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Molecular Dynamics simulation study of compatibility

for the polyvinylmethylether/polystyrene mixture

The study of compatibility in polymer mixtures is of great scientific and technological interest, since an accurate prediction of this property can help to the design of new materials with better practical characteristics than the single components [START_REF] Paul | Polymer Blends[END_REF]. From the experimental point of view, compatibility of blends is explored through the determination of the Flory-Huggins parameter, χ [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF]. This parameter can be extracted from data of the structure scattering factor, obtained in neutron scattering experiments. The random phase approximation [START_REF] Shwahn | [END_REF] (RPA) provides expressions for the structure factor in terms of χ, and, consequently, numerical values of χ can be calculated through fits of the experimental data to the RPA prediction [START_REF] Mark | Physical Properties of Polymers Handbook[END_REF].

Although the experimental values of χ evaluated according to this procedure may not be in general agreement with the values obtained from the study of phase separation diagrams, they provide a valuable indication on the mixture compatibility.

A similar approach can be used to obtain theoretical predictions of χ with numerical data obtained from numerical simulations. Atomistic models of the mixtures can be built in a simulation box, including periodic boundary conditions. Numerical simulations can be performed with these boxes. This way, it is possible to work with realistic representations of the systems, from which different experimental properties are simulated. Molecular Dynamics (MD) constitutes the simplest type of simulation for the most detailed systems that require many different interactions between different bonded or non-bonded atom. These interactions are summarized in the "forcefield" files. The MD simulations yield numerical trajectories of polymer blends that constitute statistical samples from which different properties can be calculated.

Compatibility clues can be obtained through the study of different structural properties (as the pair distribution functions) [START_REF] Heine | [END_REF]. Moreover, the collective "scattering" structure factors can also be evaluated. Following a procedure similar to that employed in the analysis of the scattering experiments, a subsequent fit of the structure factors to the RPA approximation can provide numerical estimations of χ. This approach has been followed in some recent investigations for polymers with relatively simple molecular structures (composed of alkyl groups) as polypropylene/polyethylene [6] and polyisobutylene/polypropylene [7].

In the present work, we report MD simulation results obtained with module "Discover" of the Materials Studio (MS) software platform [8] for the structurally more complex polyvinylmethylether/polystyrene (PVME/PS) blends, which have been broadly studied form the experimental point of view. Initial configurations of the blends are prepared with module "Amorphous Cell". These systems are especially interesting since they form compatible mixtures at room temperatures, exhibiting a low critical temperature. Moreover, the experimental values of χ exhibit a significant composition variation [9]. From the molecular point of view, the presence of phenyl groups requires a precise description of interactions and, consequently, the systems may be very sensitive to some model details, in particular the choice of forcefield and the partial charge assignment method. Furthermore, the intermolecular or intramolecular interactions between phenyl groups drastically reduce the mobility of chains [10] requiring larger trajectories to obtain similar statistics. We describe the choice of different simulation and macroscopic variables that allow us to perform efficient simulations for these particular mixtures and compare the final results with existing experimental data. The great advantage of obtaining χ from the structure factors is that they are calculated from the atom coordinates, having a weak dependence on the energy. Therefore, they are less affected by the choice of potential parameters. We have verified that alternative estimations of χ based in the direct evaluation of the intermolecular energy between a pairs of units averaged over a statistical sample generated through Monte Carlo simulations [11] (as incorporated in the MS module "Blends") seem to be considerably less precise in the present mixture, depending largely on small details in the forcefield definitions. Similar large dependence on the potential details are found when χ is obtained from estimations of the cohesive energy density, or the solubility parameter [12], which can be directly evaluated form the MD simulations using an "Analysis" tool incorporated in the "Amorphous Cell" module.

Numerical methods

We easily construct the different short PVME and PS chains with the MS "Visualizer" building tools. We choose atactic configurations for the PS chains. MS module "Amorphous Cell" allows us to construct relaxed simulation boxes with periodic boundary conditions of size L and a given mean density, ρ. We include 5 chains of each type in the box, which seems to be enough to reproduce the realistic interactions between chains in the small region of the space needed to explore interactions represented by the mean-field parameter χ. The value of L is conveniently chosen to avoid most interactions between replicas of the same chain along the Experimental data for the tracer diffusion coefficient of PS [13,14] show values smaller than 10 -11 cm 2 s -1 , or 10 -4 Å 2 ns -1 , even for PS samples of small molecular weight, M w =4500 g./mol, at 150 ºC. The resulting trajectories of these less mobile systems should be long in order to contain an adequate number of significantly different configurations in the resulting statistical sample for the calculation of static properties. Consequently, we have restricted our study to short chains.

