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Abstract

The kinetics and mechanisms of diffusion of oxygen and water in dry and water-containing amorphous syndiotactic poly(vinyl alcohol)

were studied at 502 K and normal pressure by molecular dynamics simulation. Penetrant molecule trajectories were obtained in a system with

600 repeating units of poly(vinyl alcohol) and 0, 40 (2.6 wt%) and 80 (5.2 wt%) water molecules. Under dry conditions, oxygen molecules

jumped in a cage-like fashion. The oxygen molecule diffused in a liquid-like fashion while water diffusion was cage-like in the system with

5.2 wt% water. The hydrogen bond lifetimes among the water molecules were significantly shorter than those formed between water and the

polymer and between different polymer segments. The hydrogen bond lifetimes among all species were, within experimental error,

unaffected by the content of water, even though the oxygen diffusivity increased exponentially and the water diffusivity increased to some

extent with increasing water content. It seemed that the diffusivity was sensitive primarily to the decrease in concentration of polymer–

polymer hydrogen bonds, which followed from the increase in water content. This finding was consonant with the analysis of the oxygen

molecule motion relative to the nearest polymer backbone, which revealed that it jumped preferentially along the polymer chain and towards

the backbone. This behavior was more pronounced when the dynamics were analyzed over longer distances (5 Å) and it was less pronounced

in the water-rich systems. The simulations indicated that water clustering was absent and consequently that water was homogeneously

distributed in the polymer systems.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: Molecular dynamics simulation; Poly(vinyl alcohol); Diffusion

1. Introduction

Dry poly(vinyl alcohol) (PVAL) has excellent barrier

properties against permanent gases [1]. However, the barrier

capacity of PVAL is greatly reduced under moist conditions

[1]. This study addresses the question of why water has such

a profound effect on the gas permeability of PVAL. The

effect is commonly referred to as plasticization. One

possibility is that water breaks strong hydrogen bonds

established between the polymer molecules and that the

penetrant molecules can diffusive more readily through the

more loosely ‘bonded’ structure [2,3]. The details—how

the water molecules are dispersed in the polymer; how the

lifetime of the hydrogen bonds is affected by the presence of

water; the character of the penetrant diffusion with respect

to the polymer backbone in systems with different water

contents—are still not fully understood. They have been

thoroughly investigated in this study by means of a

molecular dynamic (MD simulation.

The mechanisms of diffusion in polymers have been

studied by MD simulations since the early 1990’s.

Tackeuchi et al. [4], for example, obtained reliable oxygen

and nitrogen diffusivities in polyethylene. Boyd and co-

workers studied diffusion of methane in several polymers

[5]. Müller-Plathe [6,7] reported concentration-dependent

water diffusivities in PVAL on systems with 3–100 vol%

water. By studying mixtures of ethanol and water in the

presence of PVAL, it was also found that PVAL is purely

hydrophilic [8]. In a number of papers, Tamai et al. [9–13]

reported MD simulations on PVAL hydrogels. They

observed that the diffusion of oxygen and nitrogen increased

with increasing water content [9]. They observed that these

gases were located preferably in the first hydration shell
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next to the polymer chain at the lowest water content

(,28 wt%). However, at the highest water content, the

diffusing gases were mainly located outside the hydration

shell. This paper reports the dynamics at low water contents

(#5.2 wt%), i.e. typical non-hydrogel situations.

Chassapis et al. [14] have developed tools for character-

izing MD-generated small molecule trajectories in polymers

by considering the penetrant path relative to the backbone of

the polymer. Brandt [15], Dibenedetto [16] and Pace and

Datyner [17–19] have also developed models for preferred

paths of penetrant molecules. However, these models

require the estimation of the energy associated with the

bending of bundles of polymer chains as the penetrant

molecule diffuses. Such input data are not required for MD

simulation. In this work, the main objective is to reveal the

diffusion mechanisms of oxygen in dry and swollen PVAL.

The dependence on the water content of the oxygen

diffusivity is quantified with MD simulation and the details

of the motion of the oxygen molecules relative to the

polymer backbones have been analyzed.

