexpected requirement for in situ annealing and the unexpected results presented in Figure F.6.  

The second critical detail to interrogate and consider is beam damage on the sample, as 

some have mentioned.270,271 The anomalous motion presented may be a result of localized polymer 

degradation, but this doesn’t fully explain the apparent molecular weight dependence observed in 

Figure F.4c. Furthermore, our measurements are independent of radiation time, don’t exhibit 

changes in the scattering intensity throughout the measurements, and are independent of the amount 

of beam attenuation. Addressing the problem of degradation is challenging because XPCS requires 

high brilliance X-ray radiation for prolonged periods of time. Nevertheless, the PNC system can be 

reconsidered, and the beamline parameters can be studied more broadly. However, a study to test 

beam damage requires a metric that can be used to identify it, which is presently unclear. 

 Finally, future XPCS measurements in the melt need to be done in conjunction with another 

technique, such as Rutherford backscattering spectrometry, single particle tracking, or dynamic 
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light scattering. It is important to select a material system that is ideal for both measurements, that 

the NPs are well-dispersed in the polymer matrix, and entangled polymer is available. If possible, 

using the same PNCs and preparation would be ideal, unlike the comparison of RBS and XPCS 

which require thin films and bulk samples (respectively). Regardless of the technique, this 

comparison remains challenging because the spatial and temporal window of XPCS is unique. 

Nevertheless, systematic measurements on the same PNCs will be insightful even if they’re 

spatially or dynamically discontinuous.  
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APPENDIX G: SMALL-ANGLE NEUTRON SCATTERING 

MEASUREMENTS OF BOUND POLYMER LAYER IN 

NANOPARTICLE-POLYMER SOLUTIONS 

G.1 Introduction 

This section documents preliminary measurements of small-angle neutron scattering 

(SANS) to study polymer adsorption to nanoparticles (NPs) in solution. Polymer-nanoparticle 

solutions have academic and industrial relevance for polymer nanocomposite fabrication, colloidal 

suspensions more generally, and a variety of biological systems. For systems with strong NP-

polymer attraction, polymer is known to adsorb to the NP in solution and this bound polymer layer 

can promote NP dispersion in the melt by sterically preventing NPs from aggregating.208,210,292,314 

However, the concept of polymer adsorption in solution involves consideration of several 

energetics including the six paired component enthalpic interactions (polymer-NP, polymer-

solvent, solvent-NP, and three self-interactions), the conformational entropy of the chain, and the 

entropy associated with each species. In addition, the properties of bound polymer in solution 

remain largely unexplored experimentally, especially as a function of the various parameters these 

multicomponent systems offer.  

 SANS is an ideal measurement technique to study the bound polymer layer in solution. By 

contrast matching the solvent to the NPs using a mixture of protonated and deuterated solvent, the 

scattering pattern from SANS is governed by only the polymer in the sample. If the same sample 

is then measured in small angle X-ray scattering (SAXS), the scattering pattern is governed by only 

the NPs. These complimentary measurements present the opportunity to document and correlate 

the spatial organization of NPs and polymer in these systems. In addition, as discussed in Chapter 
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7.2, SANS is well-suited to probe the structure and dynamics of bound polymer using protonated 

and deuterated polymer to differentiate chains in the same sample.  

 This section describes preliminary measurements with the goal of providing insights for 

future SANS measurements of NP-polymer solutions. It includes a demonstration of contrast 

matching experiments, measurements of each individual component, and measurements as a 

function of polymer concentration and molecular weight. Using these data sets, we outline some 

initial findings that may guide future research efforts and direct the beginning of similar 

measurements in the future. 

G.2 Materials and Methods 

The experiments presented in this section use Ludox AS40 silica (SiO2) NPs which are ~28 

nm in diameter and are monodispersed (PDI ~ 1.1). These NPs are purchased in water (H2O) and 

transferred to DMF or MeOH. To transfer to DMF, the stock NP solution was diluted with DMF 

and distilled at ~130˚C. This process was repeated until the H2O content as measured by Karl Fisher 

titration was <0.1 wt%. To transfer to MeOH, the stock NP solution was diluted with MeOH. 

Dialysis was then conducted against a bath of MeOH and the water content in the bath was 

monitored with KF titration until the solution homogenized. The resulting water content was <0.5 

wt%. The concentrations of SiO2 in DMF and MeOH solutions were fixed at 40 g/L and all 

solutions were filtered with a 0.2 µm PTFE syringe filter. 

To control the scattering length density of the solutions, deuterated solvents were often 

added to the NP solutions. In these cases, the deuterated solvent was added, dropwise, to the NP 

solution while stirring. After the addition of solvent, the NP solution was sonicated for at least five 

minutes.  

 The polymer used in this experiment is fully protonated P2VP or partially deuterated  

dP2VP (C7D3H4N) of varying molecular weight purchased from Scientific Polymer Products, Inc. 
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Polymer solutions were left to stir for several hours. Before adding polymer to NP solutions, the 

solvent for the polymer was made to match the NP solution. When the polymer was fully dissolved, 

the polymer solution was dropwise added to the NP solution while stirring. The final solution was 

sonicated for at least 5 minutes and left to stir for several hours to promote polymer adsorption and 

homogenize the solution. 

