
Macromolecules 2021 54 (9), 4164-4175, DOI: 10.1021/acs.macromol.1c00515 

Effect of Nanofiller’s Size on the Mechanical 

Properties of Poly(acrylic acid)/Graphene Oxide 

Nanocomposites 

Georgios Kritikos* and Kostas Karatasos 

Laboratory of Physical Chemistry, Department of Chemical Engineering, Aristotle University of 

Thessaloniki, 54124, Thessaloniki, Greece. 

 

Abstract: Two poly(acrylic acid) (PAA)/graphene oxide nanocomposite systems, characterized 

by the same graphene oxide (GO) weight fraction  (13.5 wt %), but with different size of the 

nanoflakes, are studied by means of molecular dynamic (MD) simulations and the solid to liquid 

glass (SLG) transition model. The MD density data were described well by the SLG equation of 

state (SLG-EoS) and the PAA thermal expansion coefficient was predicted to decrease with the 

size of the GO nanosheets. A new equation for the description of the bulk modulus is introduced 

and used for the estimation of the effects of the size of the GO flakes on the mechanical properties 

of the composites. The mechanical behavior of the composites was found to depend on the size of 



the GO filler. In the case of larger in size GO flakes, the chains form longer sequentially adsorbed 

configurations (trains) as well as loops, while in the presence of smaller in size GO nanoflakes, 

the train configurations are shorter, and the polymer bridging is extensive. The slow mobility of 

the large GO flakes, results in more retarded dynamics of the PAA chains, explaining the higher 

viscosity and the enhanced mechanical properties compared to the small GO system. Furthermore, 

using a generalized Arrhenius equation (SLG model), the dynamic behavior at high temperatures 

is extrapolated to the glass transition region, providing thus a means to describe dynamics at lower 

temperatures. Analysis of the configuration-specific bound layer polymer dynamics, in hydrogen-

bond forming systems, reveals that chain immobilization is restricted to a layer surrounding the 

nanofiller, rather than propagating in a way that would promote the formation of “glassy bridges” 

between nanofillers.  

 

 

Introduction 

Understanding the morphological characteristics, the extent and the motional behavior of the 

bound polymer layer, is essential for the elucidation of the dynamic and mechanical response in 

polymer nanocomposites. Over the last 50 years, experiments focusing on the properties of carbon-

based polymer nanocomposites,1–3 detected the modification of the polymer dynamics due to the 

presence of the polymer/solid interface.4–14 In a typical Dielectric Relaxation Spectroscopy (DRS) 

experiment13,14 the formation of such a layer is revealed through the peculiar Arrhenius-like 

segmental dynamics close to the polymer/filler interface, while the non-adsorbed polymer fraction 

exhibits a pronounced departure from the constant activation energy trend (super-Arrhenius 



behavior). The distinct bound layer segmental process has been called α΄,11,15 in contrast to the 

commonly studied bulk segmental motion, referred to as the α mechanism.  

The suppression of the dielectric strength, due to the immobilization of the active dipoles and 

the reduced heat capacity step in Differential Scanning Calorimetry (DSC) experiments,13,16–19 due 

to the constrictions imposed  in polymer configurational degrees of freedom,  are considered as a 

signature of the bound layer transition9,16,18,20,21 to a “dead” or “glassy” layer, also termed as a rigid 

amorphous fraction (RAF)19 or rigid amorphous phase (RAP),22 formed around the nanoparticles. 

The RAP is also present in polymers forming a crystalline phase (CP).16,19,23–25 The 

stabilization13,16,24 of the fraction of mobile amorphous phase (MAP) at the glass transition 

temperature (Tg) in amorphous and semicrystalline polymer nanocomposites, independently of the 

filler content, poses challenging questions regarding the nature of polymer semi-crystallization and 

the glassy behavior close to interfaces.  

So far, we know that a bound polymer layer forms when strong polymer/filler interactions are 

present.9,16,18,20,21 In this layer, local polymer dynamics is decoupled  from the rest MAP 

fraction9,16,18,20,21,26  (i.e. follows an Arrhenius-like behavior).  In case of semicrystalline polymer 

nanocomposites16 it is less affected by the cooling rate compared to the CP and it undergoes a 

“stronger” transition to a RAP at a temperature almost 100 K above the Tg.
9,16,18,20,21 The bound 

layer transition is characterized by a smother reduction of the entropy,16 that is verified by the 

absence of a clear heat capacity step.16 In some cases, a shielding/cloaking effect16,27,28 can be 

observed, which is responsible either for a minor increment in the Tg or even no increase at 

all.13,14,17,24,29,30 Τhe dynamic behavior within the bound layer may exhibit different anisotropic 

characteristics depending on the nanosheet roughness.28 Moreover,  the formation of this layer has 

been  associated with enhanced mechanical properties.2,6,18,31–35  



The observed mechanical reinforcement process in polymer nanocomposites few degrees above 

the pristine polymer Tg,
32,36 has been attributed to two different mechanisms. One mechanism 

assumes31 a network of (solid phase) nanofillers, whose deformation justifies increased values of 

the bulk, elastic and shear modulus. Another approach proposes the formation of immobilized, 

glassy polymer bridges between different nanofillers, in extreme confinement conditions,32,33,37 

that resist to deformation. In the latter mechanism, strong polymer/nanofiller interactions, e.g., 

hydrogen bonding, are necessary to be present. This approach is also consistent with the existence 

of a distribution of Tgs.6,34,35,38 

The aforementioned mechanisms, however, do not provide information as to the role of the 

spatial distribution of the immobilized polymer fraction close to the polymer/filler interface and 

how this is reflected  to  the mechanical properties of the composites. In the case of  graphene-

based polymer composites, although the TPa scale modulus3 of  a graphene sheet could  partly 

account for the observed enhanced mechanical properties, other aspects of this enhancement 

remain to be clarified. For instance, experimental studies on graphene platelets revealed different 

stress transfer mechanisms depending on the size of the nanosheet,2 while bound layer polymer 

dynamics was found to be affected by the nanofiller size.39 Therefore,  further investigation on the 

role of the  characteristics of the adsorbed polymer layer in the observed mechanical response in 

polymer/graphene nanocomposites, needs to be performed. 

