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Abstract. Adding nanofillers in polymer matrices results in a slowing down of the polymer 

dynamics, for attractive polymer/nanofiller interactions. In this work, we perform atomistic 

molecular dynamics simulations in poly(ethylene oxide)/silica model nanocomposites to 

investigate the, spatial heterogeneous, glass transition behaviour of the polymer chains. To 

address this, we compute both the “thermodynamic” and the “dynamic” glass transition 

temperature of polymer chains, as a function of the silica loading. The “dynamic” glass 

transition within specific domains is estimated via a novel method, based on the translational 

dynamics of the polymer monomers. A clear increase of the glass transition temperature of 

polymer chains with nanoparticles loading is found. In addition, a spatial gradient in the glass 

transition behaviour is identified, in agreement with experimental studies in polymer 

nanocomposites with attractive polymer/nanofiller interactions. The local dynamical 

heterogeneities of polymer chains in the nanocomposites are further examined via a geometric 

analysis, by probing the evolution of the “slow” polymer regions, as temperature decreases. The 

“onset” of the glassy state, defined by the percolation of the slow regions, is found in qualitative 

agreement to the thermodynamic and dynamic approaches. 

 

1.Introduction.  

The dispersion of nanofillers into a polymer matrix is known to induce profound changes to the 

bulk properties such as the melt viscosity and the glass transition temperature (Tg).
1, 2 These 

changes are both due to geometrical confinement (entropic effect), as well as to the modification 

of the segmental dynamics in the presence of the fillers due to the enthalpic polymer/solid 

interactions.3-7 
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Indeed, it has been demonstrated by experimental and simulation studies that attractive 

interfacial interactions tend to slow down the relaxation modes of the polymers at the interface, 

thus resulting in a shift of the polymer Tg 
8-11

 . On the other hand, other works suggest that the 

restriction of chain mobility caused by the nanoparticles, does not extend throughout the matrix 

but affects only the chains within a few nanometers of the nanoparticle surface, also known as 

the bound layer.4, 9 Moreover, few studies have further examined heterogeneities, such as spatial 

gradients, regarding glass transition properties in polymer nanocomposites (PNCs).12, 13 For 

example, recently, Wei and Torkelson conducted fluorescence studies in PNCs in order to 

assess the changes in the average bulk Tg and near-interface alterations in Tg, as functions of 

poly(2-vinylpyridine) (P2VP) molecular weight (Mw) and silica content.11 Their findings 

revealed a sharp increase in bulk Tg for high Mw PNCs with increasing silica content, whereas 

moderate changes in Tg were observed for lower Mw matrices. Papon and co-workers proposed 

that the Tg of model nanocomposites composed of a poly(ethyl acrylate) matrix with grafted 

monodispersed silica particles of varying diameters, varies with the distance from the 

nanoparticle (NP) surface via an empirical relation.3 Chakraborty and co-workers employed 

coarse-grained MD simulations to examine the effect of polymer-filler interactions on the Tg of 

a poly(vinyl alcohol) (PVA)/silica nanocomposite. 8 Their findings demonstrated that by tuning 

the number and the strength of specific hydrogen bonds enables to optimize the Tg of the 

nanocomposite system targeted for specific applications. 8 Another study of Pavlov et al.  

reported an increase in the Tg of crosslinked polybutadiene rubbers when added with silica NPs, 

even at low loadings i.e. (at weight functions equal to 10%). 14  Despite the fact that the 

thermodynamic, and dynamic Tg in confined polymer-based materials has been studied before 

via simulation approaches15-17, to our knowledge, there are no studies of polymer/SiO2 

nanocomposite systems, via detailed atomistic simulations. The latter are necessary in order to 

describe local phenomena in the sub-nanometer scale, such as, for example, the density 

heterogeneities at the polymer/nanofiller interphase which occur within distances less than one 

1 nm from the nanoparticle (silica) surface, and, consequently, cannot be captured by generic 

bead spring models, in which the bead size is of the order of a Kuhn segment. Furthermore, 

atomistically-detailed models can additionally describe specific interactions, such as the 

hydrogen bonds, due to which attractive polymer/nanoparticle interactions appear. 18, 19 