2. Experimental

2.1. Molecular dynamics simulation

The calculations were performed on SGI O2, SUN

ULTRA ENTERPRISE 2 and PC (PIII) computers using a

FORTRAN code originating from the group of Professor

Richard Boyd of the University of Utah, Salt Lake City,

USA. An all-trans syndiotactic PVAL chain with 600

repeating units was inserted in the simulation box and

periodic boundary conditions were applied. The molecule

system was allowed to densify and relax during a time

period of several nanoseconds. The pressure during the

equilibration was set to 0 atm and the temperature to

502 K. The constant bath method of Berendsen [20] was

used to control pressure and temperature. The AMBER

force field was used [21]. The usefulness of the AMBER

force field in describing PVAL has been confirmed in a

previous study of atactic PVAL [22]. The 6–12 (Lennard–

Jones) and 10 – 12 (hydrogen bond) potentials were

truncated at 9 Å with long-range corrections for energy

and pressure. Coulombic interactions were considered

according to Smith et al. [23], with the use of a switching

function between 1.5 and 9 Å. The time step ðtsÞ was 0.5 fs

and the equation of motion was integrated with the velocity-

Verlet algorithm [24]. The two oxygen atoms were

represented by a united atom with a hardcore diameter of

3.43 Å and a well depth of 940 J mol21 [4]. The oxygen

molecules were inserted in the dense system by continu-

ously increasing their radius and well depth from zero to

their final values. After the insertion, the system was

allowed to relax for more than 1 ns. The same procedure

was used for the insertion of the water molecules. Three

systems were studied with, respectively 0, 40 and 80 water

molecules, corresponding to the water concentrations 0, 2.6

and 5.2 wt%. Oxygen, water and backbone coordinates were

sampled every 10th time step, i.e. every 5 fs.

2.2. Trajectories and chain orientation

A common way to characterize penetrant motion is by

calculating the self-diffusivity ðDSÞ from the Einstein

equation [9]:

r2 ¼ 6DSt ð1Þ

where r2 is the mean square displacement of the penetrant

molecule and t is time. Eq. (1) can be rewritten in a more

suitable form:

klr0ðt0 þ tÞ2 r0ðt0Þl
2l ¼ 6DSt ð2Þ

where t is the time from the start ðt0Þ and rO are the vectors

corresponding to the oxygen coordinates. Two different

methods of analyzing the penetrant trajectories have been

suggested. Pant et al. [25] used a time ðtÞ averaging of the

penetrant position ð, rOðtÞ .tÞ; to exclude non-diffusive

motions. They used the squared distance ðR2
PÞ between two

successive penetrant positions to characterize the penetrant

motion:

R2
P ¼ lkr0ðt þ tÞlt 22kr0ðtÞltl

2
ð3Þ

From the R2
PðtÞ—time diagram, different types of penetrant

motion can be distinguished. They are referred to as cage-

and fluid-like motions. In cage-like motion, the penetrant is

trapped for a long time in a ‘cage’ and a jump between cages

is observed as a discrete event. In fluid-like motion, the

penetrant tends to flow continuously with the motion of the

matrix. Chassapis et al. [14] suggested a method by which

the original trajectory is divided into equally long steps ðlÞ

along the trajectory. This new trajectory is referred to as a

‘reduced trajectory’ and has the coordinates rlðnlÞ; where

nl is the successive number of the reduced trajectory

coordinates:

lr0ðtÞ2 rlðnlÞl , l # lr0ðt þ tsÞ2 rlðnlÞl

¼ lrlðnl þ 1Þ2 rlðnlÞl ð4Þ

where ts is the time between coordinate samplings. The step

length l defines the number of reduced coordinates, and

these should be less than the number of sampled points.

Furthermore, Chassapis et al. [14] have developed methods

to calculate the local chain orientation. We prefer to use a

simpler method here, where the orientation of the polymer

backbone is defined by three orthogonal vectors n1, n2 and n3

(Fig. 1(a)):

n1 ¼
rk 2 ri

lrk 2 ril
ð5Þ

n2 ¼
1=2ðrk þ riÞ2 rj

l1=2ðrk þ riÞ2 rjl
ð6Þ
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n3 ¼
n1 £ n2

ln1 £ n2l
ð7Þ

where ri, rj and rk are the coordinates of carbon atoms i, j and

k respectively. Carbon atom j is nearest to the penetrant

oxygen molecule. Note that a contact established by ‘chain

folding’, within a sphere with a radius of 9 Å, and the center

on the oxygen molecule is not considered. Hence, the chain

between the three contacts has to leave the sphere. This

condition was used to minimize the effect of short kinks

within the same chain on the calculations of the orientation

of neighboring chains, and hence to exclude short range

intramolecular orientational effects. The three nearest

contacts (each contact is expressed in terms of three

orthogonal vectors according to Fig. 1(a)) with the oxygen

molecule, were defined according to Fig. 1(b). Correlations

between the three sets of orthogonal vectors were sampled.