We have built PVME chains containing 5 repeat units and PS chains containing 3 repeat units. We have verified that both types of chains have a similar root mean square radius of gyration of about 4 Å. Even with this restriction, we expect that, for the interesting range of temperatures covered by the experimental data [START_REF] Mark | Physical Properties of Polymers Handbook[END_REF]9,15], the mobility of the systems is very small when we consider realistic melt densities close to ρ=10 3 kg/m 3 . Thus, assuming that the reptation model is valid, the diffusion coefficient would be proportional to 2 w M -, but the diffusion coefficients for our chains would not be higher than 2x10 -2 Å 2 ns -1 . (Although the PS mobility may increase in blends, the variation with molecular weight is surely smaller than the reptation prediction for these short chains). Therefore, the chains cannot significantly move along the simulation box and, consequently, the resulting statistical samples are 8 not adequate for the calculation of static properties, unless we employ an extravagant amount of CPU time. We show in figure 1 some results obtained with our MD simulations for the quadratic displacement of the center of masses of PS chains in systems of different densities. According with these results,, we have decided to decrease density to the smaller value of ρ≅0.7x10 3 kg/m 3 , which is enough to give a good mobility to the systems.

MD dynamics simulations are carried out with the MS module "Discover" with the "compass" forcefield [16]. This forcefield is based in ab initio quantum mechanical calculations, parameterized to be consistent with condensed phase properties. Partial charges are set according to the "forcefield assigned" default method that simply considers fixed bond increments provided the forcefield files and also with the "charge equilibration" method [17], procedure based in equilibration of atomic electrostatic potentials with respect to a local charge distribution. Differences between the charges obtained with these two methods are important in some cases. It can be observed in Table 1 that the charge equilibration method yields considerable higher absolute charges for all the H atoms, the O atom in PVME , the C atoms in all the methyl and methylene groups and the also in the -CH groups of PS. The simulations are performed for constant temperatures T=350, 400 and 450 K using the simple Andersen thermostat [START_REF] Frenkel | Understanding Molecular Simulations[END_REF], valid for static properties. We have verified that both total energy and temperature oscillate around stabilized mean values in the final trajectories used for the calculation of properties. Equilibration times of 4-8 ns. are typically required for most systems.

In our study of the atomistic representations of the PVME/PS mixture, we perform several (2-3) MD runs from different equilibrated samples, employing a time step of 1.5 fs. This time step is larger than those usually employed to study dynamical properties, 0.5 or 1 fs. but we have verified that it gives stable trajectories providing similar final results for χ. In each run, the system coordinates are saved and included in the statistical samples every 2000 steps, or 3ps. Our final statistics combine the results of the different runs, and typically have to cover a total of 60-84 ns. in order to obtain a sufficient accuracy in the final results.

The collective scattering structure factor is computed as a configurational average, extended over the statistical sample ( )

s s 1 s i j ij i j n n S( q ) n f f exp i . - = < > ∑∑ q R (1)
where n s is the number of scattering units while the terms f k are the scattering factors, describing the scattering contrast between different types of atoms. In order to give the simplest description of the RPA approximation, we set as scattering units all the nonhydrogen atoms contained in the box and assume that they have opposite signs if the atoms belong to the PVME (A) that in the case they belong to the PS (B) chains, giving S(q)=0 for q=0 (no scattering with a macroscopic wavelength). Therefore, we set [19] i 
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if atom i belongs to a B chain. R ij is the vector joining centers i and j in a given configuration. Finally, q is the scattering vector, whose components are conditioned by the box size,

k k n ) L / ( q π = 2 , z , y , x k ≡ , n k = 1,2... , (3) 

Results and discussion

Figures 2 and 3 contain our S(q) -1 vs. q 2 results for three different temperature calculated from the MD runs with T=350 K with the charge equilibration method and the forcefield assigned partial charges. Similar graphs are obtained for T=400 K and T=450 K. We compare these data with the theoretical results obtained from the RPA predictions for different values of χ. For our simple choice of scattering factors, the RPA curves are obtained as

