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Abstract

The ESR spectroscopy has been used to follow the kinetics of decay of radicals produced by UV-radiation in PMMA lms upon exposure to oxygen in the temperature range 160-210 K. In the same lms and at the same conditions, decay kinetics of phenanthrene phosphorescence has been studied at 180-220 K. Both types of the experiments give the same values for diffusion coefcients of oxygen in PMMA. Thus, from the oxygen diffusion standpoint, the sites of the radical stabilization and phenanthrene molecule localization in the polymer matrix do not differ.
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INTRODUCTION


Oxygen diffusion in poly(methyl metacrylate) (PMMA) at low temperatures has been studied earlier by different ways. Diffusion coefficients of O2 in PMMA in the temperature range 130–180 K were calculated from the data on quenching of phenanthrene phosphorescence by oxygen dissolved in the polymer [1, 2]. The studying of the rise of anthracene luminescence after ash photodecomposition of anthracene endoperoxide dissolved in the PMMA was used to obtain diffusion coefficients of O2 in the temperature range 77–130 K [3]. Diffusion coefficients of molecular oxygen at 
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K were derived from the kinetic data on diffusion-controlled oxidation of the polymeric radicals in γ-irradiated PMMA [1]. The diffusion coefcients evaluated from the experiments on the luminescence quenching are in fair agreement with those for oxygen diffusion in PMMA at room temperatures (see Fig. 1). The activation energy of the oxygen diffusion in the temperature range 130–313 K is 33.9 kJ/mol. However, the results of the study of the diffusion-controlled reaction
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where R is the radicals obtained by γ-irradiation of PMMA, are inconsistent with these data. Indeed, the activation energy of reaction (1) is 14.6 kJ/mole [1], which is half as low as that of the oxygen diffusion in PMMA (Fig. 1). One of the possible reasons for this difference is that the matrix structure in the vicinity of the site of radical stabilization differs substantially from that of the phenanthrene molecule localization. In this paper, we have tried to verify this assumption. We tried to study the radical oxidation and luminescence quenching in the same temperature ranges. These experiments become possible when oxygen penetrates into a polymer from the surface to encounter with either phosphorescent molecules (preliminarily dissolved in the polymer) or radicals.

EXPERIMENTAL

Commercial PMMA [LSO, 
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] without a plasticizer was used. The samples were 20-55 (m lms prepared by solvent casting from PMMA solutions in distilled chloroform. For the experiments on the phosphorescence quenching, phenanthrene (
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 M in the dry polymer) was added to the solution as a phosphorescing donor. To remove solvent residues, the lm was pumped out in vacuum for three days at room temperature and at a pressure of 
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 Torr. 

The samples of PMMA for ESR measurements were placed into quartz tubes, evacuated to 
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 Torr at room temperature, and frozen in liquid nitrogen. Photolysis of the samples was carried out at 77 K using the focused light of a 1 kW DRSh-1000 high-pressure arc mercury lamp, passed through a 10 cm water layer with quartz windows. After photolysis, the samples were immersed into boiling liquid oxygen to prevent condensation of oxygen inside tubes. Then the tubes with the samples were lled with gaseous oxygen at a pressure of 1 atm, sealed and again frozen in liquid nitrogen. It was veried experimentally that the rate of the oxygen uptake by PMMA became noticeable only at 
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 K. ESR spectra were recorded at 77 K in an EPR-3 Siberia X-band spectrometer with a cylindrical cavity and 110 kHz ﬁeld modulation. The microwave power fed to the cavity was below 80 µW. The ESR spectra were always far from saturated.

The samples for the luminescence measurements were placed in a cryostat and evacuated at room temperature for one hour to a residual pressure 
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 Torr. Then, the cryostat was cooled to a required temperature, and the phenanthrene luminescence was recorded in the degassed samples. Thereafter, oxygen was let in the volume at a pressure 1 atm. The phosphorescence kinetics of phenanthrene was studied under pulse excitation with a nitrogen LGI-21 laser at 
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nm. Recording was performed at wavelength 
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nm under conditions of photon counting using a photomultiplier FEU-79 and multichannel Nokia LP 4840 accumulator-analyzer.

RESULTS AND DISCUSSION

Figure 2 shows the kinetic curve of the phenanthrene phosphorescence quenching by oxygen at 
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 K. Its shape is independent of both temperature (
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 K) and lm thickness (
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 mm). These parameters affect only the rate of the process. The higher is temperature or the thinner is the lm, the faster is the phosphorescence quenching.