The bound layer morphological characteristics have mainly been described by the use of 

Molecular Dynamic (MD)8,10,28,40,41 and Monte Carlo (MC)42–44 simulations, in addition to 

numerical Self Consistent Mean Field methods.16,45 Among them, fully atomistic MD simulations 

have been proved invaluable for the description of pertinent length and timescales (within the 

simulation window) involved in the dynamic phenomena within the bound layer. On the other 



hand, these studies cannot extent to timescales close to the longest relaxation times involved in the 

bound layer dynamics. A way to overcome this restriction is through the use of theoretical 

extrapolation tools. One example is the classical Vogel-Fulcher-Tammann (VFT)46–48  equation, 

𝜏 = 𝜏𝜊𝑒𝑥𝑝 [
𝐵

𝑇
(

𝛵

𝛵−𝛵𝜊
)], were 𝜏𝜊 is a preexponential factor, B is the activation energy and To is the 

so-called Vogel temperature. Although this relation is successful in describing the super-Arrhenius 

increase in the activation energy, it fails in some other aspects. For example, it cannot describe the 

transition to the Arrhenius region at  temperatures much higher than Tg,
49–51 it does not comply 

with the Arrhenius behavior observed in lower than Tg temperatures,52 the evaluated B is not in 

agreement with the one describing the sub-Tg region,51 while it also introduces a diverging 

temperature (To) that is not compatible with  the  aging process5,7 below Tg.
51,53,54 

To address those deficiencies, a generalization of the Arrhenius equation has recently been 

proposed.51,55 Since a diverging temperature is consistent with the first order liquid to solid 

transition, it is reasonable to assume that an additional component in the classical Arrhenius 

equation is also required. Along these lines, this component (g), which has been associated to a 

sigmoidal switching function of the cohesion energy, incorporates an extension parameter δg 

(temperature units) and a characteristic temperature parameter, which for generalization purposes 

can be identified as the Tg. By defining, 𝑔 = 𝑒𝑥𝑝 (
𝑇𝑔−𝑇

𝛿𝑔
), the new equation takes the form: 

𝜏 = 𝜏𝜊𝑒𝑥𝑝 (
𝐵

𝑇
[1 + 𝑒𝑥𝑝 (

𝑇𝑔−𝑇

𝛿𝑔
)])                                                                                                (1) 

It has been shown51,56 that by extending the solid to liquid transition region (parameter δg), the 

glass transition dynamical and structural phenomenology can be described in a unified manner. 

Moreover, the entire super-Arrhenius region in polymer nanocomposites can be followed by one 



Tg parameter, while the Arrhenius-like behavior of the bound layer can be interpreted by increased 

values of the δg parameter (of the order of 100 K). 

In this article, we present a MD simulation comparative study of two different poly(acrylic 

acid)/graphene oxide, (PAA/GO) nanocomposites, which are characterized by the same weight 

percentage (wt%) in GO, but different size nanosheets. The two new elements that this study 

introduces are: a) assessment of the effect of the nanosheet’s size on the viscosity/mechanical 

behavior of the nanocomposites, when the extent of the polymer/solid interface is kept constant 

and b) description of dynamics (bound layer immobilization process), thermodynamics and 

mechanical properties using a new EoS-based methodology. In the next section we provide a brief 

description of the simulation protocol of the PAA/GO systems which  has been presented in more 

detail in previous investigations of the same models.28,57 The results and discussion section 

follows, presenting the analysis and discussing the findings of the MD simulations. We conclude 

with the main points of the study and future plans. 

 

Simulation Details 

Two PAA/GO systems were simulated, characterized by a constant GO weight percentage of 

13.5 wt%, which is in the range of filler contents studied experimentally.57,58 One system contained 

7 small GO nanosheets, with dimensions of 1.5 x 2 nm2 embedded in a polymer matrix of 32 PAA 

chains each comprised by 40 monomers. In this case the dimensions of the GO flake were close to 

the dimensions of a PAA chain (Rg≈1.4 nm).57 The second system consisted of one GO nanosheet, 

having initial dimensions of 9 x 8.4 nm2, in a matrix of 90 PAA chains with 40 monomers each. 

In terms of volume fraction, the GOs occupied on average, almost 50 % of the system’s volume. 

The GO nanosheet was characterized in both cases by a carbon to oxygen atom ratio of 5:1 and a 

hydroxyl to epoxy group ratio of 3:2 approximately, as described in previous works.28,55,57,59 The 



first system is labeled as PAAsGOhwt and the second system as PAAGOhwt. In some cases, we 

have compared the results with a previous system,28 where the same large GO nanosheet was 

included in a matrix of 1300 PAA chains (1.0 wt%) and is labeled as PAAGOlwt. Also, a bulk 

system of 50 PAA chains with 40 monomers each (bulkPAA) was used as a reference.  

