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Abstract : 

In this work, we verified the synthesis of a novel sequential interpenetrating polymer network (IPN), composed 

of poly(2-hexyl-ethylacrylate) and poly(n-butyl acrylate) named PHEA and PBuA respectively, and we studied 

the physical properties by means of Thermogravimetric Analysis (TG) and Differential Scanning Calorimetry 

(DSC) techniques. It’s found an increase in the thermal stability with the increase of the density of the polymer 

network and the amount of the absorbed monomer by the network has a great influence on its behavior and glass 

transition temperature. We supplement this job by applying Molecular Dynamics simulation methods (free 

volume, radial distribution function) to investigate the properties of these polymer networks and effects of 

composition ratios and temperature by introducing a new comprehensive and reproducible atomistic model for 

the generation and property evaluation of interpenetrating polymer networks. The simulation presented from the 

discontinuity in the different plots versus temperature of the specific volume or radial distribution function, 

demonstrates that the glass transition temperature (Tg) values were in good agreement with experimental values. 
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Introduction : 

Atomistic molecular modelling are a very interesting tool to have preliminary information about blends, phase 

behavior and compatibility, which exist between polymers [1-2]. They are an alternative solution to researchers 

who have not access to experimental. They have reached, recently [3-10], a very high level of sophistication, to 

the point of being able to predict easily several properties with a very high precision, thus anticipating the 

possible applications of the modelled systems. The choice of the modeling method depends on the system 

studied. Indeed, several methods are available; we can say the stochastic (Monte-Carlo simulations) or quantum 

(ab-initio) methods and the molecular dynamics method [11-13]. This last is used in when the studied system 

contains a considerable size of the molecular chains (more than 1300 atoms in a polymer chain) while for other 

methods the number of atoms is limited [14-18]. Indeed, molecular dynamics is a deterministic method; the 

propagation of the system is done by applying the classical equations of the movement of the particles. This 

technique makes it possible to obtain so many structural characteristics as dynamic characteristics relating to the 

modeled system [19-20]. 

The common of polymer material blending processes leads generally to the combination of thermodynamically 

incompatible compounds [21-22]. Thus, the synthesis of interpenetrating polymer networks (IPNs) has become a 

consistent development path to obtain a polymer network that is stable over time [23]. This synthesis 

corresponds to the combination of crosslinked polymers of which at least one is synthesized in the immediate 

presence of the other. This allows combining within a single material the different properties of the two 

precursor networks while covering the deficiencies of each of them [24]. IPNs are dimensionally and thermally 

stable over time [25-28] and may have improved properties of resistance to chemical and physical aging. One of 

the main interesting properties to consider when studying IPNs systems is their thermal properties. Recently, 

many scientific reports have been focused on synthesis [29-39] and thermal properties of polymer blends [40-

44], on the other hand on the observation, the characterization and the improvement of the interfaces and 

interphases present within such mixtures or of composites [45-48]. The relationships structure-property of 

interpenetrating polymer networks has sometimes been discussed in experiments, but without a theoretical study 

being accompanied in parallel. The originality of this work is due to the variety of systems studied according to 

the same type of model, but also to experimental measurements, which are confronted with modeling data 

(simulation). This type of study, for interpenetrating polymer networks, is little reported in the literature which 

encouraged us to start it. Indeed, we present experimental and theoretical study of synthesis of novel 

interpenetrating polymer networks based on Poly Hexyl-Ethyl-Acrylate (PHEA) and Poly Butyl-Acrylate (PBuA) 

networks. The choice of these two polymers is due to their various potential utilizations. Indeed, the 2-

