
The computational free volume of poly (vinyl methylether)

(PVME) is obtained by a geometrical analysis of intermolecular

space in the structures obtained by molecular dynamics (MD)

simulations. The structures at 300, 250 and 175 K have been

obtained by the MD simulated cooling. The simulation samples

contain 3 chains, each consisting of 100 monomers, plus 414

molecules of water (wt = 30%). In total, 3000 structures were

analyzed and about 1 x 108 cubic Ångstroms of intermolecular

space have been investigated.

The computational free volume is obtained numerically due to

the geometrical complexity of the intermolecular space. The first

step is a determination of the free volume regions. This occurs

by probing of the simulated structures by a hard probe with a

given geometry, here corresponding to radii between RP = 0 –

1.5 Å. Within the probing, the inserted probe is tested on

overlaps between atoms at given positions (grid points). Before

the probing starts, the environment of the grid points is mapped,

hence saving the computational time considerably.
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The probes having no overlaps with atoms, determining the free

volume regions are consequently joined into free volume

cavities, upon an investigation of overlaps between the inserted

probes (periodic boundary conditions is on). The free volume

cavity is a set of overlapping probes which is isolated from other

probes, or such the cavities, in the simulation box. The

construction procedure can perform much more efficiently if it is

performed in subsets of the total amount of the inserted probes.

In the molecular systems with higher specific volume, the free

volume structure, obtained by probing with small probes can

occur in larger cavities percolated by tiny bottlenecks and

pathways. The larger quasi cavities, or “sub-cavities”, can be

distinguished by employing probes with larger radii within an

additional free volume analysis. The bulk of the percolated

cavity, corresponding to the o-PS probe is then reassembled

around the closest sub-cavities.
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Finally, the cavities are re-aligned from the simulation box with

the periodic boundary condition, so that parts of the cavities,

which cross the boundaries are put together. Then the analyses

of environment and geometry of particular cavities starts.
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In this contribution we analyze the free-volume structure of a water mixture of poly (vinyl methylether)

(PVME) on a series of trajectories obtained by molecular dynamic simulations. The structures with a

water content equal to wt = 30% are analyzed in a wide temperature range between 300-175 K. The

computed free volume is attributed to belong to a polymeric or water phases or to an interface between

them, based on the environment of the free volume cavities. The basic free volume measures, like the

cavity number, cavity volume, free volume fractions and the cavity distributions are evaluated and

discussed. The asymmetries between the water and polymer phases are discussed in terms of the free

volume evaluations. The hydrogen bonding features in polymer and water phases are addressed as

well.
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The free volume theory is a successful concept

for relating various structural, dynamic and

transport properties by a single quantity – the free

volume. The basic idea of this volume is that a

molecular body can move if it has a space – a free

volume associated with it - to do so. Each structural

constituent brings its specific contribution to the

overall free volume. In asymmetric mixtures,

however, the relative free volume associated with a

constituent should differ for each compound. In the

following we are going to investigate this

presumption based on the free volume theory by

means of the molecular simulations and

computational analysis of the free volume.

The free volume was analyzed in structures

obtained by means of molecular dynamics

simulations. The first quantity of interest is the

density of the simulated structures. Figure 1 shows

the density obtained at the end of the NPT cooling

runs. The density of the PVME+WATER (b) mixture

is lower than that of the pure PVME (a). The density

of the mixture is also above the available density of

supercooled water 0.993 (at 250 K). The graph also

indicates the glass transition temperatures of water

(1), simulated PVME+WATER mixture (2) which

corresponds to the experimental value for the pure

PVME, and finally, the Tg obtained within MD

simulations on pure PVME (3). The transition

indicated for the PVME+WATER mixture is lower

than the glass transition observed in the MD

simulations for the pure PVME, what can be a result

of plasticizer effect of water. The glass transition in

the MD simulations is usually shifted due to the fast

cooling rates. The cooling rate can take different

effect on the different compounds of the mixture.

While configuration of polymer may be already

frozen, the water molecules may still behave as in

the supercooled phase. A particular result of this is

that in the MD simulations, for a given

concentration of water (wt = 30%) we observe a

phase separation also at 250 K, although

experimentally it wouldn’t be observed below 300 K.