The all atom representation of the PAA/GO nanocomposites was described with the use of the 

AMBER forcefield.60,61 The Gromacs package62 was employed and the simulations were 

performed with the isothermal-isobaric (NPT) ensemble, using the velocity-rescale thermostat63 

and the Berendsen barostat.64 The box dimensions, at the highest temperature, were almost 5.5 x 

5.5 x 5.0 nm3 and 10.1 x 10.1 x 3.9 nm3 for the PAAsGOhwt and PAAGOhwt systems, 

respectively. The larger nanosheet was inserted parallel to the x,y plane of the simulation box. In 

both cases, polymer bridges can be formed, as, even in the large GO system,  the short dimension 

was taken close to the end-to-end distance of the PAA.  

 Dynamics were probed at the pressure of 0.1 MPa, in the region between 500 to 700 K with a 

step of 50 K. Also, lower temperatures down to 300 K, with the same temperature step, were 

simulated in order to derive the density-temperature dependence above and below Tg. Furthermore, 

equilibration runs of the order of 100 ns were applied successively in both systems, during the 

cooling process, at each temperature. Especially in the PAAsGOhwt system, where the initial 

configuration was taken from a previous simulation study on a similar system,57  the total 

equilibration time lasted 500 ns, before the final equilibrium distribution of the small nanosheets 

was reached. After that, production runs from 500 ns to 1 μs, depending on the longest relaxation 

time at each temperature, were performed. 

 

Results and Discussion 



The investigation of the bound layer dynamics involves relaxation times that almost 100 K above 

the Tg, reach the order of μs and cannot be easily probed by atomistic MD simulations. In order to 

approach this region, in this study the SLG model is employed. According to the model, as the 

temperature drops there is a critical temperature value (TA or Tcr), related to a critical value of the 

segmental free volume (𝑣𝑐𝑟
𝑓𝑟𝑒𝑒

), below which the relaxation times do not follow the Arrhenius 

equation. Due to the lack of the necessary free volume,65,66 a fraction 𝑓1 of the macromolecular 

segments undergoes a transition to a bound state (with energy level 𝑇1
∗ ), so that the rest mobile 

fraction 𝑓2 continues occupying the liquid state (with energy level 𝑇2
∗), justifying an Arrhenius 

component in the diffusion. It is also assumed that  a total fraction ( 𝑓1
′) of the system participates 

in the transition process between the two states, so that the rest part continues diffusing in a 

Brownian fashion. Following this picture, there will be another critical temperature, where 𝑓1
′ =

1 (percolation threshold) and the cooperative diffusion will cease. We identify this temperature as 

the Tg. To describe this bimodal process (eq.1), an additional term (g) needs to be added into the 

Arrhenius equation, which expresses the balance between the bound and the liquid states, i.e. 𝑔 =

𝑓1
𝑓2

⁄ . The only way that g goes to unity at Tg (beyond this value only the Arrhenius component is 

accessible), is to assume that the bound state is the solid state of zero free volume. According to 

this approach, at Tg, all segments undergo a solid to liquid transition, exchanging free volume 

(𝑓1
′ = 2𝑓1).51  

The description of the transition regime is realized through two parameters, namely the Tg 

temperature and the parameter 𝛿𝑔. The latter is related to the extension of the super-Arrhenius 

region and the fragility67 of the glass transition. Then the solid-state fraction is determined51 to 

follow a sigmoidal function of the form, 𝑓1 = 1 (1 + 𝑒𝑥𝑝 (
𝑇−𝑇𝑔

𝛿𝑔
))⁄ . Furthermore, the cohesion 



energy in the super-Arrhenius region can be described by an equation of the form, 𝑇∗ = 𝑇2
∗ +

𝑓1(𝑇1
∗ − 𝑇2

∗). In terms of the Flory-Huggins (FH) theory,68,69 the mean-field parameter (𝜒 =
𝑇∗

𝛵
) 

can be calculated by: 

𝜒 = 𝜒2 + 𝑓1(𝜒1 − 𝜒2) ,                                                                                                               (2) 

where 𝜒2 =
𝑇2

∗

𝑇⁄  and 𝜒1 =
𝑇1

∗

𝑇⁄  are the FH parameters at the liquid and the solid state 

respectively. In the framework of the FH theory, χ parameter is generally accepted70,71 to be 

consisted by two terms, one of enthalpic and another one of entropic origin. In our extension of 

the mean field, the additional second term is related to the probability to find a segment in the solid 

state compared to the probability to find it in the liquid state.56 Introduction of this temperature 

dependence of the mean-field into the Sanchez-Lacombe (SL) theory,72  leads to the derivation of 

a new description of the Helmholtz free energy (F), as shown is eq. s1 of the supporting 

information (SI) section. At equilibrium, each term of F should be minimized, and this determines 

the size of the solid state phase, in amorphous polymers, to be as small as possible.56  So, we may 

identify the fraction 𝑓1 to be consisted of “droplets of solid state”. In the framework of the same 

model, the SLG-EoS can be derived as: 

𝑃𝑣

𝑘𝑇
+ (1 −

1

𝑟
) 𝜌̃ + 𝑙𝑛(1 − 𝜌̃) + 𝜒𝜌̃2 = 0                                                                               (3) 

where P is the pressure, v is the segmental volume at the solid state, r is the degree of 

polymerization, k is the Boltzmann constant, 𝜌̃ =
𝜌

𝜌𝜊
⁄  and ρ, 𝜌𝜊are the densities at the temperature 

T and at the solid state respectively.  

 The idea of the existence of droplets of solid state (structural heterogeneity) in the super-

Arrhenius region,16 whose fraction increases in a sigmoidal fashion with the temperature reduction, 

has been  supported by a recent work,73 while  another theoretical approach for the description of 



local dynamics and glass transition phenomena, has also been extended to adopt a temperature 

dependence of  relaxation times, similar to that of eq 1.74 

 

Thermodynamics and Structure. 