Ethylhexyl acrylate (HEA) is a very useful monomer for many industrial applications. It is marked essentially by 

his low glass transition temperature (Tg = −65°C) and has very good film formation property [49]. Poly(2-

ethylhexyl acrylate) (PHEA), are widely used in many applications [50]. The copolymers of PHEA with other 

acrylates, methacrylates, acrylonitrile, maleic acid esters, vinyl acetate, vinyl chloride, etc. find applications in 

adhesives, chemical intermediates, coatings, leather, plasticizers, plastics and textiles [51]. The Poly(n-butyl 

acrylate) (PBuA) can be used as a soft segment in thermoplastic elastomers due to its low glass transition 

temperature and durability [52]. It is a very ductile (~2000% elongation at break), sticky, colorless and 

transparent rubbery material [53]. In view of their complementary properties, blending PBuA with PHEA is a 

natural choice to improve properties including ductility without compromising transparency. The realization of 



 

 

IPN systems will be checked step by step by giving a detailed analysis of the swelling kinetics of the different 

networks in the reactive solution containing monomer and crosslinker and a detailed simulation of formation of 

these networks. Information about the glass transitions temperature of the resulting IPNs and TG/DTG curves 

are also presented and compared with their precursory networks. 

 

Experimental part: 

Monomers: 

The monomers, n-butyl-acrylate (99%) and 2-hexyl-ethylacrylate (98%), designated (n-BuA) and (2-HEA) 

respectively, were obtained from Aldrich. 1,6-Hexanedioldiacrylate (HDDA), supplied by Cray Valley (France) 

is used as crosslinking agent. 2-hydroxy-2-methyl-1-phenyl-propane-1 (Darocur 1173) from Ciba-Geigy was 

used as a photo-initiator. 

Sample preparation: 

Prepolymers synthesis: 

Mixtures of n-BuA/HDDA/Darocur 1173 and 2-HEA/HDDA/Darocur 1173 were prepared in the weight 

fractions 99/0.5/0.5 wt%. The initial mixtures were stirred mechanically for several hours, in order to ensure a 

uniform distribution of the monomer and the crosslinking agent over the sample volume, before they were cast in 

small flat sample holders made of Teflon. The samples were exposed under nitrogen atmosphere to a static UV 

lamp (Philips TL08) with a maximum emission wavelength at λ=365 nm and an intensity I0=1.5 mW cm
-2

. The 

exposure time was fixed at 20 min, although 5 min were sufficient to achieve complete conversion of the 

monomer. 

Prepolymers swelling study: 

Investigations on swelling kinetics were carried out on PHEA and PBuA networks to see the compatibility which 

exists between the two prepolymers. The influence of the chemical nature of the monomer on the swelling 

behavior of the networks is examined. For each network, the used solvent is the reactive solution containing the 

other (Monomer/ Crosslinker/ Photoinitiator). Swelling behavior in terms of the swelling ratio Q in the case of 

an usual solvent is given as: 

Swelling ratio = Q   (
     

  
)             (1) 

Where Ws is the weight of the swollen network and Wi is the weight of initially dried network. 



 

 

 

Fig. 1 Swelling of the polymer networks in the reactive solution containing the monomers 

This figure constitutes a measure of the quantity of the reactive solution absorbed by the two different polymer 

networks. As the time proceeds, the two reactive solutions diffuse into the networks due to the concentration 

gradient resulting in the exponential swelling of the network. From the same swelling curve, it’s observed that 

the two polymer networks have, practically, a similar physical behavior, that is to say they swell both in the same 

way and the same speed. Indeed, we note that they have almost the same swelling ratio with a slight increase on 

the side of the PHEA network and this is probably due to the chemical structure of the starting monomer forming 

the PHEA network which is large (6 carbons) compared to the n-BuA monomer. This means that the PHEA 

polymer network offers more space for the n-BuA monomer to diffuse in the network than in the opposite case. 

We can also say that the two polymer networks have maximum swelling ratios (around 475 for the PBuA 

network and 488 for the PHEA), which means that each network can swell up to 4.8 times its initial volume. 

With a small logic, each network contains the equivalent of 3.5 networks in addition to the initial network. In the 

theoretical part, we took this result into consideration with an approximation that each network contains the 

equivalent of three polymer networks plus the initial network. We added an intermediate network containing the 

same number of polymer networks to see the effect of the monomer on the physical behavior of the resulting 

IPNs. 

