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Abstract 

The dynamics of polymers in an all-polymer nanocomposite that are composed of soft 

crosslinked polystyrene nanoparticles and linear polystyrene have been investigated. In this article, 

we describe how the relative size of the nanoparticle to that of the polymer chain and its rigidity 

impact the linear polymer chain diffusion. The results of the in-situ neutron reflectivity 

experiments show three distinct regimes in the linear polymer diffusion. The results indicate that 

the inclusion of soft nanoparticles increases the amount of topological constraints and confinement 

effects for low matrix molecular weight polymer. At modest molecular weights where the size of 

the nanoparticle and polymer chain are similar, the soft nanoparticles neither inhibit nor enhance 

the linear polymer diffusion, while at the highest polymer matrix molecular weight, the linear 

polymer diffusion increases due to an increase in the constraint release mechanism by the soft 

nanoparticles. Thermal analysis shows that the nanoparticles do not increase the free volume of 

the system nor do they behave as a plasticizing agent.  These results are interpreted to indicate 

that the competition between a topological barrier effect and enhancing constraint release 

defines the behavior of a given all-polymer nanocomposite. 
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Introduction 

 Polymer nanocomposites have recently become an important construct in the development 

and application of novel functional materials.  The homogeneous dispersion of nanoparticles into 

polymer matrices is needed to realize targeted improvement in material properties, where this 

dispersion is dependent on the polymer/nanoparticle interactions.1  Moreover, knowledge of 

polymer mobility in a nanocomposite is essential to understand and the optimize a variety of 

properties of the nanocomposite, including adhesion, crack healing, and welding applications.2  

The inter-diffusion of polymer chains is usually strongly impeded as a result of incorporation of 

hard impenetrable nanoparticles.  On the other hand, the addition of polymeric, organic 

nanoparticles to a linear polymer matrix has resulted in unique dynamic behavior, including 

significant viscosity reduction as well as increased polymer diffusion in polystyrene 

nanocomposites.3,4  Therefore, understanding and monitoring the dynamics of linear chains in 

these all-polymer nanocomposites provides insight into the role of the soft nanoparticle on the 

dynamics of the linear polymer matrix. 

 Monitoring thin film polymer inter-diffusion provides a mechanism to examine the 

mobility of the polymer chains across joined layers of bulk polymer.5,6  The initial layers are 

immobile and unable to move across the layer interface, however, when the polymer layers are 

heated above the glass transition temperature of the polymer, the polymer chains diffuse across the 

bilayer interface. For polymers that are entangled, i.e. above the critical molecular weight for the 

polymer, the most successful model to describe such polymer dynamics is the reptation model.2,7,8  

In this tube model, the polymer chain is trapped within a fictitious tube with radius a, where the 

tube is a representation of topological restraints from neighboring polymer chains or nanoparticles.  

The polymer chain motion is severely restricted laterally by the tube radius. In this model, the 
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initial polymer motion can be described as Brownian motion that follow Rouse dynamics where 

segmental motion can be monitored.9,10  During these short time motions, the interaction of the 

polymer with the surrounding medium is by a cumulative friction between the surroundings and 

the polymer.  For longer time scales in entangled polymers where the polymer chain moves 

distances greater than their own radius of gyration, the dynamics of the chains are dominated by 

the reptation model.11,12,13    

To understand how bulk polymer diffusion is affected by the inclusion of nanoparticles, 

researchers have used a wide range of scientific techniques including elastic recoil detection, 

rheology, Raman microscopy, Rutherford backscattering spectrometry, Fourier transform infrared 

spectrometry, and neutron reflectivity. 3,4,14–20 A common protocol to monitor polymer inter-

diffusion is to create a polymer bilayer where one layer is composed of protonated polymer and 

the second layer consists of deuterated polymer with symmetric molecular weights. The 

deuteration of one layer provides contrast for neutron reflectivity,21 NR, which provides a 

perpendicular composition profile at the polymer-polymer bilayer with nanoscale resolution.2   

Using this geometry, neutron reflectivity has successfully monitored short and long relaxation 

processes at the polymer-polymer interface.4,10,13,20,22,23  Traditional reflectivity experiments that 

monitor the broadening of the polymer-polymer interface with diffusion usually involves an 

anneal-quench experimental procedure where a sample is heated above the bulk glass transition 

temperature, Tg, for a specific period of time in an oven.  The sample is then rapidly quenched 

below room temperature to halt polymer motion thus immobilizing the polymers.  The samples 

are then characterized by neutron reflectivity in this frozen state. This method can result in many 

experimental difficulties such as slow quenching that will disturb the polymer-polymer interface, 

uneven heating or quenching of the sample, as well as destroying the sample from human error.  
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These static measurements also make it difficult to detect the initial inter-diffusion of the smaller 

molecular weight polymers, leading to increased experimental uncertainty. Bucknall et al designed 

a “time-resolved” approach to monitor the diffusion of polystyrene, PS, bilayers by outfitting the 