Figure 1 illustrates, typical configurations of PAA chains confined by GO nanoflakes of two 

different sizes. It is worth mentioning that in the PAAsGOhwt system the formation of continuous 

clusters (driven by filler-filler interactions31) of GO flakes, that could resist to the deformation, 

justifying a solid-like behavior of the elastic modulus, in principle could have been detected by the 

MD simulations. However, despite the long runs (of the order of μs) no such instance was 

observed. Instead, a kind of phase separation between the small GO flakes and the PAA chains 

seems to be favored. In both systems, the adsorbed polymer chains assume various configurations, 

such as trains, loops, tails and bridges. In Figure S2 of SI, snapshots of the entire systems are 

presented. 

  

 

 

a) b) 



Figure 1. Snapshots75 of confined PAA chains in a) PAAsGOhwt and b) PAAGOhwt systems. In 

case of the second system periodic images are also included. The possible bound layer 

configurations (trains, loops, tails and bridges) and free chains are circled. Other neighboring 

polymer chains are omitted for clarity. 

Figure 2 shows the normalized (with respect to the corresponding bulk value) density profiles 

of PAA as a function of the distance from the GO surface for both the PAAsGOhwt and the 

PAAGOhwt systems. We have used the same coordination system as the one described in previous 

studies.28,76 It is shown that the density fluctuations, near the GO surface, are present in both 

systems, while in the system consisting of seven small flakes, the first peak is lower in amplitude 

compared to the same peak at the large GO system. This can be explained by the self-assembly  of 

GO flakes (Figure 1), that may exclude polymer chains from the surface, resulting in reduced 

average polymer density values. The distance corresponding to the first minimum in the density 

profile, was used to define the width of the adsorbed layer. Therefore, when an atom’s vertical z 

distance from the nanosheet is shorter than the adsorbed layer’s width and its projection on the xy-

plane lays on the GO, it is considered to be in the adsorbed state. A chain having at least one of its 

atoms adsorbed, is taken to be adsorbed and free otherwise. Furthermore, the limiting case of inter-

sheet distance, where no middle layer with bulk density is observed,40 is defined as extreme 

confinement condition. Due the chosen filler content, such a case is present in the PAAGOhwt 

system and can be observed in some situations in the PAAsGOhwt system, as well.  



  

Figure 2. Normalized density profiles for the a) PAAsGOhwt and b) PAAGOhwt and PAAGOlwt 

systems. 

Figure S3 of SI compares the temperature dependence of the density for the bulk PAA, the 

PAAsGOhwt and the PAAGOhwt systems. As can be seen, the density values obtained from the 

NPT runs for all the systems, can be accurately described by the SLG-EoS (eq. 3).55,57  

Knowledge of the temperature dependence of the density allows the derivation of the bulk 

modulus, as the inverse of the isothermal compressibility, 𝐾 = (
1

𝜌̃

𝜕𝜌̃

𝜕𝑃
)

−1

. Combined with eq. 3, K 

can be calculated by the following relation: 

𝐾 = 𝑘𝑇
1

𝑣
(𝜌̃ (

1

1−𝜌̃
) − 𝜌̃ (1 −

1

𝑟
) − 2𝜒𝜌̃2)                                                                                                             (4) 

In this form the term 
𝜕𝜒

𝜕𝑃⁄  has been neglected,  since the pressure dependence of the Tg (
𝜕𝑇𝑔

𝜕𝑃
⁄ ) 

was considered to take small values, around 0.1 K/MPa.77 Eq. (3) is compatible with the 

experimental observation of improved mechanical properties, above the Tg, as the parameter δg 

increases.13,32,51,55 Moreover, with the use of the Poisson’s ratio (μ),77 the elastic (E) and shear (G) 

moduli can also be calculated (𝐸 = 2𝐺(1 + 𝜇) = 3𝛫(1 − 2𝜇)), allowing thus a complete 



mechanical characterization of a glassy material, avoiding artifacts involved in MD simulations 

(e.g. close to linear temperature dependence of E55,78).  

In Figure 3, the bulk modulus values of each system, as evaluated by the fluctuations of the 

simulation box volume (V), in the NPT runs, are shown as empty symbols, (𝐾 = 𝑘𝑇
〈𝑉〉

〈𝑉2〉−〈𝑉〉2). To 

determine the optimum parameters (Table S1 of SI) that best describe the simulation  data in Figure 

3 and in Figure S2 of SI, a minimization process for both eqs. 2 and 4 took place simultaneously, 

for each system. In agreement with the bulk modulus data collected by the NPT runs, the SLG 

methodology predicted enhanced mechanical properties for both nanocomposite systems (solid 

lines in Figure 3), with the PAAGOhwt exhibiting the highest  K values. Moreover, the Tg and δg 

parameters were determined (Table S1 of SI) to be, 435 K and 31 K,  460 K and 31 K and 471 K 

and 19 K, for the bulkPAA, the PAAsGOhwt and the PAAGOhwt systems, respectively. The 

estimated Tg value for the bulk PAA was found to be higher compared to the experimentally 

reported value (around 401 K56). This discrepancy could be attributed to the uncertainty introduced 

by the evaluated modulus data, as well as to the different cooling rates. The dynamical properties 

associated with the above mechanical behavior, will be studied, in the next section, with the use 

of eq. 1 and the fixed Tg and δg parameters determined from the above-described procedure. 



 

Figure 3. Bulk modulus (K) for the bulkPAA, PAAsGOhwt and PAAGOhwt systems, as evaluated 

by the volume fluctuations (symbols) and the SLG-model (eq. 4), (solid lines). 