3. Results and discussion

The mean square displacement of the oxygen molecule

as a function of time in the 5.2 wt% water system was non-

linear with a maximum at 2000 ps and a minimum at

2800 ps (Fig. 2). The initial steep slope (#2000 ps) was

followed by a period with a less pronounced increase in the

mean square displacement (2000–6000 ps). The irregular

character of the curve at longer times (.6000 ps) was due

to poor sampling statistics. The different slope coefficients

can be understood by considering the jump map shown in

Fig. 3. Very long jumps (‘spikes’) were observed. The

longest displacements over the 40 ps time period were more

than 30 Å and a large number of jumps were in the range of

10–20 Å. Jumps in the range of 17–20 Å and longer

occurred on average every 1000 ps. These extraordinarily

long jumps affected the short-time statistics, giving rise to

the initial steep slope in the mean square displacement time

curve of the system with 5.2 wt% water (Fig. 2). It was first

reasoned that these long jumps must have occurred in water-

rich domains, similar to those that are observed in hydrogels

[12,13]. Careful radial distribution function analysis,

however, revealed that the water molecules were preferably

located next to the polymer molecule and homogeneously

distributed in the system. Thus there were no water-rich

domains (clusters) in any of the systems. In addition, the

radial distribution function showed that the spikes occurred

in absence of neighboring water molecules. It seemed as if

the absence of water triggered the large oxygen jumps

through ‘rigid’ polymer segment regions once a channel

developed. The spikes were larger in the 5.2 wt% water

system than in the dry system, the explanation of which

must be that the ‘overall free volume’ and mobility were

larger in the former system. The spikes occurred both in the

presence and in the absence of water in the 2.6 wt%

system. The increase in local free volume associated with

Fig. 1. (a) The backbone of PVAL and an O2 penetrant molecule. The

dotted line is the sampled penetrant trajectory and the dash-dotted line is a

reduced trajectory with length l: The backbone orientation vectors; n1, n2,

and n3 are shown for the segment Ci–Cj–Ck. (b) The definition of the three

nearest carbon contacts with the oxygen molecule.

Fig. 2. Mean square displacements for oxygen molecules in PVAL at

different water contents as shown in graph.

Fig. 3. Jump maps of oxygen molecules at 0 (bottom), 2.6 and 5.2 wt% (top)

water. The time averaging was 40 ps.
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water-polymer aggregates favored small oxygen jumps. The

‘most frequently’ observed distance between the water

molecules as determined from the peak on the water–water

radial distribution function was on the order of 8 Å for the

5.2 wt% water system and on the order of 9 and 10 Å for the

2.6 wt% water system. If one assumed a perfect cubically

arranged water lattice, the closest distance between the

water molecules would be 9 and 10 Å respectively. This is

in good agreement with the radial distribution function,

which dropped rapidly for distances below 8.5 and 9 for the

5.2 and 2.6 wt% systems respectively. The longest oxygen

jumps, corresponding to the spikes in the jump map, were on

the order of 10–14 Å in the 2.6 wt% and as high as 35 Å

in the 5.2 wt% system. Thus the longest jumps were longer

than the water-to-water distances discussed above. However

this does not imply that the oxygen must have meet one or

several water molecules during these jumps, since the

water-to-water distances were averaged over long periods of

time. The reason why diffusion spikes occurred preferen-

tially in dry regions in the 5.2 wt% system but in both dry

and wet regions in the 2.6 wt% system is not clear. It may

only be speculated upon, but the fact that the degree of

swelling (volume increase) was substantially larger in the

5.2 wt% system may leave room for occasional oxygen

transport in ‘dry regions’. The incorporation of 2.6 and

5.2 wt% water led to an 8 and 38% increase in box volume.