IPNs synthesis: 

Two kinds of sequential IPNs were synthesized. The first one consists of a PBuA network, swollen, until 

reaching equilibrium, in a solution containing the second monomer (2-HEA)/Crosslinker/Photoinitiator. The 

swollen sample was then exposed to UV irradiation (the same used before). The exposure time was fixed to 20 

min to achieve complete conversion of all monomers in the precursor system. The resulting network will be 

called Ex-IPN1 (Experimental-IPN1). The second IPN was obtained with the same method described above, 



 

 

except that at first a PHEA network was formed, which was swollen in a second step, until reaching equilibrium, 

by a solution containing n-BuA, as mentioned before. The resulting network will be called Ex-IPN2. 

TG measurement: 

Investigations were made in a Perkin Elmer Pyris TGA instrument while heating the samples from 25 to 700°C 

at the rate of 10°C/min in nitrogen. Samples for thermal measurements were prepared by introducing 

approximately 10 mg of the sample into a TG pan. At least three duplicate samples having the same composition 

and prepared independently were used to check the reproducibility of the results. The polymer degradation 

temperature was determined from the midpoint of the transition range of the curves. 

DSC measurement: 

The Differential Scanning Calorimetry (DSC) technique was used for the study of polymer networks materials 

and in particular to detect the glass transitions temperature (Tg) [54-55]. DSC measurements were performed on 

a Perkin Elmer Pyris Diamond calorimeter equipped with an Intracooler 2P system allowing cooling 

experiments. Samples for calorimetric measurements were prepared by introducing approximately 8 mg of the 

material into an aluminum DSC pan, which was sealed to avoid evaporation effects during the temperature 

treatment. A rate of 10°C/min (heating and cooling) was used in the temperature range from   -75 to 150°C. The 

program consists first in cooling the sample followed by three heating and cooling cycles to take into account 

eventual thermal events related to the sample preparation history. The results presented in this work were 

obtained from the first heating ramps. In each case, at least three duplicates having the same composition and 

prepared independently were used to check the reproducibility of results. 

 

Simulation details: 

Simulation software: 

The Culgi software (Chemistry Unified Language Interface from culgi.com) is used for the generation of the 

different systems, for the energy minimization, equilibrating systems and calculating the energy functional forms 

with the DREIDING Force Field [56]. The different macroscopic (volumetric) and microscopic (structural) 

properties were done by the LAMMPS software package (Large-scale Atomic Molecular Massively Parallel 

Simulator from lammps.sandia.gov) and the results obtained from the latter are visualized and interpreted by the 

VMD software University of Illinois (http://www.ks.uiuc.edu/Research/vmd/) [57-58]. 

Simulation procedure: 

The methodology followed for the elaboration of the two Acrylate-based networks PBuA and PHEA and this in 

order to lead to the synthesis of sequential IPN networks is detailed. All the simulations have been carried out 

using DREIDING force-field [59-60] who is a simple, generic all-atom force field, developed by Mayo and 

coworkers at BioDesign Incorporated. DREIDING FF was developed to predict structures and dynamics of 

organic, biological, and main-group inorganic molecules. The generated structures with the builder included with 

the CULGI software do not exactly represent the equilibrate state of the system. Although excluded volume 

effects are taken into account, a certain degree of overlap still exists in the generated structures. Since the 

amount of interatomic overlap in the system depends on the density of the system, it is recommended to perform 

an energy minimization calculation followed by a few steps of molecular dynamics simulation with a very small 

time step on the structure to minimize this overlap, and the resulting high-energy hot spots in the structure, 



 

 

before any further simulation attempted [60]. For the final structures, minimization is carried out to reach the 

lowest energy state, and the MD simulation procedure was performed. The MD simulation follows the algorithm 

given in the Fig. 2. All systems were equilibrated for 100 ps with 0.1 fs time steps at (T = 298 °K, and P = 1 bar 

for NPT ensemble) with a frame output every 500 steps. The Berendsen thermostat and barostat [61] were used 

to maintain the temperature and pressure for all NVT and NPT simulations. Firstly, an NVT-MD simulation was 

performed to release any possible tensions. Secondly, an NPT-MD simulation is performed to bring the system 

back to experimental density. This protocol prevents the superimposition of segments or the formation of loops 

in the case of dense polymers. Finally, the simulation was carried out until the density of each system was 

stabilized. The non-bonded van der Waals and electrostatic interactions were truncated using atom based cut off 

distance of 12.5 A°. Periodic boundary conditions were implemented in all three principal directions. 

