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Abstract 
Polymer nanocomposites (PNCs) are important materials that are widely used in 

many current technologies and potentially have broader applications in the future due 

to their excellent property tunability, light weight and low cost. However, expanding 
the limits in property enhancement remains a fundamental scientific challenge. Here, 
we demonstrate that well-dispersed, small (diameter ~1.8 nm) nanoparticles with 
attractive interactions lead to unexpectedly large and qualitatively different changes in 
PNC structural dynamics in comparison to conventional nanocomposites based on 

particles of diameter ~10-50 nm. At the same time, the zero-shear viscosity at high 
temperatures remains comparable to that of the neat polymer, thereby retaining good 
processibility and resolving a major challenge in PNC applications. Our results 
suggest that the nanoparticle mobility and relatively short lifetimes of nanoparticle-
polymer associations open qualitatively different horizons in tunability of 

macroscopic properties in nanocomposites with high potential for the development of 
advanced functional materials.  
 
Keywords: polymer nanocomposites, small nanoparticles, glass transition, fragility, 
apparent disentanglement 
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The addition of nanoparticles to dense polymer matrices results in polymer 

nanocomposites (PNCs) with significantly altered segmental and chain relaxation,1-3
  

leading to a wide tunability in macroscopic properties,4-6 including the glass 

transition1-2 and viscoelastic response.3 An interfacial polymer layer of 1-5 

nanometers thick surrounding nanoparticles (NPs) is well established,7-13 and has been 

regarded as the main mechanism of modifying macroscopic properties of PNCs.14-18 

Decreasing NP size increases the interfacial layer volume fraction at fixed loading,15 

and could enhance desirable changes. However, one expects that there is an optimum 

NP size since small enough particles typically plasticize the polymer matrix,19-21 

thereby speeding up dynamics, decreasing Tg, and reversing desirable 

thermomechanical property changes.22 Moreover, weak interactions between polymer 

and nanoparticles typically lead to aggregation and poor dispersion that often 

complicate studies of PNCs with small nanoparticles, resulting in nonequilibrium 

effects and loss of interfacial area at high loadings.22 As a result, only a few 

publications have analyzed the influence of small (diameter D~1-2 nm) well-

dispersed nanoparticles on PNC properties, although some revealed relatively large 

effects at low loadings (~1-2 vol%).23-24 

Here we present a detailed study of PNCs with well-dispersed, small (of order the 

polymer segment) attractive nanoparticles. We discover unexpectedly large and 

qualitatively different dynamical effects relative to conventional PNCs with D~10-50 

nm nanoparticles. Combining experiment, theory and simulations, we provide an 

understanding of these effects, which suggests a promising strategy for tuning 
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macroscopic PNC properties over a considerably broader range than was previously 

possible. 

RESULTS 

We blend Poly(2-vinylpyridine) (P2VP) (Mw =101 kg/mol) with octaaminophenyl 

polyhedral oligomeric silsesquioxane (OAPS, Fig.1b) nanoparticles of diameter D = 

1.8 nm, nearly identical to the polymer Kuhn segment size, lk ~ 1.7 nm. OAPS 

experiences strong hydrogen-bonding attractions with both itself and P2VP, with the 

latter allowing good dispersion. Details concerning sample preparation, 

characterization, and experimental protocol are presented in the Methods Section and 

Supplementary Information (SI).  

Small angle X-ray Scattering (SAXS) has been used to analyze the OAPS dispersion 

in the nanocomposites. Detailed scattering data of all P2VP/OAPS are presented in 

the Figure S1 in SI. Fig. 1a shows representative scattering intensity data I(q) of 

OAPS in P2VP/OAPS (at ϕOAPS = 18 vol% and 37 vol%) obtained after subtracting 

the volume fraction weighted scattering of pure P2VP melt. These results reveal 

excellent NP dispersion up to ~27 vol%, that can be fit by fuzzy sphere model (details 

of the fit procedure are presented in SI). A representative static structure factor S(q) of 