1 0 1 1 2χ Φ Φ A A A B B B V S ( q ) - N P ( q ) N P ( q ) - = + (4) 
where V 0 is a reference microscopic volume, V R , normalized with respect to the volume of a scattering unit. Therefore, ( ) 
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, where (n S ) i is the total number of scattering units belonging to the i-type chains, and P i (q) is the form factor corresponding to the i chains, calculated as ( ) ( )
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where the average extends now to the different i chains in all the different configurations. In figures 2 and 3, we compare the simulation results with the RPA curves corresponding to the choices χ/V 0 =-0.05, χ/V 0 =0 and χ/V 0 =0.05. It can be observed that the simulation data are generally closer to the χ/V 0 =0 curve, except in the case of some high-q points. Although the data show a qualitative variation with q similar to the RPA curves, a slight systematic deviation upwards is observed as q increases. A similar deviation has been found in other systems (see figure 9 of Ref.

[6]). In Figure 4, we represent the S(q) -1 vs. q 2 results obtained from the RPA for χ=0, i.e., only taking into account the form factor contributions, and considering the two alternative methods of assigning charges. It can be observed that both sets of results are very close, expect for the highest values of q 2 , corresponding to shorter distances.

Therefore, the main influence of the charge assignment method is exerted on the interaction between the two types of chains, directly affecting the determination of mean-field parameter χ.

According to equation ( 4), χ can be calculated from the simulation result, S sim (q), obtained for any given q value as, ( )

-1 1 0 2χ χ 0 RPA sim / V S q, S q - = = - (6) 
where S RPA (q,χ=0) is the prediction of the random phase approximation for χ=0 considering the choice V 0 =1, also implicit in our calculation of the simulation data from equation ( 1). This prediction is described by the first two terms on the right hand of equation ( 4). Therefore, we can estimate χ/V 0 by evaluating the mean deviation of S -1 (q) simulation data corresponding to different q values with respect to the RPA predictions for χ=0.

In figure 5 we present the final results obtained for χ with different temperature values and the two different methods to assign charges, obtained as arithmetic means over all the computed values of q 2 . In these means, we always exclude two points in the S(q) vs. q 2 representations that correspond to the highest q 2 , since they systematically show higher deviations; these points correspond to interatomic distances smaller than 5 Å. Our estimations for χ are compared with a curve describing the experimental values obtained from neutron scattering in the temperature range 60-150 ºC [START_REF] Mark | Physical Properties of Polymers Handbook[END_REF]15]. The results are presented considering a standard reference site volume of V R =100 Å 3 . This value, together with L=19.3 Å and n S =220 yield V 0 ≅3.1. We have verified that other forcefields give worse estimations. In particular, only the "compass" forcefield is able to provide an adequately small dispersion of the structure factor data with our statistical samples. Thus, the older polymer consistent forcefield [20], PCFF, also based in ab initio calculations, yields more negative results (with higher error bars) when the charge equilibration method is used. On the other hand, this forcefield together with forcefield assigned partial charges gives higher positive values of χ (with higher error bars), clearly in disagreement with the compatibility shown by experimental data. In spite of the remarkable increase (about a 100%) of the absolute values of χ and their error bars with respect to the results obtained with the "compass" forcefield, the estimations provided by the PCFF also suggest a slight positive variation of χ with temperature.

It can be
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The simplified model allows us to employ the very efficient slithering snake Monte Carlo simulation method and easily explore a variety of densities (some of them reproducing the melt conditions) and chain lengths (up to 100 units). With these specifications, we have calculated parameter χ from the Monte Carlo simulation statistical samples, following the same procedures used for the MD simulation samples with realistic chains. We have verified that the variation of χ with chain length and density for the simplified model is small and comparable with the statistical uncertainties.