NR sample stage with a thermostatically heatable brass plate.23  This modified sample stage 

allowed for real-time reflectivity measurements over a modified Q-range of 0.008 to 0.08 Å-1, 

where Q = 4𝜋 𝜆$ sin	(𝜃), to monitor the change in the interfacial width of a symmetric neat PS 

bilayers in-situ as the sample was heated above its glass transition temperature.  These experiments 

demonstrate that at short times, t, the interfacial width increases as t1/4, which is indicative of Rouse 

dynamics. This interfacial width dependence transitions from t1/4 to t1/2 for times greater than the 

𝜏-./010234, where Fickian diffusion dominates the growth of the interfacial width. The rate of the 

growth of the interfacial width, w, is then analyzed to extract a mutual diffusion coefficient of the 

two polymers, 𝑤 = (4𝐷𝑡)9/;.  

 The recent growth of nanocomposites research has led to a significant increase in the 

interest of the diffusion behavior of polymers in the presence of nanoparticles.  Nanoparticles are 

of particular interest due to their high interfacial surface area which has a stronger influence on the 

dynamics of a polymer system and are capable of improving the mechanical, thermal, electrical 

and optical properties of the composite.1,24–32   By incorporating nanoparticles into a polymer 

matrix, even at low percentages, the bulk materials exhibit significantly different dynamic 

properties relative to those of the neat polymer. Generally, the dynamics of polymers in the 

presence of nanoparticles depend on a set of key length scales including radius of the nanoparticle, 

radius of gyration of the polymer matrix, Rg, and interparticle spacing between nanoparticles, ID.14  

Most nanocomposites of interest incorporate hard, inorganic nanoparticles which act as 

impenetrable obstacles that cause polymer diffusion to slow down due to the nanoparticles being 



 5 

stationary barriers that add topological constraints to the motion of the polymer chains.31–34,35  

Recently, the addition of hard nanoparticles into a polymer matrix has been shown to decrease the 

diffusion of the linear polymer where even low loadings of spherical nanoparticles reduce the room 

the polymer has to move.  This confinement effect, or constraint, is quantified by the interparticle 

spacing or IDeff, a measure of the average distance between nanoparticles.36  These results indicate 

that the molecular weight of the matrix, as well as polymer-nanoparticle interactions have a smaller 

effect on the slowing of polymer dynamics than ID, where the concentration of the nanoparticle 

and the particle size define IDeff and therefore dominate the modified polymer dynamics.32–34,37  

Even grafted nanoparticles that exhibit a hard core but have a corona of penetrable grafted polymer 

chains exhibit a decrease in the rate of polymer diffusion that follow this model.14   

 However, incorporating soft single-chain polymer nanoparticles, SCPNs, in a polymer 

matrix appears to eliminate the undesired confinement effects of impenetrable hard nanoparticles. 

These single-chain polymer nanoparticles do not confine the polymer as with hard core nanofillers, 

but contribute primarily to the topological constraints of the diffusing chain.1  For example, 

Mackay et al38 investigated a system of crosslinked polystyrene nanoparticles in a polystyrene 

matrix in which the nanoparticle/polymer interactions essentially eliminate enthalpic dispersion 

forces.  Incorporating the crosslinked nanoparticles into a chemically matched polymer matrix 

resulted in a reduction in viscosity compared to that of the neat polymer.38  This phenomenon 

deviates from the Stokes-Einstein model39 which predicts an increase in viscosity with 

nanoparticle loading.  Bačová et al utilized simulations to model SCNPs in an ideal, all-polymer 

nanocomposite. This work determined that polymer matrix chains can fully penetrate crosslinked 

nanoparticles concluding that the change in the friction coefficient experienced by the linear chains 

is negligible with the inclusion of soft nanoparticles.1  
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The diffusive behavior of all-polymer nanocomposites has not been as extensively studied 

and is not well understood due to the complexities of the system and experiments. Previously, 

Miller et al determined that penetrable polystyrene soft nanoparticles increased the diffusion rate 

of linear polystyrene, where the extent of the increase is dependent on nanoparticle rigidity.4  These 

experiments were completed for a system when the radius of gyration of the linear polymer is 

greater than that of the soft nanoparticle.4  The increase in the diffusion of the  linear polymer 

chains was interpreted to indicate that the unique topology of the nanoparticles, a well-defined 

crosslinked core with a corona comprised of chain ends and loops, enables an increase in the 

constraint release mechanism. This increase in the constraint release mechanism is similar to the 

effects observed with the addition of star polymers to a linear chain melt.4,40  Within these systems, 

the shorter arms of the star polymers relax on a time scale faster than the reptating chain dilating 

the tubes for the unrelaxed chains. Imel et al also determined that the soft nanoparticles are not 

