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       The permeation and diffusion behavior for a series of inert gases in SBS block copolymers were 
    studied in the temperature region from 25° to 120°C. The block copolymer samples having two 
    different types of domain structures were prepared by careful solvent-casting and thermal treatments. 

    The domain structures of the samples, assured by electron microscopic observation, are (a) polystyrene 
    rods dispersed in polybutadiene matrix, and (b) alternating lamellae of styrene and butadiene compo-

    nents. The inert gases studied were helium, argon, krypton, xenon, and nitrogen. The permeability 
    coefficient P was determined from the steady-state permeation rates and the diffusion coefficient D from 

    the time-lag method. Fick's and Henry's law were accurately obeyed for all the systems over the tem-
    perature and pressure range studied. For all the systems studied the permeability coefficient P, or the 

    diffusion coefficient D, for the copolymer samples were intermediate between those of homopolybutadiene 
    and homopolystyrene. The coefficients P and D for the sample (a) were greater than those for the 

   sample (b). It has been found that the observed values of P for these block copolymer samples are well 
    explained in terms of a simple model consisted of parallel array of elements of the respective component 

    homopolymers. From an examination of the selectivity for permeation to gases having different mole-
    cular size, however, it was suggested that permeation behavior of gases of greater molecular size through 

    the sample (b), of lamellar-type structure, was influenced by interaction between the two different polymer 
    phases. The trend was discussed in terms of a dependence of two impedance factors for permeation and 

    diffusion, proposed by Michaels and Parker, on size of gas molecule. The temperature dependence of 
    P, or D, in the temperature range 25° to 85°C was represented by the  Arrhenius-type equation with 

    constant activation energy for permeation, or diffusion. The dependence was interpreted by the 
    fundamental relationship, suggested by Meares, between the entropy and the energy of activation. It 
    has been inferred that, as far as the kinetic nature is concerned, the permeation and diffusion of gases 

   in the SBS block copolymers are governed primarily by those in rubbery polybutadiene matrix. 

                           INTRODUCTION 

     Diffusion and permeation processes of small penetrant molecules in and through 

  polymer films, comprised of more than two components or phases, are of practical 
  importance. Interest in the study of the processes has been mainly motivated by fields of 

  application such as the technology of packaging materials and protective coatings, drying 

  of polymeric films and fibers, and the use of heterophase polymer membranes in separation 

  processes of gases and vapors, because many materials in common use are heterogeneous 
  in structure. Knowledge of diffusion, permeation, and solution behavior is the basis for 

  the successful manufacturing and usage of heterogeneous polymeric films as, for example, 

  packaging materials or permselective membranes. 

   * iJ , Tp &*.A, : Laboratory of Polymer Solutions, Institute for Chemical 
     Research, Kyoto University, Uji, Kyoto. 

(216)



                 Permeation and  Diffusion of Gases in SBS Block Copolymers 

   The study of the transport and solution processes also yield much information and 
insight into the polymer structures and molecular motions. The diffusion, permeation, 
and solution behavior of small penetrants such as simple gas molecules in a polymer film 
are sensitive to changes in the polymer microstructure on a scale comparable to the size of 
the penetrant molecule. The data which result from the studies with different types of 

penetrants reflect the various kinds of interactions which may occur between the penetrant 
and the polymer segments as the processes proceed in the film. The results of the studies 
with these "molecular probes," therefore, allow one to deduce the nature of certain changes 
in the polymer microstructure, molecular motions, and the interactions between penetrant 
molecules and polymer segments. 