In the present work, we investigate the spatial heterogeneous glass transition in PNCs of varying 

nanoparticle content, at the atomic scale, bearing attractive polymer/filler interactions. We 

further predict the temperature dependence of the polymer segmental dynamics and explore the 

relation between the thermodynamic and dynamic Tg estimations20, 21, focusing on the 
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polymer/filler interface. As a model polymer nanocomposite system of attractive polymer/filler 

interaction, we study poly(ethylene oxide)/silica, PEO/SiO2, PNC, the structural and dynamic 

properties of which have been thoroughly examined by both experimental22-25 and numerical26-

29  approaches, the latter conducted primarily in the melt regime though.  

 

2.Model and Simulation Method. 

We consider a polymer matrix comprising 50-mer PEO chains, terminated with methyl groups. 

The silica nanoparticle embedded in the polymer matrix is of approximately spherical shape of 

radius ~2 nm. A detailed description of the examined systems is provided in Table 1. We stress 

here that our simulation model systems assume a good dispersion of the nanoparticles in a cubic 

arrangement induced by the periodic boundary conditions.24 As the major goal of our work is 

the examination of confinement effects on the local glass transition temperature, as well as the 

system’s heterogeneous dynamical behaviour, retaining similar, well dispersed nanoparticle 

conditions, ensures a trustworthy comparison among system of different NP volume fraction. 

We also stress here, that, as the majority of the systems correspond to the diluted regime, the 

results should not be significantly affected by the regular spacing between the nanoparticles. 

All MD simulations were conducted with the aid of GROMACS software. 30 

Details of the simulation model and the equilibration protocol are given elsewhere 31. Initial 

atomistic PEO/SiO2 configurations at a high temperature (T = 400K) were obtained from a 

previous work. 31 The models were afterwards subjected to MD cooling steps of 10K in the 

isobaric-isothermal ensemble down to T = 150K. For each of the investigated systems, cooling 

was performed for 3 uncorrelated configurations to improve statistics. At each cooling step, 

MD runs of 10 ns were performed, after the first 5 ns of which the potential energy and the 

specific volume of the system were stabilized. 

 

Hybrids 
wSiO2

a 

(wt) 

φSiO2
b
 

(vol) 

IDc   

(nm) 
ID/2Rg

d 

Hybrid_1 5.05 1.9 11.809 3.31 

Hybrid_2 11.98 4.5 8.74 2.45 

Hybrid_3 19.98 7.6 7.24 2.03 

Hybrid_4 33.3 12.7 5.92 1.66 

Hybrid_5 42.07 16.1 5.33 1.49 

Hybrid_6 49.97 19.1 4.93 1.38 
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Hybrid_7 57.1 21.8 4.62 1.29 

 

awSiO2 : weight fraction of the silica nanoparticle 

bφSiO2 : volume fraction of the silica nanoparticle 

cID : the nearest interparticle distance 

dID/Rg : the degree of chain confinement (Rg is the radius of gyration of the bulk PEO 50-mer) 

Table 1: Details of the simulated PEO50/SiO2 nanocomposites. 

 

3.Thermodynamic and Dynamic Tg calculations. 

Initially, we examine the glass transition of the overall confined system by computing the Tg 

via both thermodynamic and dynamic criteria. The standard thermodynamic method relies in 

computing the change in slope of the temperature dependence of the specific volume of the 

polymer chains, as shown in Figure 1 for three indicative systems.   

 

Figure 1: Specific volume as a function of temperature as determined from the NPT runs for 

three filler volume fractions φSiO2 = 2, 4.5 and 11.7%.  