OAPS in P2VP (ϕOAPS = 18 vol%), converted from the scattering intensity I(q) 

following the procedure proposed by Jouault et al.
25-26 (for details see SI), shows a 

low q plateau value of ~1 (inset Fig.1a) which further supports dispersion at the single 

NP level. An increase of scattering intensity at low q (q<0.02 Å-1) for ϕOAPS=37 vol% 

(Fig.1a) and higher is observed, indicating some spatial heterogeneity due to 
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aggregation and/or kinetic gelation,27 although the samples remain optically 

transparent up to ϕOAPS~54 vol%.  

 

Figure 1 Reduced small angle X-ray scattering for P2VP/OAPS with ϕOAPS = 18 vol% and 

ϕOAPS = 37 vol%. The black lines show a fit to a fuzzy sphere model for ϕOAPS = 18 vol%, and 

a combination of a power law and the fuzzy sphere model for ϕOAPS = 37 vol% (for details see 

SI). The inset shows the corresponding static structure factor S(q) (ϕOAPS = 18 vol%). (b) The 

chemical structure of OAPS, where the amine group can form H-bonding with both P2VP 

segments and OAPS particles themselves. 

 

Broadband dielectric spectroscopy (BDS) was employed to probe segmental 

dynamics in these PNCs. The BDS data reveal large changes in the α-process peak 

with NP loading (Fig.2a): (i) a shift to lower frequency, (ii) broadening, (iii) decreased 

amplitude. The segmental relaxation time is estimated from the peak frequency, 

τα=1/(2πfp), and exhibits an unusually strong slowing down relative to the neat 

polymer at low temperatures (up to 6 decades at T ~ 410 K), which decreases to less 

than 1 decade at high temperatures (Fig.2b). The data also reveal a dramatic increase 

in Tg (defined by τα= 100 s) of up to ~35 K. 
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Figure 2 (a) Representative dielectric spectra of P2VP/OAPS with different loadings (in vol%) 

at 453 K where the structural relaxation α-peak is well-defined. (b) Temperature dependence 

of τα for neat P2VP and P2VP/OAPS PNCs with different loadings.  

 

Temperature modulated differential scanning calorimetry (TMDSC) 

measurements provide thermodynamic estimates of Tg. It is worth noting that there 

are no transition steps in DSC data of neat OAPS for T=313K–453K (Fig.S2 in SI), 

signifying its high melting temperature or Tg. The PNC Tg, defined as the mid-point of 

the transition step, shifts from 372 K to 407 K (Fig.3), consistent with the BDS 

measurements. This is an extraordinarily large increase compared to conventional 

PNCs with similar loading, e.g., P2VP/SiO2 ( D = 25 nm ) exhibits Tg shifts of only 

~2-5 K (Figs.3 and 5a).8, 10 The step amplitude, ∆Cp, of the P2VP/OAPS PNCs reveals 

another anomaly (Fig.5b): it remains almost constant ~0.27 J/(gK) despite a strong 

decrease in polymer weight fraction, which is again in qualitative contrast to 

conventional PNCs where ∆Cp scales well with polymer fraction (inset Fig.5b).8, 10 
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Figure 3 Temperature modulated differential scanning calorimetry measurements data of 

P2VP/OAPS nanocomposites with different loadings. Inset shows results for P2VP/SiO2 with 

nanoparticle D ~ 25 nm (ϕSiO2=0 vol%, 16 vol%, and 35 vol%). 