Based on the SLG-EoS, the thermal expansion coefficient, 𝑎 = −
1

𝜌̃

𝜕𝜌̃

𝜕𝑇
, can be calculated by the 

expression: 

𝑎 =
𝜒̇𝜌̃2−

𝑃𝑣

𝑘𝑇2

𝜌̃(1−
1

𝑟
)−𝜌̃(

1

1−𝜌̃
)+2𝜒𝜌̃2

 ,                                                                                                                   (5) 

where 𝜒̇ =
𝜕𝜒

𝜕𝑇⁄  (given in eq. s2 in  SI). In Figure 4, we present (with solid lines) the predictions 

of eq. 5 for the α coefficient, for the bulk and the two nanocomposite systems. Also, with the black 

dash line, the estimation of α (bulkPAA) from the original SL model,72 is depicted, allowing a 

comparison between the two models. Ιt can be  observed  that at high temperatures (above 600 K) 

the two approaches practically converge to the same behavior, for the pure polymer. But at lower 



temperatures a notable divergence is observed which becomes more pronounced when the glass 

transition is approached. Since the SLG-EoS describes accurately the temperature dependence of 

the density, it is reasonable to assume that the experimental behavior of α, at the glass transition 

region, would also follow the behavior predicted by eq.  5 (solid lines), which was derived based 

on eq. 3. Moreover, as depicted in Figure S3 of SI, this temperature dependence of the α coefficient 

leads to the prediction of a heat capacity step, in line with relevant experimental 

observations.16,17,19   

 

Figure 4. Thermal expansion coefficient (α), as described by the SLG model (solid lines) for the 

bulkPAA, PAAsGOhwt and the PAAGOhwt systems. The black dashed line corresponds to the 

description by the SL model and the green dashed line to a prediction of the SLG model (eq. 5), at 

δg=150 K, for the bulkPAA.   



According to the SLG model, far below the Tg the thermal expansion coefficient follows the 

vanishing trend of the heat capacity. As the temperature rises, the solid state vibration continuously 

transforms to the confined, Arrhenius dynamics,51,52 characterized by moderate values of α, close 

to 2x10-4 K-1. Around the Tg  region the cooperative diffusion comes at work, and the coefficient 

rises steeply, while at temperatures well above  Tg , a plateau region, with an extent of almost 100 

K, develops. At temperatures around 150 K above Tg, the SLG description recovers the behavior 

predicted by the SL theory, according which the entire system resides within the liquid state, 𝑇∗ =

𝑇2
∗. Also, in case that we assume a rather broad region within which the super Arrhenius is extended 

(i.e., if we take δg =150 K),  the thermal expansion coefficient follows an almost linear dependence 

with temperature (green dashed line in Figure. 4),  similar the one predicted by the SL theory.  

Regarding the morphological details of the chains belonging to the bound layer (see Figure 1),  

typical adsorbed configurations correspond to trains, loops, bridges and tails.16,45  Trains consist 

of polymer atoms sequentially adsorbed on the surface, loops refer to non-adsorbed atoms, 

belonging to chain parts that emanate from the surface and are constrained by both ends, bridges 

are like loops, but with the two atoms restricting the chain part being adsorbed to different 

nanofillers and tails are chain parts where one end is free. Free, (i.e., non-adsorbed) chains, can be 

distinguished as well. The train’s layer is identified with the adsorbed layer, while the bound layer 

is taken to include all chain configuration at the polymer/GO interfacial region (i.e, trains, loops, 

bridges and tails). 

The probability of finding  an atom of a chain in one of the above configurations is portrayed in 

Figure 5, as a function of the distance from the surface for both PAAsGOhwt and PAAGOhwt 

systems. It should be noted  that atoms whose projection on the xy plane does not belong on the 

examined nanosheet,  are not taken into account.  



  

 

Figure 5. Probability for an atom to belong in one of the bound layer configurations as a function 

of its distance from the GO plane, for a) PAAsGOhwt and b) PAAGOhwt, at 600K.  

It can be seen that the probability of finding loops, in the case of the small GO nanosheets, is 

rather low. On the other hand, in the large GO nanosheet system, the same probability is 

significantly higher, exhibiting a peak at a distance of 10 Å. Loops belonging to opposite 

nanosheets may overlap, explaining the non-zero values of the probability at the middle layer. It 

must also be mentioned that due to the presence of side groups in the PAA chain, even a 

sequentially adsorption of two successive side groups may result in the formation of a short loop. 

The distribution of the number of loops in each nanocomposite system is shown in Figure S4 of 

SI.  

Tail configurations are dominant in both PAAsGOhwt and PAAGOhwt systems. The probability 

of this configuration appears to be almost the same, irrespectively of the GO size. On the contrary, 

the bridges prevail in the small GO system. Although, in the PAAGOhwt system the (z) box 

dimension is rather short (Figure S1 of SI) and was chosen close to the end-to-end distance of the 

chain (3.43 nm), it has been demonstrated16 that even in the presence of strong polymer-filler 

interactions (e.g., hydrogen bonds), bridges of stretched chains with a pronounced divergence from 



the random walk distance, are not favorable. Furthermore, the presence of free chains in both 

systems is not very frequent, and is more scarce in the PAAsGOhwt system. The probability of 

trains is equal to 1 within the adsorbed layer and zero elsewhere.  

 

Figure 6. Probability of finding  sequentially adsorbed atoms (trains’ size) on the GO plane for the 

PAAsGOhwt and PAAGOhwt systems, at 500K. 