 

Fig. 2 Summary of our process to equilibrate the different systems 

Generating prepolymer networks: 

There are four points for generating the initial configurations of each polymer network. Initially, the polymeric 

repeat unit (RU) must be created and minimized (See Fig. 3). Then, this repetitive unit is used to generate a 

defined length polymer chain (160 RUs for PBuA and 130 for PHEA in our case). This latter is relaxed, in order 

to obtain the most stable configuration. The third phase consists in inserting the relaxed polymer chains together 

with one molecule of the crosslinker HDDA in a periodic homogeneous box with dimensions            . 

For the studied polymer networks, the confinement was carried out relative to the experimental approach. 

Finally, the last step is to create bonds between the two polymer chain and the crosslinker in the box.  

Generating interpenetrating polymer networks: 

The creation of interpenetrating polymer networks is based on the main definition of these latters. The definition 

of sequenced synthesis stipulates that a network is synthesized in the immediate presence of the other one. That 

is, a network is created knowing that the first already exists. Given the complexity of the model, we have 

established an approximation based on the simple addition of polymer networks together in a simulation cube 

with different proportions to try to be as close as possible to the experiment and then we built the IPNs in the 

AmorphousBuilder module of the CULGI Software (See Fig. 4). The polymer networks were interpenetrated 

with each other due to the formation of physical entanglements between them without covalent bonds. 



 

 

We constructed three types of sequential IPNs by varying the amount of the second polymer network. T-IPN1 

(Theoretical-IPN1) contains in its structure the quantity of one PBuA network to which is added the quantity of 

three PHEA networks. T-IPN2 contains one PHEA network with three PBuA network and finally T-IPN3 

contains the same amount of polymer networks, that is to say a PBuA network with another one of PHEA which 

makes the proportion 50/50. 

 

 

Fig. 3 Chemical structure of the RUs and generating polymer (Grey-carbon; Red-oxygen; White-hydrogen) 

 

 

Fig. 4 Snapshots of the T-IPN1 built with the AmourphousBuilder 

 



 

 

Functional forms with the DREIDING FF: 

In a molecular model, a force field defines interactions between atoms. A force field is determined by the 

functional form of the different interatomic interactions, and by the parameters used for these interactions. The 

DREIDING force field use functional forms that are given below [59-60]. Energies are generally expressed in 

Kcal mol
-1

, lengths and distances in angstrom, angles in degrees (but angle force constants use radians instead of 

degrees). Units of force field parameters follow from this and the specific functional forms, but for completeness 

they are also given below. 

Bond stretching  

The bond stretching harmonic potential is given by: 

     (    )
           (2) 

where r0 is the equilibrium bond length expressed in angstrom and the bond stretching constant kr is expressed in 

kcal mol
-1 

°A
-2

. 

Angle bending 

The angle bending harmonic potential is given by: 

     (    )
           (3) 

where θ0 is the equilibrium angle expressed in degrees and the angle bending constant kθ is expressed in kcal 

mol
-1

 rad
-2

. 

Angle bending potential in cosine form: 

     (     (    ))         (4) 

Here, the angle bending constant has units of kcal mol
-1

. 

Angle bending potential in cosine form (DREIDING style): 

For θ ≠ 180° 

   
 

 
  (          )

          (5) 

For θ = 180° 

     (      )          (6) 

where θ0 is the equilibrium angle and  

   
  

(     )
            (7) 

The angle bending constant has units of kcal/mol. 