 

Rheology was employed to measure linear viscoelastic responses of both 

P2VP/OAPS and P2VP/SiO2 PNCs. We used small amplitude oscillatory shear 

measurements, and the master curves of G’(ω) and G” (ω) spectra have been 

constructed using time-temperature superposition principles (Fig.S3). Fig.4a presents 

the G’(ω) and G”(ω) spectra of neat P2VP melt, P2VP/OAPS with ϕOAPS = 27 vol%, 

and the conventional P2VP/SiO2 with φSiO 2
= 27 vol%, at Tref = 453 K. The 

conventional P2VP/SiO2 PNC shows the common gelation behavior, as indicated by a 

low frequency power law G’~G”~ ω0.25, strong enhancement of the modulus, and 

absence of terminal flow3 (Fig. 4a). The rheological behavior of P2VP/OAPS at a 

similar loading is remarkably different and unexpected (Fig. 4a): (i) the entanglement 

plateau modulus is almost identical to that of neat P2VP; (ii) intermediate frequency 

(Rouse) dynamics are significantly slower, with an entanglement onset time, τe, ~11 

times longer than in neat P2VP despite τα increasing only by a factor of ~1.9; (iii) the 

terminal flow time τd increases only by a factor of ~1.2. Consequently, the 
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entanglement plateau breadth, quantified by τd/τe, shrinks from ~700 (neat P2VP), to 

~70 at ϕOAPS=27 vol%, and to only ~5 at ϕOAPS=37 vol% (Fig. 4a and Fig.S3 in SI) 

indicating an apparent “disentanglement” in P2VP/OAPS. (iv) The complex viscosity, 

|η*|, (inset Fig. 4a) shows a zero-shear-rate plateau comparable to neat P2VP, in a 

sharp contrast to the ~1000 times increase for the conventional P2VP/SiO2 PNC. 

Interestingly, the P2VP/OAPS nanocomposites do show gel-like behavior at loadings 

exceeding 43 vol% (Figs. 4b and S3). Kinetic gelation in nanocomposites requiring 

such a high loading (especially for small NPs) is unexpected in the context of 

traditional PNCs.28 However, a detailed discussion of the gelation behavior is beyond 

the scope of the current paper and will be considered in a future publication. 

 

Figure 4 (a) Master curves constructed by time-temperature superposition of G’ and G” of 

P2VP/SiO2 (ϕSiO2 = 27 vol%, pink and purple symbols), P2VP/OAPS (ϕOAPS = 27 vol%, olive, 

black symbols) and neat P2VP (red, blue lines) at Tref = 453 K. Inset shows the complex 

viscosity, |η*|, of neat P2VP (red), P2VP/OAPS (blue), and P2VP/SiO2 (olive). (b) Master 

curves at Tref = 453 K constructed using time-temperature superposition of G’ and G” for neat 

P2VP (red and blue lines), P2VP/OAPS (ϕOAPS = 37 vol%) (diamonds and upper triangles), 

and P2VP/OAPS (ϕOAPS = 54 vol%) (down triangles and hexagons). 
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Figure 5 (a) Shift in Tg, ∆Tg, (b) specific heat capacity jump at Tg, and (c) fragility index as a 

function of loading for P2VP/OAPS (red circles) and P2VP/SiO2 (DSiO2 = 25 nm) (blue 

squares). (d) entanglement plateau length τd/τe, (e) entanglement to alpha time ratio, τe/τα , 

and (f) τd/τα ratio of P2VP/OAPS PNCs at different loadings. Inset in (b) shows ∆Cp of the 

matrix, Cp

mat =
Cp

PNC − Cp

NPmNP

1− mNP

, appears to be independent of loading in the conventional 

PNCs, where NP

pC  and NPm  are the specific heat capacity and weight fraction of the NPs, 

respectively. The blue line in (d) is the dilution prediction of reptation-tube theory.29 

 

DISCUSSION 

 The presented experimental results reveal unexpectedly large and unusual effects 

of small sticky nanoparticles on segmental dynamics, Tg, thermodynamic properties, 

and viscoelastic response of PNCs. There are 7 key points.  