The mean square displacement over a longer time period,

still within the limit of sufficient statistics, was less

influenced by the long jumps and a more reliable statistical

mean was obtained. Fig. 4 shows the oxygen diffusivity in

PVAL as a function of the water content. For the systems

with 0 and 2.6 wt% water only one data point was obtained

for each system, whereas for the system with 5.2 wt%, a

value was obtained based on the slope coefficient for the

data between 200 and 800 ps ðD ¼ 4:3 £ 1025 cm2 s21Þ and

another value was established on the basis of the data obtained

between 3500 and 5000 ps ðD ¼ 1:8 £ 1025 cm2 s21Þ: The

latter value essentially probes the penetrant motion between

200 and 5000 ps. To our knowledge, no data have been

reported for the oxygen diffusivity of PVAL at ,500 K and

in this particular water concentration range (0–5 wt%).

Tamai et al. [9] reported an oxygen diffusivity of

approximately 5 £ 1027 cm2 s21 at 300 K and 27.5 vol%

water. It is, however, difficult to compare their results with

the data obtained in this paper due to the large differences in

temperature and solute concentration. A very important

feature is that the logarithm of the oxygen diffusivity is

proportional to the water concentration (Fig. 4), which is in

agreement with the semi-empirical equation [26]:

D ¼ DC0 £ expðgCwÞ ð8Þ

where g is a parameter that quantifies the increase in

diffusivity due to the presence of the solute, Cw is the water

concentration and DC0 is the diffusivity at Cw ¼ 0: Fitting of

Eq. (8) to the data obtained by simulation yielded the

following parameter values: DC0 ¼ 1:5 £ 1026 cm2 s21 and

g ¼ 0:48 (1/wt%). It should be noted that the diffusivity

data point obtained from short term penetrant displacement

in the system with 5.2 wt% water is off the regression line

by half an order of magnitude in diffusivity (Fig. 4). The

Cohen–Turnbull free volume theory [27] was not capable

of describing the simulated data. The theoretical curve

showed a negative curvature at higher water concentration

which clearly deviated from the linear trend in the

log(diffusivity) 2 water concentration data shown in Fig.

4. This finding substantiates the idea proposed by Kulkarni

and Stern [28] that the free-volume approach is not suitable

for systems with strong intermolecular interactions.

Water diffusivities were also obtained from 200 ps

trajectories: 9.5 £ 1026 cm2 s21 (2.6 wt% water) and

2.1 £ 1025 cm2 s21 (5.2 wt% water). These values were

lower than the water zero-concentration diffusivities for

atactic PVAL obtained both experimentally and by MD

simulation previously reported by Karlsson et al. [22]. The

deviation was unexpected but it may have been because the

size of the previous system was smaller and the present

system contained syndiotactic rather than atactic PVAL.

However, the values reported for syndiotactic PVAL were

in accordance with data presented by Müller-Plathe [7], who

reported a water diffusivity in PVAL of 3.0 £ 1027 cm2 s21

at 375 K at 4 vol% water. This value may be compared with

our data at 502 K by extrapolating their data with an

activation energy of 50 kJ mol21 [29]. This yielded D ¼

1:7 £ 1025 cm2 s which is in the same range as our data.

The small difference in the diffusivities of water and

oxygen is also interesting considering the difference in their

sizes (Fig. 4). Whereas the ‘effective’ molecular diameter of

water is larger than that of oxygen [30], the ‘van der Waal’

based molecular diameters are almost the same and the ‘gas-

viscosity’ molecular diameter of water is smaller than that

of oxygen [31]. In our case with the large number of

hydrogen bonds it would be expected that the ‘effective’

Fig. 4. Diffusion coefficient as a function of water concentration determined

from the slope of mean square displacement vs. time: (X) oxygen,

calculated between 200 and 800 ps, (W) oxygen, calculated between 3500

and 5000 ps, (A) water. The solid and dashed lines are the least squares fits

of Eq. (8) to, respectively, the (X) and (W) values.
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larger size of water would prevail. However it seemed that

the relative sizes of the penetrants were less important and

that the rate of diffusion was determined mainly by the

hydrogen bonds between the polymer chain segments; a

finding observed already for water diffusion in dry PVAL

[22].