Torsion 

Cosine series for torsional potential: 

        (      )    (       )    (       )     (8) 

The force constants V0, V1, V2, V3 have units of kcal mol
-1

. 

Torsional potential in cosine form (DREIDING style): 

   
 

 
  [      (    )]         (9) 

where n and Φ0 determine the equilibrium angles. The force constant V0 has units of kcal/mol. 

Inversion 

Inversion potential for planar configurations in cosine form (DREIDING style): 

     (      )          (10) 

The inversion constant uψ is expressed in kcal mol
-1

. 



 

 

Van der Waals interactions 

Lennard-Jones 12-6:2: The equation for an alternate form of the Lennard-Jones 12-6 potential, used by 

DREIDING, is given below: 

 (   )      [(
   

   
)
  

  (
   

   
)
 

]         (11) 

where rij, ϵij, and σij denote the distance between the interacting sites, the Lennard-Jones well depth and the size 

parameter, respectively, for the pair of atoms i and j. 

Here, rij and σij are both expressed in A so that the constant ϵij has units of kcal mol
-1

. 

For interaction parameters between unlike pairs, the geometric combination rule for ϵij is given:  

    (      )
   

           (12) 

For σij, the arithmetic and geometric combination rules are given by: 

 The arithmetic combining rule 

    
 

 
(       )          (13) 

 The geometric combining rule 

    (      )
   

           (14) 

The radial distribution function: 

The Radial Distribution Function (RDF) measures the probability of finding a particle at distance r given that 

there is a particle at position 0. For small distances, the radial distribution is closely related to the packing of the 

molecules. Since at close distances the interatomic interactions are quite hard in nature, the distribution function 

shows a structure with regular peaks. At long distances, the layers become diffuse, and thus the probability of 

finding two atoms with a given separation is essentially a constant and proportional to the density. The RDF, 

denoted as g(r), is normalized by the density to provide a limit in g value of 1 at large values of r. There are two 

main types of RDF. One is that of a collection of atoms with itself (for example, just taking all atoms in a 

particular system) and the other is the RDF for atoms from two disjoint collections (for example, the RDF of a 

particular atom in one type of molecule with a particular atom in another type of molecule). The expression used 

to calculate the radial distribution function for (arbitrary) collections A and B is given by  
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Where V is the total volume of the system,    
     is the total number of pairs consisting of one bead from 

collection A and one from collection B, and    (  
 

 
     

 

 
  ) is the number of AB atom pairs with 

distance between   
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   (so with displacement vector with in a spherical shell with thickness ∆r 

around distance r). The expression in the second denominator is the volume of such a shell. 

For the shell volume, the approximate expression 4πr
2
∆r can be used and then simplify the expression by 

defining    (  
 

 
     

 

 
  ). For the case where collection A is identical to collection B, the number of 

pairs becomes
 

  
  (   ), with N the number of beads in the collection. We then obtain the more familiar 

expression 
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Results and discussions: 

TG Results: 

The curve corresponding to TG and DTG analysis are given in Fig. 5-a and Fig. 5-b respectively. The 

corresponding data are given in table 1. The inset of this figures shows the same results based on the range 

between 350 and 470 °C. It can be observed from our study that all the polymer networks have almost the same 

thermal behavior. Indeed, all the studied networks are stable up to 300 °C; a continuous mass loss in the range 

(340–460 °C) characterized by an important mass loss, and decomposes completely beyond 550 °C. The 

corresponding phenomena could be interpreted by a complete degradation of the materials (mass loss: 99.61%). 

All products decompose in a single step. The kinetic aspect of the degradation depends on the compound of 

networks; Indeed, The Ex-IPN1 has a degradation kinetic similar to the one of PHEA network, and the Ex-IPN2 

has a degradation kinetic similar to the one of PBuA network. From the DTG curve (Fig. 5-b) we can see that the 

peaks of the curves presented for the simple polymer networks are slightly wide in comparison to those 

presented by IPNs; this is probably due to the presence of some unreacted oligomers with the networks structure 

forming thereby an isolated blocks of polymer chains from the polymer network. These blocks begin to detach 

and degrade first by increasing the temperature followed by the skeleton of the sample. This behavior is less 

existed by increasing the density of the network leading us to the formation of IPNs, which confirms that we 

have stable IPNs in their structures by comparing them to the starting products. 