The distribution of trains’ size is shown in Figure 6. The formation of long trains, consisting of 

a large number of sequentially adsorbed chain atoms, could be taken as an indication of strong 

adhesion between PAA and GO. As anticipated, due to the larger size of the nanosheet, the longest 

trains are formed in the PAAGOhwt system. In both systems, the highest probability corresponds 

to the short trains of almost 2 atoms.40 

 

Chain Dynamics and Enhanced Mechanical properties 



Assuming the same mass, the two examined nanocomposite systems are characterized by the 

same polymer/GO interfacial area, but difference size of nanosheets. The ratios of the mean square 

displacement (MSD) for the center of mass (cm) of the polymer chains to the MSD of the cm for 

the GO, are shown in Figure 7, for a period of 30 ns. In the PAAsGOhwt system the small GOs 

are relatively mobile compared to the PAA chains resulting to an MSD ratio of the order of 1, 

while in case of the large GO nanosheet this ratio is of the order of 10. Also, it seems that in both 

cases the degree of  dynamic decoupling between polymer chains and GO  increases slightly (i.e., 

the ratios assume higher values) as the temperature rises. Comparison between the cm MSDs of 

the PAA and the GO is made in Figure S5 of SI. It can be inferred that a reduced mobility of the 

GO sheets, imparts slower average dynamics to the PAA chains due to the association between the 

two components. 

 



Figure 7. Ratio of the MSD of the cm for the PAA chains and the GO nanosheets, for the 

PAAsGOhwt and the PAAGOhwt systems, at various temperatures. 

Figure 8, presents the desorption autocorrelation functions (ACFs) of PAA in the PAAsGOhwt 

and the PAAGOhwt systems. In addition, a comparison is made with the results presented in a 

previous study28 for the PAAGOlwt system, referring to a large GO nanosheet under lower 

confinement conditions. The ACF curves are calculated based on the expression: 

   ℎ(𝑡) =
〈𝑔(𝑡)𝑔(0)〉

〈𝑔2〉
,                                                                                                                  (6) 

where g(t) takes the value of 1, if at least one atom of the chain satisfies the adsorption criterion at 

time t and 0 otherwise.28 Also, an extrapolation of the ACFs is possible through the mKKW 

function which combines a single and a stretched exponential fraction:67,79 

𝑃(𝑡) = (1 − 𝑎1)exp [−
𝑡

𝜏2
] + 𝑎1exp [− (

𝑡

𝜏1
)

𝛽

]                                                                         (7) 

The average decorrelation time τc, is calculated by the expression 𝜏𝑐 = (1 − 𝛼2)𝜏2 +

𝑎1 (
𝜏1

 𝛽
) 𝛤 (

1

𝛽
), where Γ is the Gamma function, 𝑎1is the fraction of relaxation motions that are 

described by a stretched exponential (β parameter) and a characteristic time τ1 and (1 − 𝑎1) 

represents the fraction of fast librational motions with exponential time dependence, with a 

characteristic time τ2. 



 

Figure 8. Desorption ACFs for the PAAsGOhwt, the PAAGOhwt and the PAAGOlwt systems, at 

550 K and 650K. 

The decorrelation times at 550 K and 650 K are evaluated (eq. 7) to be, for the PAAsGOhwt  

42.0 x103 ns and 1.0 x103 ns, for the PAAGOhwt  1.2 x106 ns and 5.0 x 103 ns and for the 

PAAGOlwt 184.6x103 ns and 2.0 x103 ns, respectively. Comparing the estimated values for the 

PAAGOhwt and the PAAGOlwt systems, it becomes apparent that under strong confinement 

conditions a pronounced increase in the desorption time is observed. Furthermore, it can be 

concluded that the desorption of the chains from the small GO nanosheets is realized in a faster 

timescale compared to that characterizing the large GO flake. This can be accounted for, if we 

consider  the train size distribution presented in Figure 6. 

 



  

 

Figure 9. a) Chain end-to-end (ETE) vector ACFs, at 550 K and b) Arrhenius plots of the relaxation 

times of the ETE ACFs, for the bulkPAA, the PAAsGOhwt and the PAAGOhwt systems, 

calculated by eq. 7. The solid lines in (b) correspond to the fits according to the SLG model (eq. 

1). 

The effect of the GO mobility and the PAA desorption process on the chain dynamics can be 

studied through on the end-to-end vector ACFs, based on the first order Legendre polynomial 

(𝑃1(𝑡) = 〈𝑒(𝑡) ∙ 𝑒(0)〉, with 𝑒 being the unit vector).  Figure 9a, displays such ACFs  at 550 K for 

the two nanocomposite systems and the bulkPAA. The curves refer to an average behavior of  PAA 

chains including either those in the free or in the adsorbed state. A clear trend of slower PAA 

dynamics in the system with the large GO can be observed. However, even at a temperature 100 

K or more, above Tg, full decorrelation of the ACFs can not be attained. For this reason, based on 

eq. 1, an extrapolation of the high temperature behavior towards the entire super-Arrhenius region 

was performed, and the results are shown in the Arrhenius plot of Figure 9b. Since the simulation 

data are limited to five temperatures, the Tg and δg parameters were fixed, according to the 

thermodynamic analysis discussed earlier. Utilization of the SLG model allows the description of 



dynamics in the entire region of cooperative diffusion, rendering much longer decorrelation times 

for the PAAGOhwt system, accompanied by an increased divergence between the times 

characterizing the two nanocomposites, at temperatures close to the respective Tg values.    

  

  

Figure 10. Normalized values with respect to bulk, for the two nanocomposite systems for a) the 

bulk modulus and b) the viscosity. 