stationary in the polymer matrix and therefore their mobility may couple with the diffusive 

behavior of the linear polymer chains.20   

 The increased complexity of polymer diffusion of an all-polymer nanocomposite 

demonstrates the need for greater understanding of how topologically controlled soft, polymer 

nanoparticles affect the center of mass diffusion of linear polymer chains.  In this article, in-situ 

time-resolved neutron reflectivity is completed to gain an understanding of how the presence of 

the soft nanoparticles affects the diffusion of linear polystyrene, PS, as a function of PS molecular 

weight.  For this set of soft nanoparticles, the measured diffusion coefficients of neat polystyrene 

and polystyrene with a 1 wt % loading of soft PS nanoparticles are reported as a function of three 

PS matrix molecular weights.  The presence of soft nanoparticles results in three distinct regimes 

for linear PS diffusion: for the lowest molecular weight (61kDa) matrix, all nanocomposites 
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exhibit a decrease in linear polymer diffusion coefficients, the middle molecular weight (215kDa) 

matrix exhibited very little change in the PS diffusion coefficients compared to that of the neat 

polymer, and the nanocomposites at the highest PS matrix molecular weight (540kDa) increased 

the diffusion coefficients of the linear polymer chain. 

 

Experimental 

 Silicon wafers, 2-inch diameter with 5 mm thickness or 4-inch diameter with 1 mm 

thickness, were cleaned in a piranha solution composed of a 3:1 ratio of sulfuric acid and 30% 

hydrogen peroxide for 24 hours at 105 °C.  Wafers were rinsed thoroughly with nanopure water 

and dried under a stream of nitrogen gas. The Si wafers were then placed in a Jelight UVO Cleaner 

for 15 minutes to complete removing any residual organic residue and to reform the oxide layer 

on the surface of the wafers.   

 A series of symmetric molecular weights of protonated polystyrene, h-PS, and deuterated 

polystyrene, d8-PS, were purchased from Polymer Source Inc. with number average molecular 

weights, Mn, of 61,500/61,500, 211,000/215,000, and 535,000/540,000 g/mol respectfully and 

were used without further modification.  Solutions of 1 wt% h-PS and d8-PS in toluene were 

prepared for each polymer to cast films.   Polymer bilayers were prepared by spin casting an h-PS 

film bottom layer onto a 2-inch reflectivity silicon wafer with thicknesses of 500-700 Å measured 

by laser ellipsometry.  The bottom h-PS layers were dried overnight in a Lindberg Blue M vacuum 

oven at 130 °C to remove any excess solvent.  Top layers of d8-PS were prepared using the same 

spin coating method on a 4-inch thin silicon wafer.  The d8-PS layers were then floated off the 

silicon wafer onto the surface of nanopure water. The d8-PS floated layer was picked up using the 

h-PS reflectivity wafer to create the neat bilayer geometry.  The bilayers were then placed into a 



 8 

vacuum oven at room temperature for a minimum of 24 hours to remove all excess solvent and 

residual nanopure water between the layers.     

 Soft polystyrene nanoparticles for this study were synthesized using a monomer-starved 

semi-batch nanoemulsion polymerization, the details of which can be found in the literature.41 

Careful neutron scattering results indicate that these nanoparticles consist of a well-defined 

crosslinked core with a corona that is comprised of chain ends and loops, resulting in a fuzzy 

interface between the nanoparticle and its surroundings.  A list of relevant physical characteristics 

of the nanoparticles used in these studies can be found in Table 1. Nanocomposite bilayers were 

prepared using the same method with a 1 wt % loading of soft nanoparticle NP1, NP2, NP3, or 

NP4 in both linear polystyrene layers.  The softness of the nanoparticles was controlled by the 

amount of divinylbenzene (DVB) crosslinker added during the emulsion polymerization.  As the 

crosslinking density increases from 0.81% (NP1), 1.91% (NP2), 4.60% (NP3), to 10.7% (NP4), 

the nanoparticles become more rigid and the size of the corona/fuzzy interface decreases.   

Table 1: Structural characteristics of the polystyrene soft nanoparticles used in the neutron 
reflectivity studies.  All values were determined using small angle neutron scattering as previously 
reported.41 
 

Soft NP 
Name % DVB Rg (Å)a Rc (Å)b tfuzzy (Å)d Rp (Å)e sf 

NP1 0.81 101 ± 0.5 34.66 ± 0.1 46.2 ± 1 126.9 ±.2 0.36 ± 0.03 
NP2 1.91 68.3 ± 0.3 61.5 ± 17 24.88 ± 10 111.1 ± 26 0.22 ± 0.1 
NP3 4.60 70.0 ± 0. 2 60.0 ± 2 14.0 ± 1 88.0 ± 1 0.16 ± 0.1 
NP4 10.7 64.6 ± 0.1 7.05 ± 1 - 70.5 ± 4 - 

a Divinylbenzene crosslinking mol% b Radius of gyration determined from the Guinier Analysis 
of SANS; c Radius of the soft nanoparticle core; d Half-width of fuzzy interfacial layer; e Total 
nanoparticle radius = Rc + 2*tfuzzy f Effective fuzziness of the nanoparticle s = tfuzzy/Rp 