   Since the earliest reports on the transport behavior of penetrants through heterogeneous 
macromolecular systems have already appeared at date back to the nineteen-twenties,il 
a large amount of work, both experimental and theoretical, has been carried out in the past 
by using various types of heterogeneous polymeric materials. In certain special types of 
heterogeneous systems, such as laminates and composites containing dispersed phases, 
much progress has been made in the theoretical field during recent years. For example, 

complete expressions for the time lag expected from laminates were developed by Ash 
et al.2) and others.3-5) Also, in the case of composites containing dispersed impermeable 

phases of specific geometries and arrangements success has been attained in relating the 
permeability behavior of the composite system to that of the unfilled material. Excellent 
summaries of these theoretical studies can be found in a recent review by Barrer.6) 

   Outstanding among experimental investigations of diffusion and solution processes of 

gaseous penetrant molecules in heterophase polymers are the study of filled rubbers and 
that of semicrystalline polymers. Now there has been a great accumulation of important 
data on the subjects; in particular, due to van Amerongen,7) and Barrer et al.8) for the 

former system and to Michaels and his co-workers for the latter.9-12) Rogers13l and 
Barrer6) have reviewed recent progress in the fields. 

   Despite of the fact that our understanding of the transport phenomena through 
heterogeneous polymeric materials has improved very much in recent years as described 
above, still many problems remain partly or completely unsolved and a number of 
difficulties in theoretical treatments and experiments have yet to be overcome. Let us con-
sider, for instance, the diffusion and permeation behavior of a single penetrant species in a 
composite containing one dispersed permeable phase the transport process is complicated 
by the different modes of diffusion within each phase and by discontinuities across phase 
boundaries. Moreover, the nature of multiphase interface and interaction will modify 
considerably the process where the interface is of high area. Generally, even when all the 
information about the morphology of new heterophase system, such as geometry and 
arrangement of the dispersed phase, is available, it would still be very difficult to predict 
the properties of the system because these are not usually additive. Furthermore, in the 
case of the diffusion and permeation the simple laws of diffusion which are developed for 
homogeneous media are not applicable for systems more than two components,14) and for 

only certain special systems the processes have been able to be treated within the framework 
of the usual Fick's law concepts, though the treatments are not strictly rigorous from the 
viewpoint of thermodynamics of irreversible processes. This situation is indeed the case 
for several examples referred to in the foregoing lines where various efforts have been 
made to modify or expand the existing equations. 
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    The present paper describes permeation and diffusion behavior for a series of inert 

 gases in carefully prepared samples of styrene-butadiene-styrene (SBS) block copolymers, 
 where domain structure was assured by electron microscopic observation. Block copoly-

 mer solids can afford one of the most excellent examples of heterogeneous polymeric media. 
 This is because polymers having chemically dissimilar segments are not compatible as a 

 rule. Solvent-cast and annealed film samples of two types of fundamental domain 
 structures were  prepared: polystyrene rods dispersed in polybutadiene matrix and 

 alternating lamellae of styrene and butadiene components. The purpose of this study is 
 to examine how will be described permeation and diffusion processes of inert gases in 
 SBS block copolymer solids having different types of domain structure in terms of those in 
 the respective component homopolymers. It will be tested whether the simple two-phase 

model for the block copolymer, which has been shown widely applicable to explain various 

 properties of block copolymer solids, is adequate to describe the observed permeation and 
 diffusion behavior or not. If the behavior observed is not able to be compared well with 

 that expected from the simple additivity of the properties of the constituents, the deviation 
will be interpreted by taking into consideration of effects due to the architecture of the block 

 copolymer molecule, interactions between the different homopolymer subchain segments 
 especially those at the multiphase interface, polymer microstructure, and molecular mo-

 tions. In contrast to the fact that interest in morphology, mechanical properties, and 
 structure-property relationships of block copolymers has increased remarkably in the past 
 several years, little interest has been shown in the transport and solution processes of small 

penetrant molecules in block copolymer media. The only attempt, in which the observed 
diffusivity of simple gases in block copolymers of urethane with ester and ether has been 

 compared with predictions of permeability theory for heterogeneous system, has been that 
 of Ziege1.15) In the report a model has been proposed, and the observed behavior has 

been explained qualitatively in terms of the model. 