Quantification of the degree of enhancement in the mechanical properties in the two 

nanocomposites, is provided in Figure 10. Since the ratio (shift factor) of the end-to-end vector 

relaxation times (Figure 10a) can be considered close to the ratio of the viscosities, an 

approximation of the temperature dependence of the nanocomposite viscosity compared to the 

bulk can be attempted. An extrapolation of this ratio to the entire super Arrhenius region51 confirms 

the enhanced mechanical behavior in the large GO systems. The ratio of the bulk modulus between 

each nanocomposite and the pristine polymer models is presented in Figure 10b. It can be inferred 

that the mechanical strength of both systems is enhanced compared to that of the pure polymer, 

while the PAAGOhwt system shows a higher modulus compared to that in the small GO system.  

 



Segmental Dynamics 

Decoupling of local dynamics in the adsorbed layer from that in the bulk, has previously been 

examined through the  study of the mobility ratios.28 A mobility ratio is defined as the weighted 

2D atomic MSD component (𝑚𝑥𝑦(𝑡)) within the bound layer, divided by the respective 3D 

component in the bulk (𝑚𝑏𝑢𝑙𝑘(𝑡)), i.e. 
3𝑚𝑥𝑦(𝑡)

2𝑚𝑏𝑢𝑙𝑘(𝑡)
. This analysis has recently been presented for 

various polymer/graphene nanocomposites and revealed a “cloaking”  effect, where the influence 

of the presence of a GO sheet on local polymer dynamics was practically restricted within the  

adsorbed layer. A similar analysis is also presented here for the segmental dynamics within the 

adsorbed layer of the GO flakes in the two nanocomposites, and compared to that of the 

PAAGOlwt system,28 as shown in Figure 11.  

 

Figure 11. Time evolution of the xy mobility ratios, for the PAAsGOhwt, the PAAGOhwt and the 

PAAGOlwt systems, in the adsorbed layer, at various temperatures. 



It is demonstrated that the strong confinement conditions of PAA between the large GO 

nanosheets, results in an enhanced decoupling behavior (i.e., lower mobility ratio values of the 

PAAGOhwt compared to those of  PAAGOlwt). In other words, as the distance between the 

opposite nanosheets decreases, local dynamics in the bound layer becomes increasingly retarded. 

It can also be noted that in the small GO system, the mobility ratio varies within a wider range as 

temperature decreases, compared to that observed in the large GO systems. For instance, in the 

PAAsGOhwt, at T=650 K and t=20ps the ratio takes a value of 0.43, while at the same timescale 

and T=500 K, it  rises to 0.63. On the other hand, for the PAAGOhwt the respective values range 

between 0.37 and 0.43. It should be mentioned that in the small GO system, at T=650 K, the 

statistics at long times are poor due to the fast desorption process of the chains. The effects of the 

GO size and the different degrees of confinement experienced by the polymer atoms close to the 

bound layer, are also reflected on the degree of dynamic heterogeneity of the atomic motion, as 

this is expressed by the non-Gaussian parameter.28 Figure S6 of SI, portrays the stronger non-

Gaussian nature of the atomic motion in a layer adjacent to the adsorbed layer in the 

nanocomposites compared to that of the bulk, and the higher degree of non-Gaussianity in the 

PAAGOhwt system.   

Apart from the layer-based analysis, also adopted in similar simulations,10,28 an alternative 

approach is to categorize local dynamics  depending on the chain configurations within the bound 

layer, i.e. trains, loops, tails and bridges. According to this approach, bond reorientational dynamic 

motion is distinguished depending on the kind of  chain configuration each bond belongs in, at the 

time origin t0 and the examined time t.80   Figure 12 shows the orientational correlation functions, 

based on the second Legendre polynomial (𝑃2(𝑡) =
1

2
〈3[𝑒(𝑡) ∙ 𝑒(0)]2 − 1〉,  with 𝑒 being the unit 

vector along the examined bond), of polymer carbon-carbon backbone bonds at T=600 K. The 



relative degree of decorrelation of the corresponding ACFs show that bond orientational relaxation 

is somewhat slower in the adsorbed layer compared to that in the bulk, while effects related to the 

size of the GO filler, are also apparent. Namely, in the small GO system, the trains’ ACF curve 

implies faster dynamics compared to the respective curve in the large GO system. Although the 

bridge configuration exhibits almost the same decorrelation rate in both systems, it is worth 

noticing that in the PAAsGOhwt system the divergence from the trains’ dynamics is smaller, at 

high temperatures. 

  

 

Figure 12. Bond relaxation ACFs for the backbone carbon-carbon (C-C) bond, in various bound 

layer configurations, for a) the PAAsGOhwt and b) the PAAGOhwt systems, at 600 K.  

The temperature dependence of the bond relaxation times is shown in the activation plot of 

Figure 13. Extrapolation to the lower temperature range in made using eq. 1. In all cases, bonds 

belonging to configurations subjected to any kind of confinement, relax slower compared to the 

behavior seen in the bulk and in the free chains.  In addition, dynamics of bonds belonging in the 

train configurations are slower, compared to that characterizing the rest of the configurations 

within the bound layer. It should also be noticed that the probability of loops and free chains in the 



small GO system is rather low and so predictions about the relaxation times for those two 

configurations were not made.   

  

Figure 13. Arrhenius plots of the C-C bond relaxation times for the various bound layer 

configurations for a) the PAAsGOhwt and b) the PAAGOhwt systems. The solid lines correspond 

to the predictions of the SLG model. 



 

Figure 14. Immobilization (vitrification) temperature of the various bound layer configurations for 

both nanocomposite systems, as evaluated by the normalized super-Arrhenius curves (eq. 1) with 

respect to the bulk relaxation time at Tg (109.068 μs). 