 

 

In-Situ Neutron Reflectivity 
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 In-situ neutron reflectivity experiments were conducted at the National Institute of 

Standards and Technology Center for Neutron Research on the NG7 Horizontal Neutron 

Reflectometer.  All reflectivity experiments were conducted in the NG7 Reflectometer Heated 

Pressure Vessel for Thin Films.  This in-situ temperature chamber offered precise control of the 

temperature of the sample using a Peltier temperature controller controlled through LabVIEW 

software.  The design of this cell provides a temperature evolution profile with very little overshoot 

and minimal fluctuation when the temperature was increased from 90 °C to 130 °C.  As shown in 

Figure 1, under vacuum, the temperature chamber reaches a stable and constant temperature in 

under 5 minutes.   

In the completion of the reflectivity experiments, the reflectivity curves of all as-cast 

samples were first obtained at 90 °C, below the glass transition temperature of neat polystyrene. 

The temperature was then increased to 130 °C, where the reflectivity of the samples is monitored.  

To anneal samples with 215 kDa and 540 kDa  matrix molecular weights, a temperature ramp from 

90°C to 130 °C was performed under vacuum and the reflectivity curves were then measured as a 

function of annealing time at 130 °C.  This protocol results in time-resolved annealed reflectivity 

profiles, which were captured continuously for 4 hours with auto-alignment and continuous data 

capture every 13 minutes.  However, this protocol is insufficient for the 61 kDa PS matrix as the 

polymer diffuses too quickly such that the important changes in the interfacial width occur within 

the first 15 minutes of the annealing process.  The protocol was modified to include heating the 

sample in the in-situ chamber to 130 °C and annealing the sample for 3 minutes.  The temperature 

was then quickly quenched back to 90 °C and the reflectivity profile was captured at 90 °C.  This 

procedure was then repeated for 3-minute heating intervals at 130 °C up to a total annealing time 

of 15 minutes.  



 10 

 The reflectivity experiments were completed with a neutron wavelength, l, of 4.75 Å and 

a Q range of 0.008 – 0.08 Å-1.   The reflectivity was then plotted as a function of the momentum 

transfer vector perpendicular to the reflection surface, Q = (4p/l)sinq, where q is the angle of 

incidence.  The reflectivity profiles, (R) vs Q (A-1), were reduced using Reflpak software as well 

as online data reduction through the NIST website.  The Motofit analysis package in IGOR Pro 

was used to fit reflectivity profiles to produce a scattering length density profile.  Reflectivity 

profiles were fit by systematically varying the thicknesses of each layer, scattering length densities, 

and interfacial roughness until the best fit was achieved by optimizing the c2 parameter.  To verify 

the validity of the reflectivity fits, the area under the scattering length density, SLD, profile was 

calculated and confirmed to not vary by more than 10% for all annealing times.  

 

Figure 1: In-Situ temperature ramp from 90 °C to 130 °C. 
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 The glass transition temperatures of the neat 540 kDa h-PS films and 540 kDa PS matrix 

nanocomposites were measured by differential scanning calorimetry using a TA Instruments 

Q1000 DSC with samples in standard sealed aluminum pans. The mass of the samples in aluminum 

pans were measured using Cahn C-33 Microbalance.  The DSC procedure included a temperature 

ramp from 40 °C to 150 °C at 10 °C/minute and was repeated 4 times.  The temperature curves 

were analyzed using TA Instruments’ Universal Analysis software to calculate the glass transition 

temperature and standard deviation for all samples. 

 

Results  

 Reflectivity profiles of the 540 kDa neat PS bilayer for a range of annealing times are 

presented in Figure 2 as an example of the changes in the reflectivity data with polymer diffusion 

at the polymer interface over time.  The pink circles represent data collected for the as cast sample 

at 90 °C.  The height of the reflectivity fringes for the as cast data correspond to a sharp interface 

in the sample, while the tall fringes that include two peaks are indicative of two distinct layers 

within the measured sample.  The purple triangles are representative of the 540 kDa neat bilayer 

annealed at 130 °C for 1006 s and the blue squares is the bilayer annealed for 8051 s.  The annealed 

curves show dampening of the fringes due to increased breadth of the PS:dPS interface thus 

representing the inter-diffusion of the two polymers at this interface.  From the best fit of the 

reflectivity profiles, the scattering length density profiles of each sample are shown in Figure 3.  