 SANS measurements were conducted at the NGB 30 m SANS beamline at the Center for 

High Resolution Neutron Scattering (CHRNS) at the NIST Center for Neutron Scattering. The 

neutron wavelength was 6 Å and sample-to-detector distances of 1.33, 4, and 13.17 m were used 

to achieve a continuous q-range of 0.0035–0.1 Å-1. Standard transmission fluid cells were sealed 

and used for all measurements. Sample collection took ~1-2 hours per sample to complete all 

sample-to-detector distances, depending on the sample conditions (e.g. scattering contrast and 

concentration). All scattering patterns were isotropic and 1D scattering patterns were obtained by 

azimuthal integration.  

G.3 Results and Discussion 

G.3.1 Contrast Matching SiO2 NPs  

To properly zero-average contrast (ZAC) match the SiO2 NPs, it is important to properly 

measure the scattering length density (SLD) of the NPs. The best way to do this is to fix the NP 

concentration and vary the solvent scattering length density, usually through mixing hydrogenated 

and deuterated solvents in different ratios. Here, we use the stock NP solution (in H2O) and dilute 

it with combinations of H2O and D2O. It is important to note that this should be done for all 

components (all polymer and NPs) before thorough measurements of multicomponent solutions. 

Due to time restraint, we only measured the SLD of SiO2 for contrast matching purposes. We also 



 249 

note that D2O is hygroscopic, so a good practice is to measure the density (or the density relative 

to H2O) before use to confirm that it is pure D2O rather than a contaminated mixture of H2O/D2O.  

 We measure SiO2 NPs at 1 vol% in H2O:D2O ratios of 100:0, 60:40, 55:45: 50:50, 40:60, 

and 6:94. Scattering patterns are plotted on a linear y-axis and the incoherent background is 

subtracted such that all patterns go to I=0 at high q (inset of Figure G.1). The square root of the 

total integrated intensity is calculated for each scattering pattern and plotted as a function of solvent 

SLD in Figure G.1. A linear fit is then applied to calculate the point at which the scattering intensity 

is expected to be zero, i.e. the zero-average contrast point. We find that the SLD of the Ludox AS40 

SiO2 NPs is ~3.59E-6 Å-2, which is a reasonable value for amorphous SiO2 assuming a density of 

2.3 g/cm3. This value is also in good agreement with other SiO2 NPs (~3.5E-6 Å-2)150,209 but we 

emphasize that differences in synthesis may lead to slight differences in density and SLD, so it is 

important to repeat this measurement for NPs in future experiments.   

 

Figure G.1: Square root of the total scattering intensity from SiO2 NP solutions at 1 vol% in 
mixtures of H2O and D2O with a linear fit used to extract the SLD of the NPs. (inset) Scattering 
patterns of various H2O/D2O mixtures after background subtraction.  
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G.3.2 SANS Pattern for Individual Components   

We now present measurements of each component, P2VP and SiO2, in dilute DMF 

solutions in Figure G.2. We use dP2VP rather than P2VP because dP2VP has a comparable SLD 

to SiO2 (as indicated by the equal incoherent plateau at high q). Importantly, free polymer (purple) 

and bare NPs (grey) have unique features at different q positions. The NP scattering pattern follows 

the expected form factor for 28-nm spheres, but a structure factor is observed at low q meaning the 

solution is not dilute enough to only consider the form factor. Future measurements should be more 

dilute than 2 vol% for the same NP size to simplify the fitting and analysis. The polymer scattering 

pattern follows the expected Debye function with a feature at the polymer radius of gyration (Rg 

~10 nm for 100 kg/mol P2VP).  

 

Figure G.2: SANS scattering patterns of SiO2 (grey, diameter ~ 28 nm) and 100 kg/mol dP2VP 
(purple, Rg ~ 10 nm) in DMF, both at 2 vol%.  

These measurements show that scattering from a feature with a shape similar to the NP is 

significantly different when compared to scattering from free polymer. This observation supports 

the notion that SANS can be used to study and differentiate free and adsorbed polymer in PNC 

solutions.  
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G.3.3 Measurements as a Function of Polymer Concentration     

We measure NP-polymer solutions as a function of polymer concentration (cpoly) with the 

solvent and NPs near ZAC condition. Due to experimental limitation in the availability of 

deuterated solvents and available NP solutions, we used a mixture of hMeOH, dAcetone, and D2O. 

Future systematic studies would be improved with a single-component solvent. We note that 

MeOH, Acetone, and H2O are good, poor, and non-solvents, respectively. Formation of the bound 

polymer layer is promoted in systems with weak polymer-solvent affinity, because polymers 

energetically prefer to be adsorbed on the NP surface. We consider this combination of solvents to 

be a poor solvent.   