Fig. 3 shows jump maps (Eq. (3) describes the

mathematical formalism), using a 40 ps averaging time for

the position of the oxygen molecule in the three systems

studied. The dry system exhibited cage-like diffusion with

well-resolved discrete jumps of the oxygen molecule. Most

of the time, the oxygen molecule was trapped and vibrated

in the same cage. The O2 jump map in the system with

5.2 wt% water showed liquid-like diffusion, i.e. the

penetrant ‘flowed’ with the moving polymer chain seg-

ments. The O2 jump map for the system with an

intermediate water concentration (2.6 wt%) can be

described as a combination of cage-like and liquid-like

diffusion.

Fig. 5 shows the jump map for the water molecules. The

jump maps, constructed on the basis of the average position

of a water molecule during 40 ps, were constructed from the

water molecule trajectories during 200 ps in the systems

with 2.6 and 5.2 wt% water. The jump maps shows clearly

that water diffused in a cage-like fashion even at the highest

water concentration. The stronger interaction between

penetrant and polymer and between different penetrant

molecules more efficiently prohibits continuous flow of the

water penetrant in the system with 5.2 wt% in contrast

the case of O2 as the penetrant molecule. Interestingly, the

spikes observed in the oxygen jump-map, and attributed to

water-free regions, were also observed for water in both

systems. Also for water, these jumps possibly occurred in

the absence of other water molecules. This is consonant with

the view that the water molecules are evenly distributed

along the polymer backbone and that no large clusters occur.

The backbone orientation was calculated for the n1

direction as the absolute value of the cosine of the angle

ðfijÞ between the vectors n1,ib and n1,jb (ib . jb; 1 # ib;

jb # 3), where the indices ib and jb correspond to the

backbone segment nearest ðib ¼ 1Þ; second nearest ðib ¼ 2Þ;

and third nearest ðib ¼ 3Þ to the oxygen molecule. The

orientation ð, lcos fib;jbl .Þ was approximately 0.71–0.78

for all combinations of ib and jb in the three systems, but it

showed a slight tendency to increase in the systems with a

higher water concentration (Table 1). The chains tended to

lie in parallel bundles in the vicinity of the diffusing oxygen

molecule, which was also assumed in the derivations of the

diffusion theories of Brandt [15], Dibenedetto [16] and Pace

et al. [17].

The angles ðQi;lÞ between the backbone vectors (n1, n2

and n3) nearest to the oxygen molecule and the first step of

the reduced trajectory:

cos Qi;l ¼
ni·rl

lnil·lrll
ð9Þ

was calculated for four different step lengths of the reduced

trajectory: l ¼ 0:625; 1.25, 2.5 and 5 Å. The index m

corresponds to the orientation direction and l is the step

length of the reduced trajectory. Fig. 6(a)–(c) show the

probability density function, p ðcos Qi;lÞ for the three

systems with different water contents. The direction of the

short penetrant displacements ðl ¼ 0:625 �AÞ was comple-

tely uncorrelated with n1 (vector parallel to the backbone,

see Fig. 1(a)) as is obvious from the flat almost horizontal p

distribution (Fig. 6(a)). The longer penetrant displacements

(l ^ 2:5 and 5 Å) were preferentially along n1, which is

demonstrated by the higher p values at cos Qi;l near 21 and

þ1 (examples illustrated by the bold arrows in Fig. 6(a)).

This correlation between penetrant trajectory and n1 was

most pronounced in the dry system but it was also detectable

in both water-containing systems.

Fig. 6(b) shows that the displacement of the oxygen

molecule is preferentially towards the polymer backbone, as

indicated by the decrease in p when going from cos �

Qi;l ¼ 21 to cos Qi;l ¼ þ1: Thus the preferred direction of

l is at 1808 angle to n2 (Fig. 1(a)). This trend was the same

for all studied l and in all the studied systems, independent

of water content.