Analysis of the as cast SLD curve (pink) in Figure 3 shows that the interface between the two 

layers at approximately 600 Å from the air interface exhibits a nearly vertical transition between 

the d8-PS layer and h-PS layers.  As the sample is annealed for longer times (purple 1006 s and 

blue 8051 s), the transition between layers becomes broader as a result of the two layers inter-
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diffusing together.  The SLD profiles of the annealed samples in Figure 3, also show an increase 

in overall bilayer thickness, which is a result of the kinetic trapping of the as-cast sample during 

spin coating, followed by their relaxation toward an equilibrium thickness when annealed at 130 

°C.   

 

Figure 2: Reflectivity profiles for 540 kDa neat bilayer as a representation of all samples. The 
profiles are offset for clarity. 
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Figure 3: Scattering length density, SLD, curves for 540 kDa neat bilayer as a function of bilayer 
depth and annealing time at 130 °C where 0 is the air interface. 
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shows a time dependence of t1/4 at early times, which is consistent with Rouse dynamics.  At later 

times, the time dependence of the interfacial width changes to follow Fickian diffusion, t1/2.  This 

time dependence is fit to Equation 3 where D is the diffusion coefficient and t is the annealing 

time. 

 		𝑤 = (4𝐷𝑡)9/;              Eq. 3 

This analysis produces a diffusion coefficient value of D = 9.4x10-17cm2/s for the 540 kDa neat 

bilayer.  As a self-consistent check, the time at which the dynamics change from Rouse dynamics 

to reptative dynamics is calculated with Equation 4 using this diffusion coefficient.  In this 

Equation, 𝜏-	is the reptation time, N is the degree of polymerization, b is the segment length of 

polystyrene (6.7 Å), and D is the measured diffusion coefficient.23  This analysis estimates that tr 

is equal to 7803 s for the 540 kDa neat bilayer, which is in reasonable agreement with the data in 

Figure 5.  
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Figure 4: d8-PS volume fraction fit (black line) for 540 kDa neat bilayer annealed for 8051s to a 
single error function to calculate interfacial width.   
 
 
 

  

Figure 5: Log-log plot of interfacial width vs annealing time for 540 kDa neat bilayer reflectivity.  
The dashed line is fitted to the Rouse regime where there is a time dependency of t1/4 and the solid 
line is fitted to the reptative regime where the time dependency is equal to t1/2.  The transition from 
Rouse dynamics to reptative dynamics is estimated by tr. 
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the pure 215 kDa polymer.  Finally, the diffusion of the 540 kDa PS in the nanocomposites diffuses 

much faster than that of the neat 540 kDa PS. 

 

Figure 6: Molecular weight dependence of the measured diffusion coefficients for the neat bilayers 
and each nanocomposite as a function of molecular weights.  The solid line is consistent with 
reptation theory molecular weight dependency for the neat bilayers.  
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slow the linear polymer diffusion. Composto and coworkers have shown that the polymer diffusion 

can be scaled to a universal curve based on the confinement parameter ID/2Rg(polymer).14  The 

universal confinement represents the ratio of the average distance between the surfaces of 

neighboring hard nanoparticles and the diameter of the polymer molecule. The interparticle 

distance, ID, is defined in Equation 5.14,33 In Equation 5, R is the average radius of the nanoparticle 

and fNP is the volume fraction of the nanoparticles. 

𝐼𝐷 = 2𝑅[[ ;
V×\]^

_
`
a − 1]                      Eq. 5.  

In these systems, the polymer chain loses conformation entropy when it is confined between 

neighboring nanoparticles, thus the polymer chain continuously probes its surrounding 

environment until a large enough opening is found to reptate through.  These added constraints to 

the polymer motion from the hard nanoparticle significantly slow polymer diffusion.15  

 Previous research has also examined systems where the dynamic response of a polymer 

chain increases with the incorporation of the nanoparticle.35,51-53  The interpretation of these results 

to explain this behavior varies among researchers. Many of these results employ a dependency on 

the ratio of a characteristic length scale of the nanoparticle, i.e. diameter or radius of the 

nanoparticle, to a size of the polymer chain. For instance, Grabowski et al35 infers that the inclusion 

of gold nanoparticle with diameters that are comparable or smaller than the tube diameter of the 

matrix polymer, poly(n-butyl methacrylate), decreases the friction coefficient between 

nanoparticle and polymer chains.  When the relative size of the particle and the polymer tube 

diameter are similar, it is put forward as a crossover point between slower and faster dynamics of 

the polymer matrix.35  Moreover, their reported viscosity reduction should correspond to an 

increase in polymer diffusion coefficient.  When SCNPs with a diameter smaller than the Edwards 

tube diameter of the melt polymer are mixed with the polymer chains, there exists a dynamic 
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coupling between the nanoparticles and the polymer chains.51  When the radius of the SCNP, Ra, 

is much smaller than the Rg of the matrix polymer, the segmental relaxation of the linear melt 

chains can be accelerated by the softness of the interface of the nanoparticle.52,53  Therefore, the 

ratio of the size of the nanofiller to the radius of gyration of the bulk polymer is an important 

parameter that should qualitatively alter the dynamics of a polymer in a nanocomposite, as is 

observed on our results.  