 

The dynamic glass transition temperature is typically obtained via probing the segmental 

relaxation autocorrelation functions, as for example in dielectric spectroscopy measurements, 

and defining an arbitrary timescale; usually dynamic Tg is the temperature in which the 

segmental relaxation time becomes ≈100sec. However, such timescales are inaccessible by 

atomistic MD simulations. Alternatively, in case dielectric spectroscopy measurements at lower 

temperatures were available, experimental data could be used together with the high 

temperature MD data to provide a study across a broad range of temperatures.32 In this work, 
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we use a criterion that is based on the segmental translational dynamics by probing the mean 

square monomer displacement of polymer chains, ∆𝑅2(𝑡), as a function of time for the different 

systems. This approach is very similar to the calculation of the Tg via the temperature 

dependence of the dynamic structure factor as obtained by incoherent elastic scattering 

experiments.33, 34 Indeed, since our approach uses the MSD to probe the glass transition of the 

PEO chains, our results shouldn’t differ from the calculation of the dynamic structure factor as, 

in the Gaussian approximmation, the latter relates directly to the MSD.34 Furthermore, as it is 

well known, the relaxation times can reach hundreds of nanoseconds upon approaching the 

glassy regime35, our method is significantly faster and computationally less demanding, as the 

trajectories used for the dynamic analysis were of length equal to10 ns. A visual inspection of 

the time dependence of the mean-squared displacement of the chain monomers illustrated in 

Figure 2b for the neat polymer model, reveals a characteristic timescale of the order of 1 ps 

which corresponds to a “caging” time, tc, when local translational motions are frozen in the 

glassy state. 36-38 We can also detect a longer timescale t*, of the order of approximately 100-

200 ps, at which, due to the caging effect, the monomer ∆𝑅2(𝑡) tend to reach a constant value, 

i.e., the first derivative of the ∆𝑅2(𝑡) with respect to time exhibits a sharp decline. The 

temperature at which a sudden drop of  𝑑(∆𝑅2(𝑡))𝑡=𝑡∗ 𝑑𝑡⁄  is detected, defines the onset of the 

glassy state. Here we use t*=200ps but in practice any choice between 100 -1000 ps should 

yield very similar results. To verify that this is the case, we have conducted analogous 

calculations at t*=1000ps for the system at φSiO2 = 4.5%. Results at both t* values (not shown)  

yield that this system reaches the  glassy state  at a temperature near T = 290K. The 

corresponding data for t*=200ps  are illustrated for all examined systems, in Figure 2c. 
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Figure 2: a) Specific volume as a function of temperature as determined from the NPT runs 

for bulk polymer and PEO/SiO2 model systems. b) Time dependence of the mean-squared 

displacement of the polymer chain monomers in the bulk, ∆𝑅2(𝑡). t* refers to the timescale 

at which the calculations of  𝑑(∆𝑅2(𝑡)) 𝑑𝑡⁄   are performed, whereas tc refers to the onset of 

caging. c) Time derivative of ∆𝑅2(𝑡) of the chain monomers, at t*, as a function of the inverse 

temperature. The dashed line perpendicular to the y-axis denotes approximately the transition 

from the glassy to the melt state. Data are shown in the temperature range 150-400K. 

 

Data regarding the temperature dependence of the specific volume and the segmental 

(monomer) dynamics of polymer chains, for all model PEO/SiO2 systems, as well as of bulk 

PEO, are shown in Figure 2. A visual inspection of Fig.2a reveals that the change in slope of 

the specific volume curve is shifted to higher temperatures as filler concentration rises. This 

lies in agreement with experimental and simulation studies reporting an increase of the Tg of a 

polymer matrix embedded with nanoparticle fillers interacting favourably with the polymer 

chains, is elevated with respect to the Tg of the pure polymer. 8, 9 Focusing on Fig.2c, a rapid 

drop of 𝑑(∆𝑅2)𝑡=𝑡∗ 𝑑𝑡⁄  is observed at high temperatures, followed by less abrupt changes as 

temperature decreases.  𝑑(∆𝑅2)𝑡=𝑡∗ 𝑑𝑡⁄  reaches values smaller than 1E-06 at the lowest 

examined temperature. This is expected as no diffusive motion is detected at this temperature 

regime.   