The penetrant molecule trajectory with reference to n3

showed a very pronounced dependence on the water content

(Fig. 6(c)). The jumps showed no correlation with n3 in the

systems with 5.2 wt% water (flat almost horizontal p

distribution). However, in the system with 2.6 wt% water

ðl ¼ 5 �AÞ; the oxygen molecule preferred to move perpen-

dicular to the polymer backbone (as indicated by the bold

arrow in Fig. 6(c)). Interestingly the shoulders located at

intermediate values of cos Q
3;5 �A

in the systems with 0 and

2.6 wt% water were in accordance with the data shown in

Fig. 5. Jump maps of water molecules at 2.6 (bottom), and 5.2 wt% (top)

water. The time averaging was 40 ps.

Table 1

Orientation of the polymer backbone segments near an oxygen molecule

Water concentration (wt%) klcos f1;2ll klcos f1;3ll klcos f2;3ll

0 0.715 0.714 0.731

2.6 0.778 0.769 0.763

5.2 0.761 0.758 0.758
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Fig. 6(a) and (b). In conclusion, based on the analysis

between the oxygen molecule and its nearest polymer chain

neighboring segment, the oxygen molecule preferred to

move along the chain and towards the nearest chain

backbone, especially when longer penetrant molecule

displacements (,5 Å) were considered. This tendency

decreased with increasing water content. The tendency for

the oxygen molecule to move towards the chain axis is

probably a consequence of the fact that it favors increased

molecular close packing. The tendency was indeed an

average event and, of-course, all kinds of jump directions

were observed.

Fig. 6. (a) The angle between n1 and the reduced oxygen trajectories for

different l and water contents. The three sets of four curves correspond,

from bottom to top, to 0, 2.6 and 5.2 wt% water. The bold arrows are

explained in the text. (b) The angle between n2 and the reduced oxygen

trajectories for different l and water contents. The three sets of four curves

correspond, from bottom to top, to 0, 2.6 and 5.2 wt% water. (c) The angle

between n3 and the reduced oxygen trajectories for different l and water

contents. The three sets of four curves correspond, from bottom to top, to 0,

2.6 and 5.2 wt% water. The bold arrow is explained in the text.

Fig. 7. (a) The velocity of the oxygen molecule obtained from the reduced

trajectory projected along n1 averaged over 1 to 8 consecutive steps. The

arrows are explained in the text. (b) The velocity of the oxygen molecule

obtained from the reduced trajectory projected along n2 averaged over 1 to 8

consecutive steps. The arrows are explained in the text. (c) The velocity of

the oxygen molecule obtained from the reduced trajectory projected along

n3 averaged over 1 to 8 consecutive steps. The arrows are explained in the

text.
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Fig. 7(a)–(c) show the oxygen velocity obtained from its

reduced trajectory projected in the n-directions given in Fig.

1. At time t; the backbone orientation was calculated and the

reduced trajectory was started. It included 8 ðnl ¼ 1; 2…8Þ

steps with step lengths ðlÞ of 1.25 and 5 Å. Thus the velocity

orientation function was averaged over 1 to 8 steps. Each

pair of reduced trajectory coordinates was associated with a

time DttðnlÞ interval from which the velocity was

calculated. All available starting points were used, i.e.

those collected every 10th time step. Fig. 7(a) shows the

velocities projected along n1. For clarity the 2.6 wt% data

were not shown in any of Fig. 7(a)–(c). The velocities of

l ¼ 1:25 �A relaxed more rapidly than the velocities of l ¼

5 �A; as observed by smoother curves leveling out towards

zero at higher nl (Fig. 7(a)). The ‘saw-tooth’ behavior of the

l ¼ 5 �A data clearly shows that the oxygen molecule

moved back and forth. This tendency decreased with

increasing water content, as indicated by the arrows. The

velocities projected along n2 relaxed more slowly than the

velocities projected along n1, as indicated by the slower

approach of the different curves towards zero at higher nl

(Fig. 7(a) and (b)). For the trajectory with l ¼ 5 �A; the

velocities in the systems with 0 and 2.6 wt% water showed

saw-tooth curves (cage-like diffusion). The systems with

5.2 wt% water lacked the saw-tooth curves, i.e. they

exhibited liquid-like diffusion (compare the curves indi-

cated by arrows). These data are in accordance with the

corresponding jump maps (Fig. 3). The cage-like features

were also present for l ¼ 5 �A in the velocities projected

along n3 of the systems with #2.6 wt% water (observe the

0 wt% curves in Fig. 7(c)). The liquid-like nature of oxygen

diffusion in the system with 5.2 wt% water was also

confirmed in this case (Compare the curves indicated by

arrows in Fig. 7(c)).