 While there are many studies that examine the dynamics of linear polymers that are similar 

or smaller than the nanoparticle, there are few studies that examine nanocomposites systems with 

linear polymers that are 2 orders of magnitudes larger than the nanoparticle or nanocomposites 

comprised of single-chain nanoparticles dispersed in a linear polymer matrix.  Miller et al 

examined the diffusion of large linear polystyrene in the presence of small soft polystyrene 

nanoparticles and observed a dramatic increase in linear polymer diffusion when the Rg(dPS) ≈

	2×Rg(NP).  It is important to emphasize that the increase in dynamics is not merely an increase in 

free volume or a plasticizing effect with the incorporation of the nanoparticles.4,20  These results 

demonstrate that the ratio of the Rg(NP)/Rg(polymer) is important in determining the coupling of the 

presence of the nanoparticle to polymer motion, and deserves more in-depth study to understand 

the diffusion of linear chains in all-polymer nanocomposites.  

Arbe et al.31 determined that when the Rg(polymer) is larger than the radius of single chain 

nanoparticles, SCNPs, the SCNPs dilate the tube diameter of the linear chain.  This dilation 

decreases the lateral restrictions of the reptating tube.  This result is consistent with the observed 

viscosity reductions by Mackay et al.38 indicating increased dynamics for an all-polymer 

nanocomposite with soft interfaces.  Overall, reported results indicate that the unique interfaces 
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provided by the topology of these SCNPs contribute to the singular dynamics and viscoelastic 

properties of all-polymer nanocomposites.1,4,20,31,38,52 

 The softness of the polymeric nanoparticles used in this work are defined by the amount of 

DVB crosslinker in their synthesis.  Due to the chemical similarity of the nanoparticle and the 

polymer matrix, limited nanoparticle aggregation is expected or observed.  It should be emphasized 

that the neutron reflectivity data indicates that the nanoparticle is homogeneously dispersed 

through the thickness of the film, i.e. there is no excess nanoparticle found at any interface.  It has 

also been demonstrated that the diffusion of linear polymers in the presences of these soft PS NPs 

of this nature do not follow the universal scaling that is observed for polymer diffusion in the 

presence of hard impenetrable NPs.57  Moreover, experimental results imply that these 

nanoparticles deform, which can aid the linear polymer diffusion, a mechanism that is not available 

for hard impenetrable nanoparticles.20   

Diffusion of Polystyrene Nanocomposites: 61kDa PS Matrix (Rg(NP) > Rg(dPS)) 

 The first system studied is the matrix of low molecular weight polystyrene, ~ 61,000 

Daltons and the corresponding nanocomposites.  The radius of gyration for the 61 kDa polystyrene 

matrix is approximately 64 Å, which is estimated using Equation 6. In Equation 6, Mw is the weight 

average molecular weight for dPS, M0 is the molar mass of the repeat unit (112 Da), and a is the 

segment length which is 6.7 Å for polystyrene.4  This calculated value is slightly larger  

𝑅f =
1ghi/hj

√l
              Eq. 6 

than the experimentally determined Rg of polystyrene with similar molecular weight using small 

angle neutron scattering by Mackay et al of 57 Å.56  This Rg(dPS) is smaller than that of the Rg(NP) 

that is measured using small angle neutron scattering for the soft nanoparticles studied and reported 

in Table 1. The matrix molecular weight of 61,000 Da is well above the entanglement molecular 
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weight of the polymer, and is therefore entangled.2,7,58 The diffusion of linear polystyrene 

decreases in the nanocomposites relative to that of neat polystyrene and decreases as the rigidity 

of the nanoparticle increases.  The measured diffusion coefficient for the neat 61 kDa PS bilayer 

is 1.1x10-14 cm2/s with a treptation equal to approximately 7.8 seconds when annealed at 130 °C.  At 

this temperature and neutron reflectivity time scales, the Rouse regime is not experimentally 

measurable.  

 The decrease in the linear PS diffusion rate is interpreted to be the result of the presence of 

the added nanoparticles increasing the barriers to the motion of the polymer chain.  The diffusion 

coefficient for PS decreases by 2, 5, 8, and 12 times with the addition of 1 mass % loading of 

nanoparticles NP1, NP2, NP3, and NP4 respectfully, indicating that an increase in the crosslink 

density or rigidity of the nanoparticle enhances the attenuation of the polymer diffusion (Figure S 

1-5).  As the crosslinking density of the nanoparticle increases, the deformability of the 

nanoparticle decreases and the nanoparticle becomes more impenetrable.59  This translates into 

more barriers on the diffusive motion of the polymer chain,59 which manifests as a greater decrease 

in the measured diffusion coefficient.   

