FORMATION OF DEEP GAS TRAPS IN GLASSY N-BUTANOL
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Abstract

The capture of oxygen molecules by deep traps during oxygen diffusion in butanol glasses has been studied at 90 K using the kinetics of the tert-butyl radical oxidation. It is concluded that the traps are certain molecular structures that are the equilibrium entities of the supercooled liquid in a temperature domain centred about 140 K and above glass transition point (118 K).

INTRODUCTION

For many chemical reactions occurring in a solid, the coming together of the reacting molecules is the rate limiting step (the chemical reaction is a faster process). Thus, gas transport and dissolving in solids can be studied by chemical reactions. Several years ago, this method was used to investigate the diffusion of oxygen in low molecular weight alcohol and hydrocarbon glasses [1-6] using radical (R) oxidation by molecular oxygen in a glassy matrix , i. e.,
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The distingvishing features of the reaction were found to include the following. The reaction rate increased nonlinearly with increasing concentration of oxygen. The linear dependence exists at low concentration ([O2 ] < 1019  cm-3  for n-butanol-d10). At higher oxygen concentration ([O2] >5 1019  cm-3  for the same system) there was another linear dependence with greater rate constants. The concentration dependence was nonlinear between these regions [1].

The second trend of note was that the annealing of the sample at temperature just above Tg  increased the oxidation rate in the case of low oxygen concentration, but had no effect for high oxygen concentration The dependence of the reaction rate became linear with the oxygen concentration throughout the concentration region [1-4].

Introduction of an excessive amount of nitrogen into the sample was equivalent to sample annealing at temperature just above Tg  [3,4].

Similar behaviour has been found earlier for the diffusion of small molecules in amorphous polymers. They were explained in the context of a model of "double sorption" or "double mobility".

According to this model, gas solution in polymeric glasses follows different mechanisms in the regions of two types (see reviews [7-9]). In the main part of the matrix, solubility obeys Henry's law. In addition, there are regions (deep traps) in which the solubility is presented in terms of the Langmuir isotherm. When there is fast exchange between the regions of two types, the total gas concentration (C) has the form
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where Cm is the maximum concentration of the entrapped gas, b is the Langmuir affinity parameter, P is the pressure, K is Henry's constant. The first term on the right hand side refers to Henry’s low behavior in the matrix, and the second term on the right hand side refers to the Langmuir adsorption in the traps. One of the main properties of Langmuir regions is their limited capacity. Only a small percentage of gas molecules are in deep traps at high dissolved gas concentration. Not all of dissolved gas molecules take part in diffusion process in presence of deep traps. The deep traps cause a decrease in the effective diffusion coefficient of small molecules. The pioneering works assumed that the molecules dissolved in a polymer and located in the Langmuir regions lose their ability to diffuse and thus, become "immobile". The latter papers estimated the difference in the diffusion coefficients of small molecules located in both of the regions. Thus, it is shown [10] that the fluorophor molecules dissolved in a polymeric film move with two diffusion coefficients differing by two orders of magnitude. 

The existence of traps in low molecular weight glasses was confirmed by the following. In the presence of deep traps in glasses, some molecules of dissolved oxygen are immobile and do not participate in reaction (1). After addition of a great amount of nitrogen or oxygen, the traps become filled. As the fraction of mobile oxygen increases, the corresponding oxidation rate in these samples  increases. 

The deep traps in polymers can be destroyed by thermal annealing of the samples near temperature Tg [7-9]. It has been established that an increase in the rate of oxidation in low-molecular glasses due to the above procedure is almost the same as that caused by the addition of a great amount of nitrogen [1,3,4].

It is usually assumed that the structure of Henry's regions is similar to that of the highly elastic polymer. The Langmuir regions are commonly taken as the domains with rigid immobile packing containing the sites for absorbed gas in the form of hollows or microcavities of free volume. This assumption is based on the fact that correlation between the capacity of deep traps and the value of excess free volume of amorphous polymer has been revealed in a series of works, e.g. [7-9]. The annealing of samples near temperature Tg leads to a sharp decrease in both the capacity of deep traps and the value of excess free volume. 

Glasses exist in the nonequilibrium states. The existence of deep traps is one of the manifestations of nonequilibrium, because continued annealing near Tg makes them vanish. There are two kinds of nonequilibrium behaviour connected with the finite cooling rate in the course of vitrifcation. Firstly, as the temperature is lowered, the glass or supercooled liquids structural rearrangement falls behind the temperature change. As a result we have always a glass structure corresponding to a temperature higher than the sample temperature. Secondly, as the temperature is lowered, the matter volume decreases appreciably. Great mechanical stresses appear in lengthy sample as a result of temperature gradients and adherence to container walls, leaving the glass in a strained state. The development of vitrifying process take place also in a strained sample.