 

Fig. 5 TG (a) and DTG (b) Curves for the different Polymer networks 

Table 1 Degradation Data of the different polymer networks 

 T5% /°C T50% /°C T95% /°C 

Ex-IPN1 328 400 438 

Ex-IPN2 344 414 448 

PBuA 344 411 449 

PHEA 344 402 442 

The thermal stabilities of the different polymer networks were evaluated from TG results checking temperature 

corresponding to 5%, 50%, and 95% of mass loss (T5%, T50%, and T95%). The start of degradation for all samples 

appeared to begin, with a light difference, at around the same temperature. After 50% of mass loss, the thermal 

behavior for the IPNs is found to be influenced by the nature of their precursory networks. Indeed, The Ex-IPN1 



 

 

has a degradation behavior similar to the one of PHEA network, and the Ex-IPN2 has a degradation behavior 

similar to the PBuA network. This behavior continues until the last stage of total degradation. 

DSC results: 

The Thermal Analysis was carried out to know the phase separation behavior that can exist in the different 

polymer networks. Three samples from each system were studied. Once the results obtained, it is possible to 

draw the tangents to the curve of the heat flow and the glass transition temperature of the polymer was 

determined from the Half Cp Extrapolated point of the transition range of the curves. For the analysis of the 

DSC, the study focused on the first heating, that is to say the first cycle of temperature variation (-70°C to 

120°C). Having obtained similar curves for the three tests, we presented only one curve for each composition. 

Fig. 6 represents the glass transition temperatures variation of the different networks. Only one single transition 

in the DSC curves for all the polymers is detected, especially for the two synthesized IPNs which indicates that 

the IPNs does not present phase separation. This would suggest that the different monomer 2-HEA and n-BuA 

are perfectly miscible. In addition, these figures informs us that the glass transition temperatures of both IPNs are 

close from/to each other and are controlled first by the quantity of the precursory polymer network present in the 

mixture. Indeed, the Tg of the Ex-IPN1 shows a slight shift compared with the Tg of the PHEA network. 

Apparently with the presence of the PBuA in the Ex-IPN1 structure, this decreasing of Tg was expected because 

in the network IPN1 where the presence of the monomer 2-HEA is governing, this last tends to influence its 

behavior and thus to have glass transition temperature more or less close to that of the pure network PHEA, and 

vice-versa. 

 

Fig. 6 Experimental DSC Curves of the different systems at a heating rate of 10°C min
-1

  

 

 

 



 

 

Atomistic simulation: 

The generated atomistic structures have very high energies and cannot be served directly as starting 

configurations for molecular dynamics simulation. The minimization of a molecular model having a big size 

(number of atoms   36000) can converge towards a global minimum. But, to confirm this minimum reached, 

several minimizations must be made, starting from different initial conformations. The QM minimization method 

proposed by D. Sheppard et al. [62] is employed to obtain the minimized structures. The principle idea of this 

method is to follow the force vector from an initial configuration to a stationary point of energy, while 

accelerating the system in the direction of the force (which mimics the actual dynamics). In addition to this 

acceleration, some depreciation is necessary to stop at the local minimum. This is usually done through a 

proportional and speed-dependent 'force' of damping. In QM mode, this damping procedure is replaced by a 

projection of the velocity along the force. The QM method can be coupled to a molecular dynamics integrator; 

Euler integrator in this case [60]. The initial values of the potential energy of the different samples by 

DREIDING force field are Ep = 1.54E+07 kcal mol
-1

, Ep = 3.18793e+07 kcal mol
-1

, and Ep = 1.57867e+07 kcal 

mol
-1

 for the T-IPN1, T-IPN2 and T-IPN3 respectively. After performing the minimization process, the systems 

start to reduce its energies gradually according to the number of iterations until they reach a stable minimum 

energy (Table 2). The new values of the minimum energy are: Ep = 65066.001 kcal mol
-1

 after 8050 steps for T-

IPN1, Ep = 5.95389e+04 kcal mol
-1

 after 1034 steps for T-IPN2 and Ep = 269226 kcal mol
-1

 after 2688 steps for 

T-IPN3.  