    An ultimate objective of the work in this laboratory has been to provide a means of 

predicting the permeability and diffusivity of an arbitrary system of a penetrant and a 
 heterogeneous polymeric medium from knowledge of properties of the component homo-

 polymers and the penetrant in question with that of morphology of the polymeric medium 
 concerned. Also, as a counterpart of the aspect of this investigation, the utility of the 

 permeation and diffusion data in getting insight into polymer microstructure and molecular 
 motions must not be overlooked. Analysis of permeation and diffusion processes of 

 penetrants, which are used as molecular probes, together with determined transport 
properties in the component homopolymers will provide much useful information regarding 

 polymer microstructure and molecular motions as well as that concerning polymer mor-
 phology of the heterogeneous polymeric media. Solution of inert gases, and transport 

 and solution behavior of low-molecular-weight organic vapors in the block copolymer 
 will be reported subsequently. 

                MORPHOLOGY OF SBS BLOCK COPOLYMERS 

    First, we will sketch the morphology of SBS block copolymers. For block copolymers 
 containing polybutadiene or polyisoprene blocks, it is possible to view directly the-micro-
 structure by using the osmium tetroxide fixation and staining technique due to Kato.16) 
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By utilizing this technique, many electron microscopic investigations of polymer mor-

phology have been done for styrene/butadiene and styrene/isoprene block copolymers.17-40) 
These morphological studies have revealed that diene polymer and polystyrene blocks 
aggregate into distinct microphases, or domains, and that several different types of domain 
structures are observed depending upon block copolymer composition, molecular weight, 
distribution of blocks in the polymer, and method of sample preparation. The existence 
of three types of domain structures, spheres, cylinders, and lamellae, has been confirmed 
for block copolymers of styrene with diene component. In solvent-cast films of the block 
copolymers the change of the fractional composition of the two components determines 
mainly which of the three types of structures is formed for a given solvent.17,23,24,26,29,33,36, 
39,40) The dimensions, namely the diameters of the spheres or cylinders or distance 

between adjacent lamellae, cylinders, or spheres, are determined primarily by the length 
of the corresponding block segment.19,20,32,33,36,39) 

   For solvent-cast solids of block copolymers several theoretical treatments have been 
developed in an effort to analyze thermodynamically the process of microphase separation 
and the domain structures resulted therein. Kawai and his co-workers24,41) and others42,43) 
have shown that the shape and size of the domain are to be dependent of block copolymer 
composition, molecular weight, interaction between the corresponding homopolymers, 
solvent used for casting, and temperature of casting. The results of these studies, both 
theoretical and experimental, allow us to prepare heterogeneous polymeric films of desired 
domain structure by making suitable choice of block copolymer sample and/or pair of 
block copolymer and solvent. 

                         EXPERIMENTAL 

                              Materials 

Block Copolymers 

   The styrene-butadiene-styrene (SBS) block copolymers used were commercial products 

by Shell Chemical Company and Phillips Petroleum Company under the trade names 
Kraton TR-1102 and Solprene 414, respectively. These block copolymers were precipitat-
ed twice from a 1% benzene solution with iso-propanol as non-solvent, and the precipitated 

polymer was dried in vacuo for more than a week at room temperature. The block 
copolymer samples, Kraton TR-1102 and Solprene 414, thus prepared are designated 
hereafter as R-1 and L-1, respectively. 

Characterization of Block Copolymers 

   The copolymers were characterized by ultracentrifuge sedimentation, osmotic pressure, 
and ultraviolet and infrared spectra. 
Sedimentation Pattern. For both samples sedimentation studies were carried out at 
59,780 rpm with Spinco Model E ultracentrifuge employing the shlieren optics. The 
sedimentation pattern of a 5 g/1 carbon tetrachloride solution of each sample was observed 
at 20°C, and the pattern exhibited a very sharp single peak. Judging from the observation 
it may be considered that no discernible amount of free polystyrene and diblock material 
is contained in the purified samples and that each copolymer sample has a narrow molecular 
weight distribution. 
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Molecular Weight.The number-average molecular weights were determined with 
toluene solutions at 37.0°C. A Hewlett-Packard high-speed membrane osmometer, 
Model 503, was used. 
Composition. The comonomer composition of each copolymer was determined by mea-
suring the optical density of chloroform solutions at the polystyrene peaks at 262 nm and 