Two conceivable reasons can lead to the formation of deep traps in glass. First, the vitrification process itself may form deep traps because of the considerable temperature gradients and mechanical stresses owing to a decrease in molar volume during vitrification. The inevitably entrapped excess local free volume or its part can be manifested as deep traps for small molecules. Second, we have already supposed that the deep traps are equilibrium entities of the supercooled liquid in some temperature domain [11]. Their existence in glass is conditioned by a very high rate of transformation to the glassy state. In this case, the deep traps include a free volume, but are likely to have one or several definite structures. The balance of probabbility between these two cases can be determined by experiment. As in refs [1-6, 11], this problem is solved by studying the peculiarities of the kinetics of radical oxidation by molecular oxygen. The investigation was carried out in n-butanol since earlier it was shown [11] that the deep traps concentration depends on the freezing rate of this matrix.

EXPERIMENTAL

In the work, we used n-butanol supplied by “Reahim” company and repurified by distillation. The glass transition temperature of n-butanol is 118 K [12]. Tert-butyl radical was chosen for the oxidation experiments. This radical is chemically inactive in the reaction of hydrogen atom abstraction from alcohol and with excess oxygen, it vanishes in the alcohol matrix only in pseudomonomolecular reaction (1). The ESR spectrum of tert-butyl radical in butanol at 77 K consists of ten narrow components some of which are weakly distorted upon transformation of the total ESR spectrum during oxidation. The concentration of tert-butyl radical was controlled by the height of this component (Iz = 3/2). The radicals were produced photochemically by two-quantum photoionization of diphenylamine with subsequent dissociative capture of an electron by tert-butylchloride. To this end, diphenylamine (2.5x10-3 mole %) and 3 vol.% of tert-butylchloride were dissolved in butanol. 

The radicals were generated at 77 K under UV radiation by the light of a high-pressure mercury lamp DRSh-1000 with a water filter. Radiation time was 1.5 min. The resulting radical concentration was much lower than that of the dissolved oxygen. The samples were saturated with oxygen or oxygen-nitrogen mixture at room temperature in the ampoule for ESR measurements by creating the corresponding gas pressure above the liquid surface. Oxygen pressure in all cases was 1 atm; that of nitrogen was 8 atm. For details see [13]. According to the references on gas solubility [14], the concentrations of dissolved oxygen and nitrogen are, under these conditions, 5.2x1018 cm-3 and 2.4x1019 cm-3, respectively. The ampoule with a 3 mm i.d. was filled with the solution to the height of about 80 mm. The freezing was performed in two stages. Initially, only the lower part of the ampoule was frozen so that the upper part contained a liquid "plug" preventing exchange between the dissolved gas and the gas phase. As has been shown [13], in this procedure, the concentrations of oxygen and nitrogen in the working part remain constant. 

The lower part of the sample was frozen from room temperature by different methods. In some cases (the fast frozen samples), glass formation was performed through immersion into liquid nitrogen. In other cases, the samples were preannealed. To this end, the lower part of the ampoule ( 50 mm) with a liquid sample was first located for a certain time in a thermostat at a given temperature and only then, was rapidly immersed into liquid nitrogen. When the lower part of the sample had been vitrified and cooled to 77 K, the remaining upper part was frozen by immersing the ampoule into liquid nitrogen to the greater depth. We used the thermostat in which the temperature was kept to within (0.5 K. Radical oxidation was carried out at 90 K. In this case the samples where immersed in the boiling liquid oxygen.

RESULTS and DISCUSSION

The kinetics of free radical oxidation in glassy n-butanol under pseudomonomolecular conditions has been studied earlier [1]. It seems reasonable to say that the reaction is controlled by diffusion. The reaction kinetics is nonexponential and is well approximated by the Kohlrausch law 
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  are constants. Figure 1 examplifies the kinetic curves obtained in the present work. The reasons for such dependence have been analyzed in detail in [1]. The Kohlrausch index (, characterizing the excess process retardation in all cases considered in this paper, is 0.65. The same value has been obtained for ( in [1]. Thus, the Kohlrausch constant k can characterize the reaction rate in the sample. In this paper, for clearness, all the values of the Kohlrausch constant are given in relative values k/ko where k is the Kohlrausch constant for the sample obtained by this method, ko=0.029+-0.002 min -0.65 is the Kohlrausch constant for the fast frozen sample. 