In order to determine the immobilization temperature (transition to a rigid amorphous phase16) 

of each configuration, in Figure 14, we present the relaxation times of the carbon-carbon backbone 

bonds, normalized with the value at T=Tg, of the bulk. When the logarithm of the ratio is equal to 

0, immobilization (vitrification) of the configuration is assumed. For the first time, to our 

knowledge, configuration-resolved immobilization temperatures are determined from MD 

simulation results. It can clearly be seen that in both nanocomposite system the train configurations 

are dynamically arrested at higher temperatures. In the case of the PAAGOhwt system, 

configurational freezing-in of bonds belonging in train configurations,  takes place at  485 K, 

almost 50 K above the bulk Tg, while for the PAAsGOhwt system the analogous difference is 



almost 35 K. As for the rest configurations, their immobilization temperatures are close to the 

respective nanocomposite system’s  Tg and this attests to the dynamic decoupling, i.e, the cloaking 

effect.27,28 It is worth noting that the loops, which represent a significant fraction of the bound layer 

in the large GO system, exhibit the slowest dynamics among the rest (excluding the trains) 

configurations. A similar study of loops in poly(butadiene)/Silica system,28 revealed that the 

deceleration of the loops’ dynamics is associated with the size of the loops, which is related to the 

size (r) of the chain. Longer chains form longer loops, which are distributed further from the 

surface and are characterized by less restricted dynamics. In general, at higher molecular weights 

the decoupling between the trains’ layer and the rest bound layer fraction is expected to be more 

pronounced, explaining the trend of a stabilization in the Tg compared to the bulk.13,14,17,24,29  

The picture emerging from the analysis above, is consistent with the ideas introduced in the 

framework of the SLG model, which already assumes the existence of immobilized segmental 

droplets. According to the presented analysis, under extreme confinement conditions, those 

droplets of immobilized segments, should mainly be related to the train configurations located on 

the adsorbed layer. After that, a density depletion layer is present (Figure 2b). At the interface the 

cooperativity is expressed as a strong decoupling between the adsorbed and the depletion layer.28 

Especially in the experimentally used, larger and less diffusible nanofillers,2 the immobilization 

process may start earlier, at even higher temperatures, compared to the respective polymer Tg, 

justifying thus an extension of the super-Arrhenius region (δg parameter, of the order of 100 K) 

and an Arrhenius-like behavior.51 It should be mentioned that under strong confinement 

conditions, the deformation of the depletion layer,55 contributes to the enhanced values in the 

elastic modulus of polymer nanocomposites.  



Although, the picture associated with the mechanism of mechanical reinforcement in polymer 

graphene nanocomposites is not complete yet, the present study showed that in the case of 

nanocomposites bearing the same interfacial area, the size and mobility of the nanosheet plays a 

significant role,2,39,55 since it essentially controls polymer viscosity through the behavior at the 

bound layer. It should be emphasized that in our study neither “glassy polymer bridges” between 

nanofillers, nor strong filler-filler association,  that could provide an alternative explanation for the 

enhanced mechanical properties of the nanocomposites, were observed. 

 

Conclusions 

Two PAA/GO nanocomposite systems characterized by the same mass fraction and different 

size nanosheets, have been studied by means of MD simulations. The present investigation 

considered also the effects of  the chain configurations (i.e. trains, loops, tails and bridges), within 

the bound layer on the filler surface. Combination of results from fully atomistic MD simulations 

with the SLG model, allowed for the first time the extension of the thermodynamic and the 

dynamic behavior in the entire super-Arrhenius region. 

The structural analysis of the bound layer attributed higher fraction of bridges in the case of the 

system with the smaller GO flakes and higher fraction of loops in the case of the system with the 

larger GO sheets. The size of trains was bigger for the PAAGOhwt (with the larger GO flakes)  

system. 

The density temperature dependence and the change in the slope of the specific volume was 

described satisfactorily by the SLG-EoS. The bulk modulus behavior was formulated by a new 

equation (eq. 4). Using this formulation, stronger mechanical properties were detected for the 

PAAGOhwt system. Moreover, it was made possible to describe all the thermodynamic and 

dynamic properties with the same, fixed set of SLG parameters. The thermal expansion coefficient 



equation that was derived, incorporated the glass transition and the description it provided was 

compatible with the experimental observation of a heat capacity step.   

Concerning the dynamics, it was concluded that besides the width of the interfacial area and the 

strength of the polymer-filler interactions at the interphase, another significant parameter is the 

mobility of the nanosheet. In the system with the large GO sheets,  the longer desorption process 

and the slower mobility on the adsorbed layer, imparted a higher increase in the viscosity of the 

nanocomposite, resulting in improved mechanical properties. The segmental dynamic analysis 

based on the type of the bound layer configurations, revealed that as the temperature drops, the 

immobilization of the trains’ layer is always earlier (i.e., at higher temperature) providing a kind 

of nanofiller coating (shielding effect). The rest bound layer fraction exhibits decoupling 

characteristics and justifies the reduced heat capacity step at the nanocomposite’s Tg.  

The results described in this work indicate that in the  super-Arrhenius region, the density, along 

with the dynamic and mechanical behavior can be described with the use of one Tg parameter. A 

new methodology, combining MD simulations and the thermodynamic SLG EoS-based model, is 

proposed for the characterization of glassy materials. 

 

ASSOCIATED CONTENT 

In the Supporting Information we present, Figure S1 with snapshots of the whole nanocomposite 

systems, Figure S2 with the temperature dependence of the density, Figure S3 with the temperature 

dependence of the heat capacity, Figure S4 with the distribution of the number of loops in each 

nanosheet, Figure S5 with the MSD of the cm of PAA and GO, Figure S6 with the non-Gaussian 

parameter, Table S1 with the fitting parameters to the SLG-EoS and Tables S2-S5 with the fitting 

parameters to eq.1. Moreover eqs. S1 and S2 are also depicted. 
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