The critical value of 𝑑(∆𝑅2)𝑡=𝑡∗ 𝑑𝑡⁄  after which the polymer matrix exhibits a glassy-like 

behavior, is defined as the value corresponding to the thermodynamic glass transition 

temperature of the pure polymer. Examining Fig.2a, we can discern that, for the pure system, 

this derivative at the intersection temperature (T = 270K) of the melt and glass thermal 

expansion curves, reaches the value  𝑑(∆𝑅2)𝑡=𝑡∗ 𝑑𝑡⁄ ≅ 5 × 10−5. Therefore, reaching this 

value can be taken as a dynamic calculation of the glass transition temperature. On these 
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grounds, we define the dynamic Tg of all systems as the temperature where  𝑑(∆𝑅2)𝑡=𝑡∗ 𝑑𝑡⁄ ≅

5 × 10−5 in order that the value extracted from the dynamic analysis is equal to the 

thermodynamic value for the bulk PEO model. 

 

Figure 3: Estimated glass transition temperature of PEO chains in PEO/SiO2 model 

nanocomposites as determined by both the thermodynamic, “thermo”, and dynamic, “dyn”, 

approaches, as a function of silica loading.  

 

Figure 3 presents the polymer glass transition temperature as estimated from both the 

thermodynamic and the dynamic methods explained above. The Tg data presented in Fig. 3 as 

extracted from both the thermodynamic and dynamic approach, demonstrate a non-linear 

increase in the polymer Tg as filler content rises. The polymer Tg is elevated by approximately 

15K for filler content up to 16%, whereas more pronounced changes are observed at higher 

silica concentrations. Dynamic glass transition values are in reasonable agreement with the 

thermodynamic data at all silica loadings. Experimental data on the Tg of PEO report a Tg value 

of 206K for high molecular weight PEO bulk system.39 Such differences between simulation 

and experimental data on glass transition temperature of glass-forming liquids are not surprising 

considering the much different cooling rate used in the two different approaches. Indeed, 

simulations use a very rapid cooling rate of the order of 1K/ns, as the one used here (that is 

lower than typical cooling rates reported in simulation literature39),  compared to the 

experimental quenching rate that is about 1K/sec.38 Given the semi-empirical observation that 

the Tg is affected strongly by the cooling rate with about 3-5 degrees per decade we expect 

differences between 30-50 K.38 Other factors that trigger deviations between the experimental 
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and simulation values, are the polydispersity of the actual sample and the possible existence of 

residual solvent used in the preparation procedure that could lower the experimentally measured 

Tg .
40 

To examine whether a near-interface spatial gradient in Tg exists, we estimated the resolution 

of the average Tg to its near-interphase Tg (Tg,inter) and average matrix Tg (Tg,matrix) with the aid 

of the thermodynamic and dynamic methods described earlier. In order to identify the adsorbed 

layer region, the mass monomer radial density profile of the PEO chains as a function of the 

nanoparticle center of mass, was calculated. 

 

Figure 4 : Mass monomer density profiles of the PEO chains with respect to the center of mass 

of the SiO2 nanoparticle for different filler volume fractions at T = 400K. The dashed line 

defines the border between the interphase and the matrix polymer regions.  

 

The chains that reside at a distance less or equal to the minimum of the second peak of the 

monomer density profile were considered to belong to the interphase region whereas those 

residing at larger distances were included in the matrix region.  A visual inspection of Fig.4 

reveals that, at filler concentrations higher than 7.6%, the matrix region does not exist. On these 

grounds, the layer-resolved calculations of the glass transition temperature were performed at 

filler concentrations of 2%, 4.5% and 7.6%. The corresponding graphs are illustrated in Figure 

5.  
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Figure 5:  Top panel: Specific volume as a function of temperature as determined from the 

NPT runs for the a) interphase and b) matrix regions. Bottom panel: Time derivative of the 

∆𝑅2(𝑡) of the chain monomers, at t*, as a function of the inverse temperature for the c) 

interphase and d) matrix region.  The dashed line perpendicular to the y-axis denotes the 

transition from the glassy to the melt state. The inset figure in c) displays the time derivative 

of  ∆𝑅2(𝑡)    at the interphase and matrix regions for the system with filler content 2%. 