 269nm using a Zeiss spectrophotometer, Model PMQ II. Matched quartz cells previously 
calibrated against optical density standards were employed for the measurements. The 
fraction by weight of polystyrene, ms, can be determined by the following equations44) 

       x.=optical density at 262 or 269 nm(I) 
            cell path length(cm) x concn(g/1) 

   K=msKs (1—ms)KB(2) 

Here, Ks and KB are the specific extinction coefficients, at the particular wavelength, of 

polystyrene and polybutadiene respectively and K is the value for the copolymer. The 
values determined at both peaks coincided well with each other. 
Isomer Content of Polybutadiene Block. The amount of cis-1, 4, trans-1,4, and 1,2 
vinyl isomers in polybutadienes can be determined by measuring the intensities of the 

particular bands of respective structures in infrared absorption spectrum. The infrared 
spectroscopic measurements were made with a Perkin Elmer spectrophotometer, Model 21, 
and solutions of the copolymer in carbon disulfide were employed. The method suggested 
by Silas et al.45) has been used to determine the isomer content of polybutadiene blocks. 
The content of the trans-1,4 isomer was calculated by analysis of a strong peak centered at 
10.3 µm, and that of 1,2-vinyl isomer was determined by analysis of a band centered at 
11.0 µm. Since styrene absorptions at 13,2 sm and 14.3 µm interfere with the broad band, 
12.0-15.75 sm, of the cis- 1,4-butadiene isomer, the cis-1,4 content was calculated by 
difference. 
   The results of th e characterization of both copolymer samples are summarized in 
Table I. 
Film Preparations. Films used in permeation measurements, and also in electron micro-
scopic observations, were prepared by solvent casting. A benzene/n-heptane mixture, 
8/2 by volume, and toluene were used as casting solvent for samples R-1 and L-1, re-
spectively. Beecher et al.22) showed that electron micrograph of an SBS block copolymer, 
Kraton 101, cast from a benzene/n-heptane solution exhibited a butadiene-continuous 

                   Table I. Characterization of SBS Block Copolymers 

 Sample CodeR-1L-1 

   Trade NameKraton TR-1102Solprene 414 

Mn68, 00094, 000 
                                (9, 000-50, 000-9, 000)a (19, 000-56, 000-19, 000)a 

  Wt. Fraction of Styrene0.2680.408 

        cis-1,437.30 
    Isomer Content of trans -1 ,45458    Polybutadiene Block , % 

        1,2-vinyl912 

   a Block lengths S-B-S in molecular weight units. 
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phase. The weight fraction of styrene of Kraton 101 has been reported as to be 0.28,22) 
or 0.30.46) These values are very close to that of R-1 determined in the present study 

(Table I). On the other hand, the alternating lamellar structure was observed in SBS 
block copolymer films, with molar fraction of styrene of 0.40 (corresponding to 0.56 by 
weight), cast from toluene solution.23) Also, quite the same domain structure was exhibited 
in an SIS block copolymer with about the same weight fraction of styrene component as 
that of the sample L-1. All solvents used were of GR grade, and no attempt was made to 
effect further purification. 

   Copolymer solutions of about 5%, after addition of 0.5% of  2,2-methylenebis(4-
methyl-6-tert-butylphenol) as an antioxidant, were poured into a shallow dish, the bottom 
of which was just covered by freshly distilled and cleaned mercury. The dish was placed 
in a darkened desiccator, and controlled evaporation was achieved by simply adjusting 

pressure inside the desiccator with a suction pump. The evaporation procedures were 
performed in a fume cupboard at room temperature. Lewis and Price25,31,47) and 
others19,26) have found that higher rates of evaporation yield a rather disordered mixture of 
domains of irregular shape and regions of incomplete phase separation. Also it has been 

presumed that microphase separation of the block segments as the critical concentration 
in quasi-equilibrium state is responsible for the formation of a particular type of funda-
mental, and well-organized, domain structures.18,24,32,41) The evaporation rate was there-
fore taken as rather slow, about 0.5 cm3/hr. The slow rate also helped to obtain films of 
uniform thickness. The final traces of solvent were removed by prolonged drying in a 
darkened vacuum oven at 25°C for at least a week. The sample films thus prepared were 
stored until use in vacuo in the dark at about —10°C. The film thickness was measured 
by means of a micrometer with a precision of about ±2 x 10-4 cm. The films used for 

permeation measurements were from 3.0 X 10-2 to 1.2 x 10-1 cm thick according to the 
sizes of inert gas molecule used in the measurements. 