(i) There is a dramatic increase in Tg, of up to ~35 K, which is seen in both 

BDS and thermodynamic measurements (Fig.5a). This is in sharp contrast 

to a ~ 2-5 K increase in conventional P2VP/SiO2 (D = 25 nm) PNCs10 
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(Fig.5a), as well as another polymer/POSS nanocomposites that showed a 

reduction in Tg due to plasticizer effect of small nanoparticles.30  

(ii) The temperature dependence of τα is usually quantified by the fragility 

index, m =
d log10 τ (T )[ ]

d(Tg / T )
T =Tg

. Remarkably, it grows enormously from m 

= 100 for neat P2VP to m = 270 for ϕOAPS = 54 vol% (Fig.5c), compared to 

a tiny ~ 10% change observed in conventional P2VP/SiO2 PNCs (Fig.5c). 

Moreover, m = 270 is much higher than any value ever reported for 

polymer melts,31 implying a sharp slowing down of dynamics with cooling 

and unusual glass-formation behavior of PNCs with small attractive NPs.  

(iii) The specific heat capacity jump of the PNCs, PNC

pC∆ , is almost 

independent of loading in P2VP/OAPS (Fig. 3), while in P2VP/SiO2 (D = 

25 nm) PNCs it monotonically decreases with loading. This strongly 

suggests that small nanoparticle mobility contributes in an essential 

manner to the kinetic vitrification and thermodynamics of OAPS-based 

PNCs.  

(iv) The kinetic gelation that occurs in the conventional P2VP/SiO2 (D = 25 

nm) PNC, is absent in P2VP/OAPS even at very high loading.  

(v) Intriguingly, the breadth of the entanglement rubbery plateau, quantified 

by the time ratio τd/τe, decreases almost exponentially with loading (Fig. 

5d), τd/τe∝exp(-13ϕNP). This is much stronger than a power law dilution 

effect typically seen with addition of solvent or tiny nanoparticles (blue 

line in Fig. 5d).29  
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(vi) The ratio of the entanglement onset time to the structural relaxation (alpha) 

time, τe/τα, also increases exponentially with loading (Fig. 5e), 

τe/τα∝exp(13ϕNP). This violates the traditional idea that changes of 

segmental and chain modes with nanoparticle addition are fully coupled.  

(vii) In contrast to points (v) and (vi), the ratio τd/τα is almost loading 

independent (Fig. 5f), implying the dependence of the flow time and 

viscosity enhancements on loading are controlled entirely by the alpha 

relaxation. 

All these experimental results clearly demonstrate that P2VP/OAPS PNCs are in 

many respects qualitatively different from conventional PNCs3, 10-13, 32 (Fig.5). 

Defining physical features of the latter such as effectively immobile nanoparticles, the 

formation of nanoscopic “bound adsorbed layers” on the surface of large NPs, and 

decoupling of dynamic and psuedo-thermodynamic measures of vitrification, are not 

applicable.18 

To gain deeper insight, we performed coarse-grained molecular dynamics 

simulations (see Methods and SI for details) where the NP and polymer segment have 

identical size and attract with an energy of 2-4 kBT. The NP-NP and polymer-polymer 

interactions are repulsive, ensuring miscibility. The key findings are (Fig.6): (i) 

Nanoparticles and segments have comparable structural relaxation times, τNP=1~2 τα, 

suggesting a very strong coupling of segment and NP motions, in qualitative contrast 

to conventional PNCs where nanoparticles are essentially immobile on the segmental 

time scale. (ii) The time scale for relative NP-segment motion (“dissociation time”), 
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τdis, estimated from the dynamic cross correlation function (see SI), is slower than the 

alpha process, increasing to τdis ~102-103 τα for the strongest attraction. This suggests 

complete PNC structural relaxation involves two processes: cage relaxation and 

breaking of NP-polymer bonds, with the latter being slower. 