The hydrogen bond lifetimes are displayed in Table 2. To

obtain sufficient statistics, a hydrogen bond was considered

to exist when the hydrogen–oxygen distance was shorter

than 3 Å. A distance of 2.5 Å was chosen for the polymer–

polymer interactions. This did not change the trend but

merely increased the lifetime (Table 2). The lifetimes of the

polymer–polymer and water†polymer hydrogen bonds

were the same and insensitive to the actual water content.

The water–water hydrogen bond lifetimes were signifi-

cantly shorter than those were the polymer was involved.

This is consonant with the finding of Tamai and Tanaka [9]

who observed that the water mobility in hydrogels was

significantly reduced in the vicinity of the polymer. The fact

that the hydrogen bond lifetimes were independent of water

content was somewhat surprising, since the oxygen

diffusivity, and to some extent also the water diffusivity,

increased substantially with increasing water content. In

order to see whether the number of hydrogen bonds was the

key issue rather than the average lifetime, the total hydrogen

bond lifetime density within a 200 ps simulation was

calculated. As the sum of the total number of the different

hydrogen bonds multiplied by their average lifetimes and

divided by the box volume. The values were 2 ns/nm3

(0 wt% water), 2.5 (2.6 wt%) and 2.2 (5.2 wt%). Thus the

increase in diffusivity could not be explained either by a

decrease in total number of hydrogen bonds or by a decrease

of their respective lifetimes. However the concentration of

polymer–polymer hydrogen bonds decreased to 85%

(2.6 wt% water) and 53% (5.2 wt%) of that of the dry

system. It thus seems reasonable to conclude that the oxygen

diffusivity and perhaps also the water diffusivity depended

uniquely on the number of hydrogen bonds between the

polymer segments. This seems even more reasonable when

considering the above analysis of the oxygen motion

relative to the polymer backbone. As shown previously,

the oxygen molecule tended to move along the polymer

chain and towards the chain backbone. Such motion must

have been particularly sensitive to the number of polymer–

polymer hydrogen bonds and only partly to the water–

polymer and water–water bonds.

4. Conclusions

Water was uniformly distributed in PVAL and the

water–polymer hydrogen bond lifetimes were significantly

smaller than those between water and polymer and polymer

and polymer. The hydrogen bond lifetimes remained the

same despite the fact that the oxygen diffusivity, and to

some extent also that of water, increased substantially with

increasing water content. It seemed that the diffusivities

were primarily dependent on the number of hydrogen bonds

between polymer segments, probably because the oxygen

molecule was moving preferentially along the polymer

chain and towards the backbone, the analysis based on its

interactions with the nearest polymer chain neighboring

segment. These trends were more pronounced in the dry

system. Occasional very large displacements of oxygen

were found to occur in the absence of neighboring water.

The velocities of the reduced trajectory and the jump maps

showed that oxygen diffusion in the systems with low water

content (#2.6 wt%) occurred by occasional jumps between

free volume sites (‘cages’), in which the penetrant

Table 2

Hydrogen bond lifetimes

Water concentration

(wt%)

tPP
a (fs) tPP

b (fs) tPW
b (fs) tWW

b (fs)

0 104 (^80) 77 (^60) – –

2.6 103 (^80) 74 (^45) 76 (^28) 28 (^11)

5.2 98 (^66) 74 (^38) 81 (^32) 23 (^6)

a Hydrogen bond lifetime defined as the time when the hydrogen and

oxygen atoms were within a distance of 2.5 Å. No angular restriction.

PP ¼ polymer–polymer hydrogen bond.
b Hydrogen bond lifetime defined as the time when the hydrogen and

oxygen atoms were within a distance of 3 Å. No angular restriction.

Hydrogen bonds between polymer and polymer (PP), polymer and water

(PW) and water and water (WW).
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molecules were trapped for a relatively long period of time.

However, in the system with 5.2 wt%, water diffusion was

more liquid-like with less well time-resolved displacements.

Water diffusion was always cage-like.
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