Inert Gases 

   Helium, argon, krypton, xenon, and nitrogen were used as penetrant. These inert 

gases were of research grade and supplied by Takachiho Kagakukogyo, Ltd. The purity 
of each gas quoted by the supplier, exceeded 99.995% by volume. 

                            Methods 

Electron Microscopy 

   The domain structure of the film specimens was investigated by transmission micro-
scopy in a Hitachi HU-11D electron microscope. After embedding in an epoxy resin,48) 
the specimens were pre-sectioned, and were stained and fixed with osmium tetroxide. The 
specimens placed on a support film were allowed to stand about half an hour at room 
temperature over an approximately 1% aqueous solution of osmium tetroxide in a small, 
tightly closed glass vessel. The stained films were cooled with liquid nitrogen to approx-
imatly —150°C and cut by an LKB ultramicrotome to a thickness of about 35 nm. Sec-
tions were cut in two directions so as to determine the orientation characteristics of the 
domain structures—perpendicular and parallel to the film surface. Also, the electron 
microscopic observations were carried out with films treated three hours at 120°C, the 
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highest temperature of permeation measurements, in vacuo, and with films having been 
experienced a series of permeability measurements at various temperatures, and effects of 
the thermal treatment and seriated permeation measurements upon the domain structure 
were examined. 

Permeability Measurements 

   Methods of determining the permeability of polymeric films as described in the 
literature are of two general types. In the first method, which is usually called the partition 
cell method, a change in pressure as penetrant permeates through the film under conditions 
of constant volume and temperature is measured without disturbing either the film or the 
apparatus. In the second method, on the other hand, is measured a change in volume, 
or weight, under constant temperature and pressure. Measurement of pressure change 
has the advantage that the determination of the permeability coefficient permits the 
simultaneous determination of the diffusion coefficient, while the other method does not 

permits this determination, and a separate measurement is required. In order to determine 
simultaneously the permeability and the diffusion coefficients of a given system from each 
measurement under both steady and non-steady state conditions the first type of method 
was employed in the present work. 

Apparatus. The arrangement of the permeability apparatus used is shown schematically 
in Fig. 1. The apparatus consists of three parts: the high pressure part, the permeability 
cell, and the low pressure part, and is similar to that described by Szwarc and his co-
workers.49) 
   The high pressure part, which works as a gas supply on the ingoing side of the speci-
men film, is consisted of the gas supply S and the gas-supply manometer M. A desired 
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FMd  
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                                                     • 

                           Fig. 1. Gas permeability apparatus. 

            S, gas supply. M, gas-supply manometer. C, permeability cell. 0, oil 
            thermostat. I, vacuum tube of ionization gauge. R, gas reservoir. A, 
            rotary McLeod gauge. G, Geisler tube. E, to oil diffusion and vacuum 

            pumps. F, to gas cylinder. T1, gas-purification trap. T2, mercury trap 
            for vacuum tube of ionization gauge. T3, mercury trap for rotary McLeod 

            gauge. T4, trap for oil diffusion pump. 1-9, stopcocks. 

(222)



                Permeation and Diffusion of Gases in  SBS Block Copolymers 

penetrant gas is introduced to this part from a gas cylinder through a gas-purification trap. 
T1. The gas supply is a ten-liter flask, and is placed in an air thermostat controlled to 

±0.3°C. The greater volume of the gas supply helps to keep the pressure of penetrant on 
the ingoing side constant. The gas-supply manometer is a wide bore mercury manometer. 