 

As it can be inferred from the top panels of Fig.5, the interphase region, despite the thin dense 

layer, is characterized by an average slightly lower density, compared to the matrix. This is 

due to the excluded volume interactions of the SiO2 atoms, and of the adsorbed PEO ones as 

well, and has been also reported for glassy PEO/SiO2 model systems.41 On the other hand, a 

visual inspection of the inset figure 5c shows the existence of slightly higher mobility 

gradients at the matrix region, which are consistent to the absence of polymer-filler 

interactions at this region. Similar to the Tg calculations presented in Fig. 3, the Tg values of 
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the interphase and matrix region, were extracted, based on both thermodynamic and dynamic 

criteria and are listed in Table 2.  

 

System Tg,inter, thermo Tg,inter, dyn Tg,matrix, thermo Tg,matrix, dyn 

2% 281±10 285±21 274±8 270±14 

4.5% 279±8 295±21 274±3.5 280±15 

7.6% 282±6 295±21 277±3.5 285±15 

 

Table 2: Layer-resolved calculation of the glass transition temperature of PEO via the 

thermodynamic and dynamic approaches.  

 

Examining the data in Table 2, we observe that the PEO Tg,inter values are consistently higher 

than those at the matrix region. This lies in accordance with the findings of Wei and 

Torkelson who carried out a similar analysis in P2VP/Silica nanocomposites via fluorescence 

spectroscopy.11 In a manner similar to the discussion of that work, the differences between 

Tg,inter  and Tg,matrix can be ascribed to dispersive and hydrogen bonding interactions between 

the ether oxygen atoms in PEO and the silanol and hydroxyl groups on the silica surface.  

Similar to the average Tg data presented in Fig. 3, the local Tg rises mildly for nanofiller 

concentration up to 7.6%.  Contrary to our findings, Wei and Torkelson report large 

alterations for the near-interface Tg for the P2VP/Silica nanocomposite, even at low filler 

loadings11. This discrepancy might be attributed to the stronger polymer-filler interactions at 

the P2VP/SiO2 system compared to the PEO/SiO2 one. A comparison between the ‘thermo’ 

and ‘dyn’ values of Table 2, shows, similarly to Fig.3, that the latter are consistently higher 

than their ‘thermo’ counterparts. 

 

 

4. Effects of spatial gradient in Tg on the segmental dynamics. 

To examine how the spatial gradient in Tg affects the segmental dynamics of the polymer 

chains, a layer-resolved analysis of the monomer ∆𝑅2(𝑡)s was performed. Figure 6 presents 

the temperature and temporal dependence of the monomer ∆𝑅2(𝑡)s at the different layers at 

times t =200ps and t = 5000ps.  
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Figure 6: Layer-resolved calculation of the PEO monomers’ mean-squared displacements. 

Results are presented as a function of temperature at timescales of a) t=200ps and b) 

t=5000ps. The dashed lines perpendicular to the x-axis denote approximately the transition 

from the glassy to the melt state in the bulk PEO model systems. 

 

As it can be inferred from Fig. 6, a significant increase in ∆𝑅2(𝑡) is observed at T > Tg  at all 

times due to the activation of the α-process as well as other segmental motions.41 As expected, 

the polymer chains belonging to the matrix region are more mobile than their counterparts 

residing at the interphase region. The system bearing the lowest filler concentration appears 

to be the most mobile. This is probably due to the fact that the matrix region in this model is 

much larger than the interphase region as compared to the other systems.  