To calculate the quenching kinetics, the lm was assumed to be a homogeneous layer of thickness d and the change in the oxygen concentration C in the lm was assumed to obey the equation
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with the initial and boundary conditions
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where x is the distance from the principal plane, t is the time, D is the oxygen diffusion coefcient, 
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 is the equilibrium concentration of oxygen in PMMA after a long exposure of polymer to oxygen. 
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 was calculated as a product of the oxygen solubility in PMMA 
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/atm [1] and the oxygen gas pressure. A general solution to eq. (2) has the form 
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where 
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 [8]. The kinetics of the phenanthrene phosphorescence quenching as a result of the oxygen diffusion into the lm is, in this case, of the form
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where 
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 is the phosphorescence intensity at time t, 
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 is the phosphorescence intensity of the degassed lm. The explicit form of the function 
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 and the molecular parameters of the phenanthrene quenching by oxygen can be found, e.g., from [1]. In Fig. 2, the solid line shows the result of numerical calculations using eqs. (2)–(4). The diffusion coefcient D was chosen to reach the agreement between the theory and experiment. The calculated curve is observed to reproduce, with a fair accuracy, all peculiarities of the experimental one. 

The seven-line ESR spectrum of the degassed PMMA detected just after photolysis is very close to the spectrum of γ-irradiated PMMA after photobleaching by visible light (
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nm). This spectrum consists of signals of different paramagnetic species. Most probably this spectrum consists of signals of the 
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 radicals [9]. The initial concentration of the radicals just after photolysis in all of our experiments was 
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. At the reaction temperature oxygen penetrates into the PMMA film, and the radicals are oxidized. The reaction is accompanied by ESR spectra transformation. Intensity of the initial seven-line spectrum decreases and intensity of the well-known anisotropic singlet of the peroxide radicals increases. All components of the initial spectrum decrease with the same rate. The shape of seven-line spectrum does not vary during the reaction. The total number of paramagnetic centers being constant throughout reaction. The ESR spectra of the irradiated samples without oxygen remain invariable up to 
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Figure 2 shows the kinetic curve of the oxidation of the radicals upon oxygen diffusion into the PMMA lm. The decay of radicals is described by the set of equations
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(5)
with the initial and boundary conditions
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In this case, 
[image: image35.wmf])

,

(

t

x

R

 and 
[image: image36.wmf])

,

(

t

x

C

 are the concentrations of radicals and oxygen, respectively, ρ is the reaction radius. The meanings of x and t are the same as in eq. (2). The kinetics of the radical decay can be expressed as
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The set of equations (5) was solved numerically by the nite-difference method [8]. The reaction radius ρ was assumed to be 4 Å. The diffusion coefcient D was chosen to obtain the best approximation of the experimental data by the theoretical curves (6). A typical example of the calculations is presented in Fig. 2.

Figure 1 presents the coefcients of the oxygen diffusion in PMMA calculated in this paper. In the temperature range 
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 localization sites of the radicals produced by γ- or UV-irradiation of PMMA do not differ significantly from those of phenanthrene molecules. Thus, the difference in the diffusion coefcients at 
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 K extracted from the kinetics of the radical oxidation and the anthracene luminescence in oxygen-anthracene pairs is not related to the matrix structure in the vicinity of radicals and anthracene. Probably this difference is caused by a relaxation of the medium upon the oxygen molecules motion in the polymeric matrix [9].
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Fig. 1. The temperature dependence of the oxygen diffusion coefcient: 1, 2 — the data of this paper, 3–7 — the values reported earlier [1–7]. 

The methods used: 1, 6 — luminescence quenching, the oxygen diffusion from the gas phase [4–6]; 2, 7 — oxidation of radicals after UV-photolysis or γ-irradiation of PMMA, the oxygen diffusion from the gas phase [7]; 3 — phenanthrene luminescence quenching, diffusion of oxygen which is dissolved preliminary in the polymer [1, 2]; 4 — anthracene luminescence quenching, the diffusion of oxygen released by anthracene endoperoxide photodecomposition [3]; 5 — radical oxidation, the diffusion of oxygen which is dissolved preliminary in the polymer [1].
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Fig. 2. (1) Phenanthrene luminescence quenching at 200 K in the lm 30 (m thick. Solid line — calculations by eq. (4). (2) Oxidation of radicals in PMMA at 200 K in the lm 35 (m thick. Solid line — the calculations by eq. (6). The oxygen pressure is 1 atm.
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