Table 2 shows the results obtained with the MS module "Blends" based in the method for the direct evaluation of the intermolecular energy between a pairs of units described in Ref. [11], according to the MS module "Blends". It can be observed that the results for parameter χ are extremely sensitive to the details of the non-bonded potential (as the cut-off and the method used for assigning charges). Although one of the choices qualitatively predicts the system compatibility, predicting negative values of χ and an increase of this parameter with temperature, the quantitative results greatly differ from the experimental data. Table 3 shows our estimations for χ obtained from the cohesive energies of the mixture and the pure components. This method involves performing three different MD simulations for a given system [11]. 

  important choice is the number of repeating units of the chains (N i for chains of type i). Using values of N i corresponding to moderately high molecular weight polymers requires the use of high values of L, which considerably increases the computation time needed to have an adequate statistics. Moreover, longer chains imply a more restricted mobility of the systems. This effect is added to the important reduction of mobility caused by the phenyl group interactions.

Formatted

  

  the volume fraction Formatted: Indent: Before: 0.55 pt, Hanging: 35.45 pt Formatted: Indent: Before: 0.55 pt, Hanging: 35.45 pt, Tabs: 155.95 pt, Left + Not at 35.45 pt Formatted: Indent: First line: 36 pt Formatted: Indent: Before: 0 pt, First line

Formatted

  

Formatted

  observed that the simulation results obtained with the forcefield assigned partial charges are always positive but they are in fair quantitative agreement with the experimental curve (taking into account the relatively large error bars). This agreement is particularly good in the high temperature region. The results obtained Formatted: Font: Italic equilibration method are systematically smaller, but they are always negative, indicating compatibility. Moreover, they show a positive, variation with temperature, consistent with the trend of the experimental data and also with the experimental detection of a lower critical temperature. In spite of the quantitative discrepancies found between the values obtained with the two methods of assigning charges, it should be observed they bracket the experimental data. In the same plot, we also include means of the values obtained with the two method. These means are in closer general agreement with the experimental data (though they exhibit a weaker temperature variation). Consequently, the present calculations show that MD simulations can give a reasonable estimation of the χ parameter, employing a no very large amount of CPU time, for mixtures of polymer chains with complex chemical structures.

Figure 1 .

 1 Figure 1. Mean squared displacement, msd, of the center of masses of PS chains in a PVME/PS mixture at 350 K. Blue solid line: ρ≅1x10 3 kg/m 3 ; green dash line: ρ≅0.9x10 3 kg/m 3 ; red dot line: ρ≅0.8x10 3 kg/m 3 ; purple dash and dot line: ρ≅0.7x10 3 kg/m 3 .
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 2 Figure 2. 1/S(q) vs. q 2 from the MD simulation of a PVME/PS mixture at 350 K. The

Figure 3 .

 3 Figure 3. 1/S(q) vs. q 2 from the MD simulation of a PVME/PS mixture at 350 K.Forcefield assigned partial charges have been used. Symbols: simulation data; curves correspond to the RPA results from equation (4), from bottom to top: red line, χ/V 0 =0.05; black line: χ/V 0 =0; green line, χ/V 0 =-0.05.

Figure 4 .

 4 Figure 4. 1/S(q) vs. q 2 determined from equation (4) with χ=0. The form factors

Figure 5 .

 5 Figure 5. χ vs. T obtained from equation (6). Green squares: results obtained with
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 34 Deleted: . The data are estimated as means over the whole range of values of q, see text. χ vs. T . The data are estimated as means over the range of constant values at low q, see text. Squares: results obtained with the charge equilibration method; circles: results obtained with forcefield assigned partial charges; line: -43+0.103/T, fitted equation describing the experimental variation of χ with T[START_REF] Mark | Physical Properties of Polymers Handbook[END_REF]12]. χ is expressed relative to a reference volume of 100

Table 1 .

 1 The method predict compatible mixtures at the different temperatures, with χ values dependent on the potential choice and clearly different from the neutron scattering experimental data from the quantitative point of view. Forcefield assigned and (averaged for the group) charge equilibration values of partial charges ("Compass" forcefield).
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 2 χ (for a volume of 100 Å 3 ) obtained from module "Blends" with different cut-off values for the "compass" forcefield potential, d c , and different charge assignment choices (ffa: forcefield assigned, qeq: charge equilibration).
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	350	2.40	-1.32	0.49	1.04
	400	1.57	-1.28	0.32	0.84
	450	0.85	-0.72	0.23	0.72
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 3 χ (for a volume of 100 Å 3 ) obtained from the cohesive energy densities of pure components and mixture module with different forcefields and different charge assignment choices (ffa: forcefield assigned, qeq: charge equilibration).
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