Detailed comparisons of simulation with experiment is inappropriate because the 

simulations are not in the deeply supercooled regime and NP-NP attraction is not 

included. To understand the deeply supercooled regime, we apply the recently 

developed “Elastically Collective Nonlinear Langevin Equation” (ECNLE) approach, 

a quantitative theory of one-component molecular and polymer liquids.33 Here it is 

extended to treat a binary mixture of equal-sized NP and segment spheres to study 

their cooperative activated hopping building on ideas successfully developed for 

colloidal mixtures34 (see Methods and SI). For physical context, the inset of Fig.7a 

sketches the P2VP/OAPS PNC of interest and shows that at the relatively high 

loadings of primary interest essentially every polymer segment is in contact with one 

or more NPs. Two attraction energy parameters (defined relative to the segment-

segment attraction as a reference), between a segment and NP and between two NPs, 

εpn and εnn, respectively, are introduced. Their values are chosen based on chemical 

knowledge (εpn< εnn) and to ensure miscibility. Details of the model, mapping and 

theory are presented in the Methods and the SI. 
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Figure 6 Simulation results for (a) normalized alpha relaxation time of polymer segments 

(τpolymer/τα(ϕNP=0), symbols) and nanoparticles (τNP/τα(ϕNP=0), lines); and (b) normalized 

nanoparticle – segment dissociation time (τdis/τα(ϕNP)) as a function of loading at different 

polymer-nanoparticle interaction strength. At �=1 kBT the interactions are purely repulsive 

while the other �’s have attractions. See SI for details. 

 

 

Figure 7 (a) Mean collective alpha time as a function of inverse temperature for mixtures 

(��� = 0.25, ��� = 0.75 in thermal energy units with T = 571 K) with various NP loading 

��. Inset: Realistic sketch of the PNC with equal sized NP and Kuhn segment at ��=33 vol%. 

(b) Glass transition temperature shift and fragility index (inset) predictions for various 

attraction strength parameters (lines), compared to experiment (symbols).  

 

Figure 7a shows theoretical calculations of the PNC mean alpha relaxation time 

for a specific choice of attraction energies at different loadings over a wide 

temperature range. By accounting for coupled activated motion of segments and 

nanoparticles (which is predicted to occur on essentially the same mean time scale, 

see SI), the theory qualitatively captures the basic experimental features (Fig. 2b). 
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Predictions for how the alpha time increases with NP loading at fixed temperature are 

given in the SI. Fig. 7b shows the Tg shift and fragility index results corresponding to 

Fig.7a for several different choices of attraction energies. They agree well with the 

large increases observed experimentally, including the distinctive nearly linear growth 

of Tg with loading. More broadly, the theoretical results illustrate how dynamic 

properties can be widely tuned by manipulating chemically-specific attractions.  

The physical picture that emerges from a detailed theoretical analysis (see SI) is 

that modestly sticky NPs form a limited number of physical bonds between 

themselves and with the polymer, resulting in extra dynamical constraints beyond 

steric caging, which increases the activation barrier, α-relaxation time and Tg. The Tg 

shifts grow as either εpn or εnn increase. However, the correctly predicted roughly 

linear growth of Tg with loading does not occur if one unrealistically sets εnn=0, and 

thus NP-NP transient physical bond formation appears to be critical for the observed 

effects. The enhanced fragility has a structural and thermodynamic origin: as loading 

increases, more temperature sensitive physical bonds form and the growth of the PNC 

total packing fraction with cooling is enhanced. Importantly, a key idea suggested by 

theory and simulation that the alpha process involves cooperative motion of segments 

and nanoparticles immediately provides a basis to understand the negligible change in 

the PNC heat capacity jump, ∆Cp, with loading (Figs. 3 and 5b). The contribution of 

small NP motion to the specific heat compensates the lost of polymer weight fraction. 

We emphasize that the near equality of segment and NP relaxation time scales is a 

conseqeunce of both the relatively weak nature of the attractive interactions (and 
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corresponding modest cohesive energy, see SI) and the highly limited number of 

bonds a NP can form with the polymer given its small size. Either one or both of these 

features are absent in traditional PNC’s which have well-defined, generally strongly 

bound layers of a ~1-5 nm thick,9-11 typically resulting in a large time scale separation 

between NP motion and segmental relaxation.   