Figure 2 shows the free volume fractions

computed for different probe radii as a function of

temperature. Dashed lines also show

corresponding fractions computed on the pure

PVME. As expected based on the density of the

PVME+WATER mixture, the free volume content in

the mixture is higher than that in the pure PVME.

This is due to the contribution of the water

molecules with additional free volume.

Figure 3 shows the dependence of the normalized

free volume computed at different temperatures and

shown now as a function of radii. We can see that

the porosity increases with the temperature, so that

larger cavities can be expected. The data computed

for the pure PVME at 250 K are also shown

(squares) and compared to those for the mixture.

Interestingly, despite the different amounts of free

volume the porosity shows almost the same

dependence. According to models for porosity (e.g.

Rikvold 1985) it can be explained as a result of

smaller effective radii of the water molecules, which

will reduce the cavity sizes.

Figure 4 shows dependence of the cavity number

related to the box volume. The computed cavity

numbers are higher than those of the pure PVME by

~25%. This observation is consistent with the

expected effect of the smaller water molecules,

creating larger number of smaller holes.

Figure 5 shows a different view on the data

presented in the previous figure. Now the cavity

numbers computed for different temperatures are

shown as a function of the probe radius. We can

see that the maxima of the cavity number is larger

at lower temperatures (175 K), and decreases as the

structure opens and more molecular volume is

accessible to the volume of a probe. In addition, the

positions of maxima of the cavity number shift to

higher probe radii with the increasing temperature.

At these maxima the percolated structure breaks

into individual cavities, so at higher temperatures

larger cavities are expected. The position of the

cavity number maximum computed for the

PVME+WATER mixture at 250 K is roughly the same

as observed for the pure PVME.

Figure 6 illustrates the free volume percolations.

This figure shows the integral distributions of the

free volume computed for the probe with the radius

of 0.8 Å. The probe with this radius effectively

determines individual cavities. At 250 K for the

same probe an onset of percolation is encountered.

At 300 K, for the probe of 0.8 Å most of the free

volume (>90%) is localized in a percolated cavity.

In Figure 7 we investigate the distribution of the

free volume between phases as computed for 175

K. We can observe that most of the free volume

(>90%) is shared between both constituents, water

and polymer chains. This infers that the

compounds are blended and no phase separation

occurs in structures. The free volume cavities

formed by monomers take around 8%, and small

water molecules represent some 2 % of the total

free volume. The fractions are different when

computed for cavity numbers. This is due to the

fact that the volume contained essentially in a

single phase is represented by larger number of

small cavities. As shown on Figure 7, the

occurrence of such cavities can be expected with

lower probability for larger cavity volumes.

The interfacial distributions show a main peak

around 50 Å3. On the distribution we can also

observe a pre-peak, which belongs probably to

some interstitial cavities observed also in

simulations on the pure PVME.

Figure 8 shows distributions of the free volume

associated with a particular molecular body – a

polymer segment or a water molecule. In the case

of the polymer segment the surrounding free

volume was computed separately for polymer ends

and for monomers. In the computation, when a

cavity was already associated with a polymer end,

monomers sharing this cavity were not accounted

in the evaluations. The distribution for polymer

ends is more noisy with respect to monomers due

to the lower statistics. However, no considerable

differences can be distinguished. The reason can

be, that the contribution of the polymer ends is

hidden in the contribution of the water molecules.

A particular feature of the PVME+WATER mixture

is formation of a complex network of the hydrogen

bonds between water molecules and polymer, and

between water molecules themselves. The

hydrogen bonds affect the mobility of the

constituents in the opposite way than the free

volume – by slowing the dynamics and restricting

movements. This feature, however, should be

somehow reflected also in the free volume. Here,

we investigated this presumption by evaluating the

free volume around molecular bodies (water

molecules or monomers) with a given multiplicity of

hydrogen bonds. Figure 9 shows, that multiplicity

of the hydrogen bonds tends to reduce the free

volume around molecules, hence having blocking

effect on the constituents mobility.

Figure 10 shows a visualization of the hydrogen

bonding network. The hydrogen bonds between

water molecules themselves are shown in blue. The

fraction of the watery hydrogen bonds is 82.9 %.

Maximum multiplicity encountered is 3. Red sticks

represent the hydrogen bonds between water and

polymer.

Figure 11 visualizes the slices through the

investigated structures. White regions are polymer

segments, water molecules are red and the free

volume structure is shown in a grey scale.
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