   The design of the permeability cell C is shown in Fig. 2. It consists of two halves, 
both constructed of stainless steel and held together with six steel bolts. The film under 
test is placed in the lower half, supported from below by a piece of filter paper, which is 
held in turn by a drilled stainless steel plate. The exposed area of the test film is 11.34 cm2. 
A vacuum-tight closure is ensured by means of a fluoro elastomer 0 ring (Dainichi Electric 
Wire & Cable Co., Compd. no. 1312-70) and a mercury seal. The two holes through the 
upper half admit mercury to form the seal when the cell is assembled, and the junction of 
the two halves is covered by a piece of plastic electrical tape to prevent escape of mercury 
from the seal. The copper tubes are welded on to two halves of the cell. Each copper 
tube was connected to the glass tube by means of a carefully hand-ground joint, and 
Apiezon high vacuum grease was used at the joint. This grease made possible to perform 

permeation measurements in the whole range of temperature studied without any 
discernible leak. The permeability cell is immersed in the thermostated oil bath 0. The 
temperature of the oil thermostat could be maintained with an accuracy of ±0.2°C in the 
temperature region 25° to 90°C. At higher temperatures, 95° to 120°C, the thermostat 
was controlled to +0.3°C. 

   In the low pressure part, the glass tubing connects the outgoing side of the perme-
ability cell to the mercury trap 7'2, the vacuum tube of ionization gauge I, and the gas 

                       gas 

sam•le film 

                          %%; 0 rin• 

I~ 
filter •a•er 

                              Fig. 2. Permeability cell. 
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     reservoir R. Also the limb of the glass tubing line is connected to the rotary McLeod gauge 
     A through the mercury trap  T3. The ionization gauge, Tokuda Seisakusho, Ltd., Model 

HFT-III, was used in measurements of pressure change of permeated gas in the low 

    pressure part. The rotary McLeod gauge was of the type developed by Axelbank,50) 
    and was used to determine the volume received the permeated gas in the outgoing side of 

    the test film and to calibrate the readings of the ionization gauge. The gas reservoir is 
    connected to the line by a hand-ground joint, and the joint makes it possible to exchange a 

     gas reservoir flask for another one of different volume. Though it is not shown in Fig. 1, 
    this part is duplicated in the apparatus. Therefore, it is quite easy to vary the receiving 

    volume according to the expected permeability of the system under test. That is, the 
    receiving volume can be kept greater in measurements of higher permeation rates by 

    employing two big flasks in this part. While, for penetrant of greater molecular size, and 
    hence in measurements of lower permeation rate, the stopcock 7 is turned to the closed 

    position. This helps much to speed the measurements by making the receiving volume 
    very small. Three reservoir flasks of different volumes were provided for permeation 

    measurements. The volume of the outgoing side which involves the mercury trap T2, 
    the vacuum tube of ionization gauge, the gas reservoir, and the tubing connected them 

    was determined from the known cut-off volume of the rotary McLeod gauge and the 
    mercury trap T3 by expansion experiments using helium. 

    Procedure. The test film is installed in the permeability cell, and the cell is then fixed to 
    the glass tubings of the ingoing and the outgoing sides of the equipment with the ground 

    joints. A gas supply of suitable volume for the measurements is also fixed to the glass 
    tubing of the outgoing side with the ground glass joint. Special care was taken to prevent 

    vacuum leak at these joints. The permeability cell is then immersed in the oil bath by 
    raising the bath with a laboratory jack. After all stopcocks have been turned to the open 

    position, the whole apparatus is out-gassed by prolonged pumping down to a pressure of 
     about 10-6 mm of mercury. Pumping was continued until there was no increase in pres-

    sure on the rotary McLeod gauge for an hour after the stockcock 9 had been turned to the 
     closed position. 