 The small molecular weight of the linear PS also means that more chain ends exist within 

the system relative to larger molecular weight PS.  The presence of these chain ends offers more 

avenues for the polymer chain to diffuse and reptate into and become entangled within the 

deformable nanoparticle.  As the nanoparticles move more slowly than the linear chains, this 

entanglement will also cause the polymer diffusion to slow down.  When the nanoparticle becomes 

more crosslinked, the polymer chains become more confined.  This, in turn, further reduces the 

diffusive motion of the polymer chain.   
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 The reduced motion of the 61 kDa PS diffusion in the presence of the nanoparticles is, 

therefore, attributed to the nanoparticles acting as barriers to the diffusion of linear polymer chains 

and the entanglement of the linear chain with the nanoparticle.  The barrier to motion is similar to 

that experienced by polymers in a nanocomposite with hard impenetrable nanoparticles.33,60  This 

mechanism leads to a universal dependence of the change in polymer diffusion with nanoparticle 

inter-particle distance that has been shown to be valid for a broad range of hard nanoparticles.14  

Therefore, comparing the diffusive behavior of the 61k polymers in the presence of the soft 

nanoparticles to this model provides insight into the relative importance of the entanglement of the 

polymer and soft nanoparticle and the barrier properties of the nanoparticles on the change in the 

diffusive behavior of the polymer chain.  

 However, when the diffusion coefficients of the 61 kDa PS linear polymer chains in the 

presence of soft nanoparticles are plotted with the universal scaling curve, as in Figure 7, the 

reduced diffusion coefficients fall below the curve. This is consistent with the interpretation that 

the slower diffusion is the result of an additional factor beyond the entropic barrier due to 

nanoparticle confinement.  It is our interpretation of these results that this additional factor is the 

entanglement of the linear polymer with the soft nanoparticles, which further slows the linear 

polymer chain diffusion.  
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Figure 7: Comparison of 61 kDa nanocomposites to the universal scaling shown in Ref14.  

 

Diffusion of Polystyrene Nanocomposites: 215k PS Matrix (Rg(NP)~Rg(dPS))    

 The estimated Rg for linear polystyrene with a molecular weight of 215 kDa is 119 Å using 

Equation 5.  The Rg(NP) is now similar in size to that of the Rg(dPS) where the ratio of Rg(dPS)/Rg(NP) 

is 1.18, 1.74, 1.7, and 1.84 for the NP1, NP2, NP3 and NP4 nanoparticles, respectfully (Figure S 

6-10).  The 215 kDa linear PS has a diffusion coefficient of 7.4 × 10-16 cm2/s at 130 °C with a 

treptation time of 392 seconds. Figure 6 shows that the diffusion coefficients of the neat 215 kDa 

bilayer and the PS in the nanocomposites are similar, with the NP3 nanocomposite exhibiting the 

slowest PS diffusion coefficient.  At this linear PS molecular weight, the nanoparticles are neither 

greatly inhibiting nor are they facilitating the diffusion of the linear polystyrene. Simulation studies 

have suggested that sparsely crosslinked nanoparticles do not confine the linear chains in a 

nanocomposite.1 While direct comparison of these simulation results to our experiments is difficult 

because of variation in the size of the soft nanoparticles, within this simulation study the SCNPs 
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do not decrease the entanglement length of the linear chain compared to the pure melt as is seen 

with dense, globular single chain nanoparticles.1  The lack of change in the length between 

entanglements in the all-polymer nanocomposite compared to the linear melt results in comparable 

linear chain dynamics. 

 At this linear PS molecular weight, the size of the nanoparticle and polymer are 

comparable.  These modest length chains still contain a significant amount of chain ends that 

provide pathways for the polymer chain to entangle with the soft nanoparticle as in the 61kDa 

nanocomposites.  At the same time, the number of entanglements per chain (Mw/Mc ≈ 6) suggests 

that the fuzzy interface of the nanoparticle can also enable constraint release mechanisms in the 

reptative diffusive motions as found in the 540 kDa PS matrix.4  Thus, it appears that the slowing 

down of the polymer diffusion by entanglements or confinement competes with the speeding of 

the polymer diffusion by constraint release, and that these two factors are nearly equal and cancel 

each other out at this intermediate molecular weight.  