Table 2 minimization results of the different samples with QM method 

Polymer 

Bond 

Stretching 

/kcal mol
-1

 

Angle 

Bending 

/kcal mol
-1

 

Torsion 

/kcal 

mol
-1

 

Inversion/ 

kcal mol
-1

 

VdW 

/kcal mol
-1

 

Total 

Potential/ 

kcal mol
-1

 

T-IPN1 
Initial 3813.90 4276 1391.67 87.12 4.41484e+07 1.54e+07 

Final 1710208.5 514967.4 2920.83 6911.72 7.8249
e
+06 6.5066e+04 

T-IPN2 
Initial 3222.49 3458.03 1149.13 90.8557 3.18714e+07 3.18793e+07 

Final 1.16478e+06 381818 2460.4 9256.82 4.39558e+06 5.95389e+04 

T_IPN3 
Initial 3463.46 3923.68 1302.32 98.8054 1.57779e+07 1.57867e+07 

Final 34449.9 55967.6 2626.71 812.579 175369 269226 

 

Thermal results: 

Volumetric properties (Dilatometry technique): 

One of the most popular theoretically approaches used to evaluate the compatibility between polymers is the 

glass transition temperature Tg determination of the studied system and compare it with the experimental values 

of the component polymers. This theoretical one remains dependent on the chosen cooling rate for the 

simulation. Metalta and Soldera [63-64] showed this effect by performing simulations on different polymer 

systems and found that the agreement between the two glass transitions, experimental and theoretical, is more 

improved at low cooling rates. It is evident that if these low cooling speeds lead to a better prediction, they lead 

to too long computational times. In our case, the theoretical measurements of the glass transition temperature for 

the different systems were performed step by step for each temperature by doing a cooling from 350 °K to 100 

°K by increments of 25 °K. At each temperature, the constant NPT MD simulation was conducted for 300 ps and 



 

 

the conditions were kept the same as descripted in the simulation details section. During this procedure, the 

specific volume was calculated at each temperature and the glass transition temperature is determined by the 

intersection of the two slopes of the two curves corresponding to the process of heating and cooling as 

mentioned in Fig. 7. All the values obtained during this study for all the polymers are gathered in the table 3. 

Table 3 Tg result values of the different systems with two determination methods (All the temperature values are 

in /°C) 

Tg /°C IPN1 IPN2 IPN3 PBuA PHEA 

Experimental -65.24 -46.68 -- -45.25 -63.07 

Theoretical 
Dilatometry -57 -35 -50 -44 -58 

RDF -56 -49 -55 -45 -61 

 

As we can realize, although the values of the glass transition temperatures obtained from the proposed model are 

higher than the experimental values, they remain in good agreement with the latter. This shift in theoretical 

values is probably due to the cooling rate used during the simulation. It is also to be noted that the addition of a 

second polymer network in simultaneity with the first structure with various percentages affects the resulting 

theoretical Tg and passes the latter closer to that presented by the initial polymer network. Indeed, the Tg value 

presented by the T-IPN3 which contains the same proportions of the polymer networks comes between the two 

values presented by the other T-IPNs which deviate towards the values presented by the predominant networks 

in the T-IPN. This behavior was observed during the experiment which confirms the good choice of the adopted 

model during the atomistic simulation. 

 

Fig. 7 Evolution of the specific volume according to the temperature for the PHEA, PBuA, T-IPN1, T-IPN2 and 

T-IPN3 systems 

 



 

 

Structural properties (The radial distribution function): 

The RDF is a concrete option to inspect the structural properties of the polymer systems providing a confirmed 

approach for the understanding of the atom interactions including the bonding or non-bonding ones. In the Fig. 