Given NP and segmental motions are strongly coupled, it seems unlikely (all) 

physical bonds are broken by the alpha process, suggesting a longer time scale for 

complete structural re-arrangement and initiation of chain-scale motion (e.g., Rouse, 

reptation). Such a bond dissociation process can lead to a two step structural 

relaxation (cage escape and bond breaking) in dense attractive colloid suspensions35 

and associating polymer liquids.36-37 We expect the dissociation time τdis(ϕNP) > 

τα(ϕNP) and its ratio grows with loading, as suggested by simulation (Fig.6). Although 

the precise mechanism is unclear, we explore a simple physical idea, generically 

motivated by “sticky Rouse” models.36-37 We postulate τdis~τα exp(UNP/kBT), where 

the structural theory predicts the cohesive energy per particle UNP∝ϕNP and 

τe(ϕNP)∝τdis~τα(ϕNP) exp(bϕ NP ) with b~7-13 (see SI). The exponential enhancement of 

the entanglement onset time relative to the alpha time, and the magnitude of b, are 

consistent with experiment (Fig.5e). However, naively, this idea would seem to 

predict a stronger dependence of the flow time on loading than the alpha time, which 

is not observed (Fig.5f). One possiblity is the slowing down of Rouse modes due to 

small sticky particles is a frictional effect which does not modify entanglement elastic 

properties. This speculation is consistent with our τe(ϕNP) data (Fig.5e), and the 
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loading independence of both τd(ϕNP)/τα(ϕNP) (Fig.5f) and the plateau modulus. More 

study is needed to draw definitive conclusions. But, the rheological behavior clearly 

does not follow standard “sticky Rouse”36-37 or “sticky reptation”38 models, where the 

terminal time grows due to a long “sticker lifetime”. It also differs drastically from 

conventional PNCs (Fig.4) where nonequilibrium effects are caused by the 

exceptionally long chain-nanoparticle desorption times (~106-1012 τα).39 

 

CONCLUSIONS 

Our studies reveal qualitatively different behaviors of PNC dynamics when 

nanoparticles are sticky and comparable in size to a polymer segment. The tunable 

range of Tg and fragility far exceeds that previously found for conventional PNCs, 

while thermodynamic and viscoelastic properties show qualitatively unexpectedly 

small changes. We suggest all these results reflect the relatively fast mobility of small 

and moderately attractive NPs on the time scale of segmental dynamics which arises 

from the facile dissociation of the relatively weak and highly limited number of 

physical bonds between nanoparticles and segments. The absence of significant 

viscosity change at high temperatures renders these PNCs very attractive in 

applications and processing. Our results suggest exciting opportunities for tuning 

macroscopic properties of PNCs over a range inaccessible with conventional PNCs by 

(i) controlling nanoparticle mobility via their size (in contrast to relatively immobile 

larger NPs), and (ii) by tuning the strength and lifetime of physical bonds via the 

rational chemical manipulation of attractive forces. 
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METHODS 

Materials and sample preparations. Tetrahydrofuran (THF) was purchased from 

Sigma-Aldrich and used as received. Octaaminophenyl polyhedral oligomeric 

silsesquioxane (OAPS) was purchased from SES materials and used as received. 

Poly(2-vinylpyridine) (P2VP) with molecular weight (MW) of 101 kg/mol and 

polydispersity of 1.07 was purchased from Scientific Polymer Source Inc. The OAPS 

powder was first dissolved in THF to prepare a stock solution of 0.15 g/ml. For 

polymer nanocomposites of each type, 0.3 g of polymers were first dissolved in 10 ml 

of THF to form polymer/THF solutions. Then, different amounts of OAPS/THF 

solution were added and mixed for 1 hour. After that, the polymer/OAPS 

naocomposite solutions were poured into a teflon dish to first dry under a hood for 24 

hours before transferred to a vacuum oven (10-6 bar) under 160 oC for one more week. 