Figure 2 shows a relative constant k vs the temperature of preannealing for 1 h. It is seen that the preliminary exposure of supercooled liquid for a definite time before fast vitrification affects oxygen mobility in the glass. Experimentally, the result of preannealing is independent of the fact whether we use the liquid sample of room temperature or the fast frozen sample. The results of these experiments indicate that the supercooled liquid contains some structural entities that are preserved upon fast glass formation and decrease the mean diffusion coefficient of oxygen in the glass. Since the gas is taken up by traps in temperature domain below 95 K in n-butanol glass [5], the availability of traps is determined by the hardening of molecular structures which are inherent for higher temperatures than the glass transition point. These entities are the equilibrium structures for the supercooled liquid and their concentrations are temperature-dependent. 

Figure 1 shows the reaction kinetic curves in the samples obtained by three different methods. Triangles corresponds to the sample annealed at 145 K for 1 h. For comparison, the figure gives the reaction kinetics of the fast frozen sample. According to Fig. 1, the annealing at 145 K is observed to substantially slow down the reaction. Filled circles in Fig. 1 correspond to the sample annealed two times in sample preparation procedure. It was annealed initially, at 145 K for 1 h and then, at 125 K for 2 hr It is seen that the additional annealing of the sample at 125 K restores the reaction rate constant almost to its value for the fast frozen sample. The result is in fair agreement with the above assumption. Indeed, when the result of preannealing depends on the existence of equilibrium structures in liquid, it is independent of the sample history and is determined by the sample temperature upon the last annealing. Figure 2 shows that at 125 K, the concentration of these structures should tend to zero. As a result, the structures forming upon the first annealing decay during the second annealing. 

Figure 3 shows the relative Kohlrausch constant vs annealing time at 145 K when the samples are saturated with oxygen or the oxygen-nitrogen mixture. Curve 1 in Fig. 3 shows a relative Kohlrausch constant of the reaction under study vs the annealing time at 145 K. Each point on the curve is the mean of four experiments . The curve indicates that as the annealing time increases, the reaction monotonously slows down. During 1 h the Kohlrausch constant passes to the stationary value. Reaction retardation with annealing time is in agreement with the assumption that the structures discussed are formed upon annealing. 

It is readily seen that the properties of the revealed structures are identical to those of deep traps discussed in Introduction. Both of them decrease the mean coefficient of oxygen diffusion and decay upon annealing near Tg. The particular feature of "deep traps" is that they can fully be filled with the dissolved gas molecules. When the system contains not only oxygen but also a great amount of nitrogen, its molecules fill the traps and the oxygen molecules remain free to react. In this case, the oxidation reaction is almost the same as in the absence of traps. The results of this study are given in Fig. 3. 

As follows from the figure, in the presence of nitrogen, as compared to the case of saturation with pure oxygen, the annealing at 145 K fails to slow down reaction in the initial stages. Curve 2 can be interpreted as follows. A decrease in oxygen molecule mobility owing to annealing is independent of any specific interaction between the oxygen and alcohol molecules. The resulting traps capture both the oxygen and nitorgen molecules almost in the same manner. The number of deep traps continually increases with increasing annealing time. At short annealing times, their total capacity is much smaller than the amount of nitrogen in the system and they are completely filled with it, so that the almost entire amount of oxygen takes part in the reaction. At long times, the number of traps increases and they start to capture more oxygen, causing a reduction in the oxidation rate. Thus, the trend which results from the introduction of nitrogen is consistent with preferential formation of oxigen traps at 145 K. 

CONCLUSION

Thus, the results of this paper indicate that the deep traps for gas molecules in n-butanol glass are the structural formations that are the equilibrium entities for the supercooled liquid n-butanol within some temperature range above the vitrification temperature.
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Fig. 1. The kinetics of tert-butyl radicals oxidation by oxygen at 90 K in n-butanol glass in fast frozen sample and samples annealed by different methods before vitrification.
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Fig. 2. Dependence of the relative Kohlrausch constant of tert-butyl radical oxidation by oxygen at 90 K in n-butanol glass on the temperature of sample annealing before vitrification for. The annealing time is equal 1 hr.
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Fig. 3. Dependence of the relative Kohlrausch constant of tert-butyl radicals oxidation by oxygen at 90 K in n-butanol glass on the time of sample annealing at 145 K before glass formation in samples saturated with oxygen and in samples saturated by oxygen-nitrogen mixture. 
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