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Abstract

Reaction of radical oxidation, controlled by oxygen diffusion in a medium consisting of regions of size (((60(Å with different diffusion coefficients, has been studied by computer simulation. It is shown that the rate constant distribution coincides with the diffusion coefficient distribution within a wide range of oxygen concentrations.
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INTRODUCTION

Recently, Bagryansky et al. [1,2] have investigated the kinetics of radical oxidation
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in excess of oxygen in polymethyl methacrylate (PMMA) films. Reaction (1) appears to be controlled by oxygen diffusion. It is shown that at low oxygen concentration (from 
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 to 
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 cm-3) the decay of radicals as a function of time and 
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 concentration is satisfactorily described by the equation
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At higher oxygen concentration, only about 75% of radicals decay according to Eq.((2). The remaining radicals decay much slower as shown in Fig.(1. Note that the kinetics of radical oxidation in PMMA pieces is described by Eq.((2) for 
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 concentrations amounting to 
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 cm-3 [3] (see also Fig.(3 in Ref.([2]).

In an excess of oxygen, reaction (1) is the pseudomonomolecular process. According to classical kinetics, these processes must obey the law

[image: image8.wmf])

]

O

[

exp(

)

(

2

t

k

t

×

-

=

F

,




(3)

where k is the rate constant. In PMMA, the kinetics of reaction (1) exhibits a more complex behavior. Let us now look at equation (2). Oxygen concentration and reaction time are observed to be included in both (2) and (3) as products. This, together with the assumption of uniform oxygen distribution, is the experimental evidence for interpreting Eq.((2) as a sum of kinetic laws (3) [1-3]
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where g(k) is a function of rate constant distribution. g(k) in the form
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gives (2) with 
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Assuming that each rate constant is of the form 
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 (( is the reaction radius, D is the diffusion coefficient), Bagryansky et al. [1-3] concluded that the rate constant distribution results from the diffusion coefficient distribution. (As it is no sense in discussing a wide ( distribution). They believe, that PMMA consists of rather great homogeneous microregions with different oxygen diffusion coefficients. The dependence of kinetic law on oxygen concentration in Refs.([1,2] is assigned to the fact that at high 
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 concentration, radicals in each region are oxidized by oxygen from the same region, whereas at low 
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 concentration, oxygen covers, on average, a few regions before colliding with the radical. Within the high-concentration regime of radical oxidation, the distribution function, g(k), is given by the D distribution. Within the low-concentration regime, the k distribution becomes narrower than the D distribution [5]. Therefore, function (5) describes the k distribution only for low 
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 concentrations.

Let us in general terms discuss the dependence of the kinetic law on oxygen concentration in the model of Bagryansky et al. [1-3]. In the general form, the survival law of radical in any region is of the form [5]
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 is the probability density that any 
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 molecule will collide with a radical at time t for the first time. 
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 can only decrease with increasing time. Thus, the smaller is the oxygen concentration, the lower is the rate constant of radical decay. The experimental behavior of the kinetics of reaction (1) in PMMA films is quite opposite (see Fig.(1). Only if 
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 is actually time-independent, the distributions of rate constants and diffusion coefficients will coincide. Thus, the dependence of the kinetic law on oxygen concentration shown in Fig.(1 has no relation to the different regimes of radical oxidation. This conclusion is likely to be independent of both geometry of regions and the D distribution.

To understand whether the kinetic law varies with oxygen concentration in the model of Bagryansky et al. [1-3], the computer simulation has been performed for reaction (1) in a medium consisting of homogeneous regions. Oxygen in each region has its own diffusion coefficient. The basic parameters: reaction radius (radical "size"), region size and oxygen concentration almost coincide with the experimental ones. The distribution function, g(D), has been chosen in the form of (5). The geometry of regions was chosen at will.

MODEL AND COMPUTATIONAL PROCEDURE

The kinetics of reaction (1) has been studied by computer simulation of random walks of oxygen molecules on a simple cubic lattice. The lattice sites correspond to localization centers of oxygen molecules in PMMA. The 
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 molecules can jump only into the nearest sites. Therefore, the distance between the nearest sites must be equal to the mean jump length, (, of an oxygen molecule in PMMA. Since there are no experimental data on the ( value, it was taken equal to 1.8(Å. According to [1,2], the size of homogeneous regions in PMMA films is L(((60(Å. When the oxygen concentration is 
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 cm-3, then for each 
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 molecule there are, on average, five regions. Thus, the radical in any region is oxidized by oxygen which mainly arrives from the regions nearest to that with a radical. Taking this into account, reaction (1) was simulated on a lattice of size 
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 sites with periodic boundary conditions. On this lattice, one can put a region with a radical and regions that are nearest neighbors to it. To describe the geometry of regions, let us use the system of coordinates xyz located at the center of the lattice. In this case, coordinates x, y, and z of lattice sites range from (34 to 34 (in unit (). All lattice sites whose coordinates x, y, and z are in the range from (16 to 16 compose the central region. It has the form of a cube with the edge length 33( ( 60(Å. It is this region that contains the radical consisting of the sites whose coordinates x, y, and z are in the range from –2 to 2. The rest part of the lattice is divided by planes xy, xz and yz into eight regions. The sites located on these planes belong to the regions contained sites with positive coordinates. Thus, in our model, the region with the radical borders eight regions. All regions have almost the same volume.