All the samples were characterized by thermogravimetric analysis (TGA) (TA 

instrument Discover Q 50) under air with 20 oC/min heating up to 800 oC, and 

temperature modulated differential scanning calorimetry (TMDSC) (TA instrument, 

Q2000) with heating/cooling rate of 2 oC/min and modulation speed of ±0.5 oC/min. 

Mass densities of OAPS, SiO2 nanoparticles, and neat P2VP were 1.4028 ± 0.0019 

g/cm3, 2.4057 ± 0.0019 g/cm3, and 1.2249 ± 0.0024 g/cm3, respectively, and were 

measured by gas pycnometry (Micromeretics Accupyc II 1340). 

 

Broadband Dielectric Spectroscopy (BDS) Measurements in the frequency range 
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10-2 – 107 Hz were carried out using a Novocontrol Concept-80 system with an Alpha-

A impedance analyzer, a Quatro Cryosystem temperature controller and a ZGS 

sample holder. PNC films of 0.08-0.15 mm were hot-pressed at 160 oC for 

P2VP/OAPS nanocomposites in a teflon ring with inner diameter of 14 mm and outer 

diameter of 24 mm. These samples were then sandwiched by two gold-coated 

electrodes with diameter of 20 mm before being transferred to the ZGS sample holder. 

All the measurements were conducted in the temperature range 473 K – 273 K with a 

step of 5 K between 473K and 363 K and 10 K between 363 K and 273 K. A thermal 

equilibration of 20 minutes was performed at each temperature before measurements. 

 

Shear Rheology: Small amplitude oscillatory shear (SAOS) measurements were 

conducted on an AR2000ex rheometer (TA Instrument). For segmental relaxation and 

the glassy modulus, a parallel plate of 4 mm in diameter and a strain amplitude of 

0.05 % were used. For rubbery plateau and terminal relaxation measurements, a 

parallel plate of 8 mm in diameter and a strain amplitude of 1.0 % was used. The 

temperature was controlled by an environmental test chamber under nitrogen 

atmosphere. The accuracy of the temperature was ±0.1 oC. 

 

Small angle X-ray Scattering (SAXS) measurements were performed at the Duke 

Shared Materials Instrumentation Facility using a high flux small angle X-ray 

scattering instrument (SAXSLab Ganesha), a point collimated pinhole system with a 

2D configurable detector and a Cu 50kV Xenocs Genix ULD SL X-ray Source. All 
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the measurements were performed at room temperature in transmission geometry on a 

series of thin nanocomposite films for a range of OAPS loadings. Scattering 

intensities measured as a function of half the scattering angle, θ, were first corrected 

for the absorption of the X-rays by the sample followed by further correction for the 

scattering of the empty cell and transformed to a plot of absolute scattering intensity 

vs. momentum transfer vector, q ( λθπ /sin4=q ). The corrected data were 

normalized to absolute units with respect to the scattering of a water sample that is 

measured at exactly the same conditions as the P2VP/OAPS nanocomposite samples. 

 

Molecular Dynamics Simulations: Coarse-grained (CG) molecular dynamics (MD) 

simulations based on the polymer melt model by Kremer and Grest40 but modified to 

include sticky nanoparticles, were performed at the Oak Ridge Leadership Computing 

Facility (OLCF) using the LAMMPS41-42 software package. The simulations contain 

500 polymer chains with degree-of-polymerization of N=400 which are mixed with 

varying amounts of sticky nanoparticles of up to 25% by volume. Initially, the neat 

polymer melt was equilibrated using a combination of molecular dynamics 

simulations and Monte Carlo bond swaps.43 Thereafter, several copies of the 

equilibrated polymer melt were inserted with small nanoparticles at random locations 

resulting to several systems with different nanoparticle loading. These were then 

equilibrated by slowly pushing off nanoparticles that overlap with polymer segments 

in an equilibration MD run and followed by an equilibration MD run of 105 τ and a 

production MD run of 4×105 τ. The resulting particle trajectories were used to 
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calculate the self-intermediate dynamic structure factor Fs(t) and the cross-correlation 

function between polymer segments and nanoparticles F12(q,t). More details on the 

simulations and analysis of the simulation results are presented in the SI.  