Comparing the monomeric ∆𝑅2(𝑡)s shown in Fig.6a, we observe that, at short times, the 

differences in mobility among systems of different filler content are more pronounced at 

elevated temperatures (T > 300K), well above the Tg. A similar trend is observed when 

comparing the layer-resolved ∆𝑅2(𝑡)s. This is not the case at longer times since the 

differences in mobility among the PNC models become larger upon cooling. On the other 

hand, focusing on the ∆𝑅2(𝑡) values at high temperatures, minor differences are detected 

between the inter and matrix regions. This behaviour implies that dynamic heterogeneities 

tend to disappear upon heating the system well above its Tg. This trend lies in accordance 

with findings from other experimental and simulation studies in thin polymer films and binary 

Lennard-Jones liquids.43-48  

To obtain a visual inspection of the dynamically heterogeneous regions of the models, a 3D 

decomposition of the simulation box in sub-cells of size of 5Å each, was performed. The 

average monomer mean square displacement ∆𝑅2(𝑡) at  t* =200 ps was calculated and each 
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subcell was classified as “fast”(or “slow”) according to whether its average ∆𝑅2(𝑡) was larger 

(smaller) than the average pure PEO monomer at the model Tg, i.e. ∆𝑅2(𝑡 ∗)𝑇=𝑇𝑔
=

 0.0375Å2. Then, we derive a 3-dimensional distribution (heat -like map) of the ‘slow’ 

subcells around the silica nanoparticle for each system at a given temperature. Representative 

distributions are illustrated in Figure 7.  A clear percolation of the “slow” regions, as the 

temperature decreases, is observed. 

 

 

 

Figure 7: 3-dimensional distributions of the subcells defined as ‘slow’, i.e. the subcells 

where the average monomer   ∆𝑅2(𝑡) < 0.0375 A2, at t = t* for the system of φSiO2 = 12.7% 

(top) and the system of φSiO2 = 16% (bottom). The NP is omitted for clarity.  

 

To quantify the above percolation threshold, we present in Figure 8 the percentage of slow 

monomers as a function of temperature for all examined model PEO/SiO2 systems.  It is clear 

that the percentage of slow monomers (%PSM) drops slower as the volume fraction of the 
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nanofiller rises. This lies in accordance with the results from Fig.6 demonstrating a higher 

mobility for the lower filler content systems.  We can also identify a temperature at which a 

sudden drop of %PSM is detected, so we can surmise that this temperature corresponds to 

the onset of the glassy state.  The extracted Tg’s are listed in Table 3 and lie in qualitative 

agreement with the “thermo” and “dyn” Tg data presented in Figure 3. We also note that, as 

the data derived from the percolation analysis are prone to quenching effects as the results 

presented in Fig.3 and Table 2, the glass transition temperatures are larger than the 

experimental ones. 

 

Figure 8: Fraction of chain monomers identified as ‘slow’ (see main text) as a function of 

temperature for all filler contents. 

 

System Tg,  (K) 

Pure 260±7 

2% 290±7 

4.5% 290±5 

7.6% 290±4 

12.7% 290±4 

16.1% 300±7 

19.1% 320±5 

21.8% 330±5 

 

Table 3: Estimated glass transition temperature of PEO determined as the temperature at 

which a sudden drop of the percentage of slow monomers is observed. 
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5. Conclusions. 

Overall, we proposed an investigation, at the atomic level, of the heterogeneous glass transition 

behaviour of polymer chains in PEO/SiO2 nanocomposites. Data were presented as a function 

of the nanofiller content in order to examine the alterations in Tg associated with the polymer 

confinement and the polymer-filler interactions. The glass transition temperature of the 

nanocomposite models was estimated via both thermodynamic and dynamic approaches, the 

results of which were found to lie in satisfactory agreement. Layer-resolved calculations of the 

glass transition temperature exhibit spatial gradients in Tg, in agreement with recent 

experimental findings in nanocomposites with attractive polymer/nanofiller interactions. The 

transition from the melt towards the glassy regime is also detected through the sudden increase 

of “slow” polymer segments, as the temperature decreases, within the model nanocomposites. 

Last, the significant increase of the average glass transition temperature at high nanoparticle 

concentrations might be linked to the different types of conformations that the polymer chains 

adopt when surrounding a nanoparticle. The detailed investigation of the above hypothesis will 

be the subject of a forthcoming study. 
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