8, we present the calculated RDF for the different systems used over this simulation and the inset of these figures 

shows the same results based on the range between 0.8 and 3.5 °A. We note perfectly that the value of g (r) 

fluctuates in its values as a function of r. For the different samples the value of g (r) is usually > 1 to about r = 

~0.93 °A, ~1.14 < r > ~1.81 °A, and ~2.03 < r > ~2.32 °A before returning to 1 for values of r greater than 3.13 

°A. This indicates that the distance to r between atoms is more frequent than expected for a completely random 

pattern, suggesting clustering. The values of g (r) < 1 indicate that the distances between atoms equal to r, are 

less frequent than expected for a completely random process. This suggests regularity. And for g (r) is zero for 0 

< r > 1 °A, this extremely regular configuration has no distance between atoms. 

We notice moreover that the intensities of the peaks are temperature dependants. As we can see in insets of the 

Fig. 8, the different picks presented by the g(r) curves at r =1.1°A are greater than the other picks at higher 

values of r. These later are decreasing in intensity from higher to lower temperatures. This effect looks to be 

produced by the variations in the density of polymer system with variation of temperature. We we took this 

effect into consideration and plot in the Fig. 9 the slope of the fitted lines to g(r) values at r=1.1 °A. As is shown, 

the slopes of the fits lines are crossed around a temperature estimated to be the Tg. The values are presented in 

table 3 and they stay in good agreement with the experimental one. It should be mentioned is that Tg values 

obtained from structural calculations (RDF) are more accurate and reflect the experiment more better than the 

calculations obtained by the dilatometry technique. 

 

Fig. 8 The radial distribution function for various pairs of atoms for the T-IPN1, T-IPN2 and T-IPN3 systems 



 

 

 

Fig. 9 Evolution of the g(r) values at r=1.1 °A according to the temperature for the different systems 

Conclusion: 

Molecular dynamic models can be used to predict the detailed structure of individual molecules or of very small 

portions of a larger structure, over a very short period of time (from a few picoseconds up to nanoseconds). In 

this work we consider two, different but complementary, approaches to characterize the thermophysical behavior 

of interpenetrating polymer networks, the experimental one in which we present the different techniques used to 

determine the different parameters governing the interactions between these systems, and another theoretical aim 

to model these interactions through molecular dynamics simulations. We synthesize a novel sequential 

interpenetrating polymer network, composed of poly(2-hexyl-ethylacrylate) and poly(n-butyl acrylate) by 

sequential polymerization technique. The investigated systems are prepared via photo-polymerization by UV-

curing of monomers in the presence of a difunctional crosslinker and a photo-initiator. The IPNs properties have 

been improved by varying the initial composition and the physical properties are investigated by means of TG 

and DSC techniques. The TG results show that all the networks decompose completely in a single step beyond 

550°C and the kinetic aspect of the degradation depends on the compound of networks. It was found an increase 

in the thermal stability with the increase of the density of the polymer network that is, passing from the simple 

network to the interpenetrating network. The DSC results inform us that the glass transition temperature of the 

different studied systems is influenced by the amount of the monomers absorbed by the network and that all the 

resulted IPNs does not present any phase separation. This work is supported by applying molecular dynamics 

simulation methods (free volume and radial distribution function) to investigate the properties of these polymer 

networks and effects of composition ratios and temperature. A new approach for the generation and property 

evaluation of interpenetrating polymer networks is implemented to be close as possible to experiments. The 



 

 

different simulation results presented for the volumetric and the structural properties demonstrates that the Tg 

values were in good agreement with experimental values. Indeed, the theoretical Tg values confirm that each IPN 

network synthesized is influenced mainly, in its properties, by the amount of the absorbed monomer until 

reaching equilibrium. Good agreement between Molecular Dynamics simulations and the experimental results 

indicates the validity of the chosen model. 
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