 

Theory: We considered two structural models of a P2VP/OAPS nanocomposite as a 

mixture of spherical hard nanoparticles with polymers represented as either Kuhn 

length sized hard spheres or freely jointed chains (FJC) composed of � segments. 

Kuhn spheres or segments are equal in diameter to nanoparticles to mimic the 

P2VP/OAPS system. When polymers are mapped to a liquid of either disconnected 

Kuhn-sized hard spheres or connected FJCs, their temperature-dependent (at 1 atm) 

dimensionless compressibilities are required to be identical to the experimentally 

known value.33 As nanoparticles are added, because the equation-of-state (EOS) of the 

P2VP/OAPS mixture is not experimentally available, we adopt two “calibration” 

strategies without introducing any adjustable parameters: keep the mixture bulk 

modulus � or the pressure � constant. Details are in the SI.  

Nanoparticles attract each other and the polymer segments via the pair potential: 

  
U

nj
r( )= −ε

nj
e

− r− D( ) αD
, r ≥ σ

nj
, j = n, p     (M.1) 

where � is a dimensionless spatial range parameter (set to 0.1 to mimic short range 

hydrogen bonding attractions). The choice of ��� and ��� is described in the SI. 

The interaction between polymer segments is pure hard core ��� = 0. The structural 

pair correlation functions and static structure factors required to implement the 
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dynamical theory are computed using standard Ornstein-Zernike integral equation 

theory44 for the sphere mixture model and PRISM integral equation theory45 when 

polymers are mapped to FJCs. The site-site Percus-Yevick closure approximation is 

adopted for all direct correlation functions. 

The mixture nonlinear Langevin equation (NLE) theory34 has been adopted to 

study the dynamics of P2VP/OAPS mixture. The key quantity is the so-called 

dynamic free energy surface as a function of displacement of the two species from 

their transiently localized positions (��� = ��� = 0), ��� ���⁄ ; it can be constructed 

from knowledge of the pair correlation structure of the mixture. The most important 

feature is the barrier height ��  along different path ��� ���⁄ . A representative 

calculation is shown in the SI. While it is now well established that NLE theory is a 

dynamic mean field approach that captures only the local caging aspect of the 

activated relaxation process and significantly under predicts barriers in deeply 

supercooled liquid,33, 46  the “Elastically Collective Nonlinear Langevin Equation” 

(ECNLE) theory for one component system has been developed33, 46 to include longer 

range collective effects based on the physical idea that elastic distortion of the 

surrounding liquid is required to allow relatively large amplitude particle hopping on 

the cage scale.33, 46 We straightforwardly extend this idea to mixtures to calculate the 

required collective elastic barrier ��������  (see SI). We find that, in accord with our 

physical intuition, the global minimum of the total barrier height ������(≡ �� +

��������) is very close to ��� ���⁄ = 1.0 when polymers are mapped to either an 

effective hard sphere fluid or FJCs. Thus, the “most collective” trajectory path 
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��� ���⁄ = 1.0 is adopted to calculate the � relaxation time for all models under all 

conditions in this paper. 

The mean barrier hopping time, which represents a collective hop of the two 

species following the maximally cooperative trajectory, follows as33, 46 

  

τα = τ
s

1+
2π

K
0
K

B

e
β F

B
+ F

elastic( )













,     (M.2) 

where " and � are the absolute magnitudes of well and barrier positive curvature 

constants of units of #�$ %&⁄ , respectively. The mean barrier hopping time is closely 

correlated with the structural alpha relaxation time47. For simplicity, '� is set to the 

realistic value of 10	ps, analogous to prior one-component liquid calculations.46 We 

define $+ as when ', equals 100s. Dynamic fragility - is computed using the 

standard definition and our theoretically computed temperature-dependent alpha 

relaxation time.  
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