Diffusion of Polystyrene Nanocomposites: 540k PS Matrix (Rg(NP) < Rg(dPS)) 

 For this set of nanocomposites, the Rg of the linear PS matrix is approximately 190 Å as 

calculated using Equation 5, which is significantly larger than the nanoparticles.  At this molecular 

weight, the linear polymers have the greatest entanglements per chain (Mw/Mc ≈ 15). This slows 

the polymer diffusion significantly, resulting in a diffusion coefficient of 9.4 x 10-17 cm2/s for the 

neat 540 kDa PS and a treptation of 7803 seconds. Figure 6 however, shows that the diffusion 

coefficient of the PS chain in the nanocomposite are all faster than that of the neat PS.  The PS 

diffusion coefficient is 3.75 times faster in the NP1 nanocomposite, 2.25 times faster in the NP2 

nanocomposite, 1.54 times faster in the NP3 nanocomposite, and 1.2 times faster in the NP4 

nanocomposite (Figure S 11-14).  This increase in PS diffusion coefficient is only observed in this 
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matrix molecular weight where the Rg of the PS matrix is greater than that of the polystyrene soft 

nanoparticles.   

 Miller et al observed similar behavior and correlated the softness of the nanoparticle to the 

increase in diffusion coefficients when the Rg of the matrix is larger than that of the nanoparticles.4 

This behavior has been attributed to nanoparticles of this nature supporting constraint release in 

the reptative polymer diffusion.3  In this process, the more lightly crosslinked fuzzy interface 

contains loops and chain ends that behave similarly to the arms of polymer stars. As has been 

observed in mixtures of star and linear polymers, the retraction and motion of the star’s arms 

increases the release the constraints on the reptation tube, which speeds up the polymer diffusion.61  

The deformability of the nanoparticle allows the relaxation of the nanoparticle, which can enlarge 

the tube diameter. Thus, the release of the lateral constraints of the linear polymer chains 

contributes significantly to the overall increase in polymer motion. 

This interpretation relies on the chains on the outer surface of the nanoparticle behaving as 

fast chains that are relaxing faster than the linear polymer chain.  A similar tube dilation has been 

reported for asymmetric mixtures of long poly(ethylene oxide) (PEO) linear chains in the presence 

of poly(methyl methacrylate) (PMMA) based single-chain nanoparticles using neutron spin 

echo.31  The internal compaction of the PMMA nanoparticles in the PEO matrix contributes to the 

release of entanglements and mechanism of tube dilation.  It is interesting that a similar change in 

soft nanoparticle morphology is observed for our PS nanoparticles when dispersed in a theta 

solvent.62  

Effect of Soft Nanoparticles on Nanocomposite Free Volume 

 To test whether the incorporation of the soft nanoparticles alters the free volume of the 

polymer, and thus acts as a plasticizer, the glass transition temperature of the nanocomposites was 
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monitored by differential scanning calorimetry.  The results are presented in Figure 8, where the 

structural characteristics of all soft nanoparticles are provided in Table 1.  These results show that 

the glass transition temperature of the PS in the nanocomposites changes very slightly, and slightly 

increases, with the addition of the nanoparticles.  The neat PS film has a measured Tg of  94.5 °C.  

When soft nanoparticles are added into the PS matrix, the Tg of all films increased.  These results 

are counter to those of Mackay et al that observed an increase in free volume when highly 

crosslinked PS nanoparticles are dispersed into a PS matrix, which translates into a decreases in 

the Tg of the system.38  However, our system shows an increase in the Tg of the system, which is 

consistent with a decrease in the free volume of the nanocomposite and cannot explain the increase 

in the diffusion coefficient of the polymer chains.  Thus, the unique interfacial structure of these 

polystyrene soft nanoparticles as well as their softness contribute to the alteration of the polymer 

diffusion in the nanocomposites.   

  

Figure 8:  The glass transition temperature of polystyrene and nanocomposites as a function of 
DVB crosslinker in the nanoparticles.   
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Conclusion 

 The results presented above indicate that the relative size of the polymer chain to the soft 

nanoparticle is a crucial factor in determining the impact of the nanoparticle on the polymer chain 

diffusion.  The addition of the soft penetrable nanoparticle appears to alter the entanglements of 

the linear polymer.  The diffusion of smaller chains is slowed down in the presence of the soft 

nanoparticles.   This behavior is attributed to the topological barrier of the soft nanoparticle and 

the entanglement of the linear polymer chain with the penetrable soft nanoparticle.  At the other 

end of the spectrum, the presence of the soft nanoparticle speeds up the polymer chain diffusion 

of the largest polymer.  This is ascribed to the facilitation of constraint release of the polymer chain 

reptation by the fuzzy interface of the soft nanoparticles.  Finally, the diffusion of the 215 kDa 

polymer chain appears to be a balance of these two competing effects such that the rate of diffusion 

of these polymers does not change much with the addition of the soft nanoparticles.  Therefore, 

the effect of the presence of soft nanoparticles on the diffusion of each polymer can be described 

as a result of either polymer chain entanglements and topological constraints when the nanoparticle 

is larger than the polymer chain, constraint-release when the polymer chain is larger than the 

nanoparticle, or a combination of these phenomena when the size of the polymer and nanoparticle 

are similar.    
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