Reaction (1) was simulated for 
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 concentration from 
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 cm-3 by varying the number of oxygen molecules, M, on the lattice from 2 to 128, respectively.
The time in our model is calculated using a standard algorithm [6]. Let, after the n-th jump (n = 0, 1, ...), molecule m (m = 1, ... , M) be in site i. The probability density with which this molecule escapes site i is equal to
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where 
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 is the rate of molecule jump from site i into site f; the sum being taken over all sites f nearest to site i. The time of (
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)-th jump is given by the equation
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Here 
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 is the random number in the range (0,1], 
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. The number of the jumping molecule m is taken with the probability 
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, and site f, into which this molecule jumps, is chosen with the probability 
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Reaction kinetics was calculated as follows. First, the rates of oxygen molecule jumps, 
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, were set for each of nine regions. The 
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 values were chosen randomly from distribution (5) with 
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. Thereafter, at time 
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, M oxygen molecules were placed on the lattice in the randomly chosen sites. The site could contain only one molecule. The random walks of 
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 molecules were calculated using the above procedure. In (6), as 
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, we took the 
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 values for region J within which there is a bond between sites i and f. If site f already contained the 
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 was assumed to be zero. The 
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 molecules walked over the lattice until one of them reached the site belonging to the radical. The time of this event was recorded as the time of radical decay. Thereafter, the oxygen molecules were again randomly located on the lattice and the time was counted from zero. This procedure was repeated 400 times to average over the initial oxygen distribution. Then the rates of oxygen molecules jumps, 
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, were set for each of nine regions and the averaging was performed over the initial oxygen distribution as shown above. This was repeated 500 times. The number of radicals at any instant t was calculated by subtracting the number of oxidated radicals from the initial number of radicals (
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RESULTS AND DISCUSSION

Figure(2 shows the kinetic curves of radical oxidation for different oxygen concentrations. It is evident from these curves that the decay of radicals as a function of time and oxygen concentration is well described by Eq.((2). From this it follows that the survival law of any radical is given by Eq.((3) and the rate constant depends only on the diffusion coefficient in the region with a radical. Let us discuss this in more detail.
When oxygen concentration is 
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 cm-3, each region contains, on average, 14 
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 molecules. Obviously, in this case, almost all radicals are oxidized by oxygen walking only within the region with the radical. Therefore, the distributions of rate constants and diffusion coefficients must coincide. When oxygen concentration amounts to 
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 cm-3, most radicals are oxidized by oxygen which has long walked beyond the central region. Nevertheless, in this regime of radical oxidation, the distribution of rate constants also coincides with that of diffusion coefficients. This result substantially expands the conclusion of Ref.([5] that at very low oxygen concentrations the k distribution can coincide with the D distribution providing 
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, i.e., the reaction radius must be much smaller than the region size. In our case, this condition is satisfied. Thus, according to the results given in Fig.(2, the rate constant distribution coincides with the diffusion coefficient distribution within a wide range of oxygen concentrations.


Finally, it should be said that a change in the kinetic law with increasing oxygen concentration displays a step-by-step character [1,2]. The changes shown in Fig.(1 occur within a narrow range of oxygen concentrations with a center at 
[image: image53.wmf]19

10

»

 cm-3. The further increase in oxygen concentration up to 
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 cm-3 has practically no effect on the kinetic law [7]. This behavior is unusual for the influence of dissolved gas in a matrix on both diffusion coefficient and solubility. Note also that the kinetic law observed for high oxygen concentrations, is typical not only of radical oxidation but also of azobenzene nitrene oxidation [8]. To reveal the origin of the dependence of the kinetic law on oxygen concentration in PMMA, one has to carry out further investigations.
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Fig.(1. Kinetics of radical oxidation in PMMA films at 120 K. Oxygen concentration: 1 ( 
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Fig.(2. Kinetics of radical oxidation in a medium consisting of regions of size about 60(Å with oxygen diffusion coefficients from distribution (5). Oxygen concentration: 1 ( 
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