 Figure G.3 shows P2VP and SiO2 solutions with 0, 3, 10, and 30 g/L P2VP in a 

hMeOH/dAcetone/D2O solution at 1.5 vol% SiO2. As expected, the SiO2 solution without polymer 

shows minimal scattering at all q because the solvent SLD is engineered to match the NP SLD. As 

P2VP is added to the solution, more scattering is observed since the measurement is dominated by 

P2VP scattering. At small cpoly, the scattering pattern mimics the NP form factor in Figure G.2 as 

opposed to the form factor of free polymer. This suggests that polymer is adsorbing to the NP 

surface in this experiment. At the highest cpoly, the scattering pattern seems to follow a combination 

of both of the scattering patterns in Figure G.2. Although the oscillations for a spherical NP are 

observed, the background is increased and seems to follow I~q-2 which is characteristic of free 

polymer scattering. This indicates the presences of both adsorbed and free polymer, but quantitative 

fitting of experimental data will confirm this assertion.  
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Figure G.3: SANS measurements of SiO2 NPs with 100 kg/mol P2VP at cpoly = 0 g/L (grey), 3 g/L 
(light green), 10 g/L (green), and 30 g/L (dark green) in a mixture of hMeOH, dAcetone, and D2O 
that has SLD comparable to the SiO2. The SiO2 concentration is 1.5 vol%.   

 

G.3.4 Measurements as a Function of Polymer Molecular Weight     

To further understand this measurement, we used the intermediate polymer concentration 

from Figure G.3 to measure the effect of molecular weight. For 100 kg/mol, cpoly = 10 g/L seemed 

to have the highest polymer concentration without observable free polymer scattering. We suspect 

this concentration, which is related to the areal density of adsorbed polymer, should depend on Mw, 

but we choose 10 g/L for all measurements.  

 Figure G.4 shows the scattering pattern for samples with different Mw. All samples show 

signatures of the NP form factor, suggesting the presence of adsorbed polymer in these solutions. 

Importantly, the feature mimicking the NP form factor at ~0.03Å-1 shifts to large q with higher Mw 

polymer. This suggests that the scattering object is growing in size, as expected for higher Mw. 

Fitting these SANS profiles is challenging, likely because of a structure factor resulting from NP 

concentrations too high or contributions of free polymer. However, models exist for approaching 

similar systems.150,328 More systematic measurements of each component at their relevant 
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concentrations and corresponding SAXS measurements may provide enough insight to accurately 

fit the experimental data to extract the SLD and thickness of the bound polymer layer.  

 

Figure G.4: SANS measurements of SiO2 NPs (1.5 vol%) with 10 kg/mol (blue), 100 kg/mol 
(green), 400 kg/mol (red) P2VP at cpoly = 10 g/L in a mixture of hMeOH, dAcetone, and D2O that 
has SLD comparable to the SiO2. A solution containing only SiO2 (grey) is shown for comparison.  

 

G.4 Conclusions  

The measurements presented above provide a demonstration of how SANS can be used to 

probe NP-polymer solutions and particularly measure the bound polymer layer. After measuring 

the scattering length density of the SiO2 NPs, the solvent can be engineered to achieve ZAC so that 

the SANS scattering patterns are dominated by the polymer. Next, measuring the scattering pattern 

of individual components of the solution helps identify key features in more complicated samples 

and helps guide experimental design. P2VP/SiO2 solutions as a function of cpoly mimic the spherical 

NP form factor at low cpoly and signatures of free polymer scattering begin to emerge at high cpoly. 

Finally, as the Mw of the polymer is increased, the scattering feature increases in size, but 

quantitatively fitting the experimental data is challenging.  
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G.5 Future Work 

 SANS measurements of NP-polymer solutions are ideal to study bound layer 

characteristics in solution. This section provided a demonstration and may help guide future 

experiments. In new experiments, it is important to measure the SLD (as was done in Figure G.1) 

for all of the individual components. In addition, it is important to meticulously measure SAXS of 

the NP solutions as a function of NP concentration to identify the best NP concentration. It is best 

to maximize the NP concentration for signal-to-noise ratios, but it is helpful to measure dilute 

solutions, where the scattering pattern can be approximated by only a form factor. SAXS 

measurements over the same q-range can help identify the ideal NP concentration. In addition, it is 

suggested to use a simpler solvent, preferably a mixture of the same protonated and deuterated 

solvent, but more complicated solvent mixtures can be successful. 

 For future measurements, scattering patterns should be collected in the same solvent type 

but different SLDs. For example, three different mixtures of deuterated and protonated MeOH 

would be suitable. These repetitive samples will help identify features and give further insight when 

trying to quantitatively fit the data. Another way to assist in fitting the data is to collect different 

components of the sample (at the same overall volume fraction) individually. If the fitting is 

mathematically divided into different components, as was useful in literature150, these 

measurements will help identify different form factors and their values. Prior to attending the beam 

line for measurements, it may be constructive to build the expected form factors mathematically to 

help determine which samples need to be measured and the appropriate SLDs to use.  

 More discussion of SANS for studies of the bound polymer layer can be found in Chapter 

7, including discussions about probing kinetics, competitive adsorption, and static bound layer 

properties.   
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