        Next, the sample film installed in the cell is annealed at a temperature 120°C for about 
    three hours under high vacuum. During the annealing period it is expected that internal 

    stresses, if exists, developed within the film during the process of film casting is released, 
    and also that traces of casting solvent, which has still remained irrespective of prolonged 

     vacuum drying at room temperature, will be removed thoroughly. The temperature of 
    the annealing was decided so as to effect the release of the internal stresses without any 

    change of the domain structure of the sample film under test. As will be described later, 
    no detectable change in the domain structure was observed with films thus annealed. After 
    the annealing treatment has been completed, the pumping of the whole system is con-
    tinued until a satisfactory vacuum, about 10`6 mm of mercury, is maintained in the ap-

     paratus for at least two hours. 
        All stopcocks, except for the stopcocks 3 and 4, is then turned to the closed position, 

    the desired penetrant gas is introduced into the high pressure part through the liquid 
    nitrogen surrounded trap Ti, and the stopcock 3 is turned to the closed position. Ingoing 

    pressures from 1 to 40 cm of mercury were employed. The oil bath, in which the per-
    meability cell is immersed, is controlled at the desired temperature. 
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   At zero time a pressure of the gas is applied to the ingoing side (the upper side of the 

assembled cell as shown in Fig. 2) by turning the stopcock 5, and the increase of pressure 
in the outgoing side is observed by means of the ionization gauge as a function of time. 
The sensitivity of ionization gauge varies with gas species and correction of direct readings 

of the gauge is required. The correction factors for several inert gases have been deter-
mined by Dushman and  Young.51) In the apparatus used the correction factors determin-
ed by them were ensured to be applicable to readings on the ionization gauge with each gas 
studied from experiments using the rotary McLeod gauge as an absolute gauge. The 
ingoing pressure is read to 0.05 cm by observing the gas-supply manometer. The readings 
are repeated several times within each run. No substantial variation in the ingoing 

pressure was observed as the amount of gas permeated was very small and room tempera-
ture was controlled to ±1°C. 

   Typical permeation curves are shown in Fig. 3. Measurements of the outgoing 

pressure are continued for at least three times the time of nonlinear portion of the 
permeation curve at the experimental temperature, and the steady state is established 
after between one and a half and two times the time. 

   The apparatus was evacuated between runs for at least 15 times the time corresponding 
to nonlinear portion of permeation curve. Measurements at different temperatures were 
usually made in the ascending order of temperature from 25°C with the interval of about 
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           Fig. 3. Typical permeation curves at 30°C.SBS block copolymers: •, 
                    R-1; 0, L-1. Gases: upper, Argon; lower, Xenon. 
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10°C. The temperature was maintained constant for at least six hours before making 
measurements. In order to see if the sample film has been changed by repeated permeation 
measurements at various temperatures, observations at different temperatures were per-
formed occasionally at random and the final observation was always made at the original 

temperature, 25°C. No hysteresis or time effects were observed under the conditions 
described above in the temperature region studied. 

                          CALCULATIONS 

   The permeation of penetrant through a polymer film, which is free from cracks, 

pinholes, or other flaws, is governed by the coupled solution-diffusion mechanism. The 
penetrant molecules dissolve in the surface layer on the ingoing side of the film, diffuse 
through the film in response to the concentration gradient, and evaporate from the other 
surface on the outgoing side. 

   The mathematical theory of diffusion is based on the hypothesis that the rate of per-
meation J is proportional to the concentration gradient measured normal to the section, 
that is, 

 j=—D---ax(3). 
Here J is the amount of penetrant permeated during unit time through a surface of unit 
area normal to the direction of transfer, C the concentration of penetrant, x the space co-

ordinate measured normal to the section, and D the diffusion coefficient. Equation (3) is 

commonly referred to as Fick's first law of diffusion. By considering the mass-balance of 

an element of volume, is derived the following diffusion equation, Fick's second law of 

diffusion; 

    aC =div (D grad C)(4)    a 

where  t is time. 

   As described before, in the beginning of a permeation experiment the sample film is 

freed from penetrant. This condition is represented mathematically by 

   C=0 (0<x<X, t=0)(5) 

where X is the thickness of the film, and the origin of x is taken on one surface. At zero 
time of the experiment a constant pressure  po is suddenly established on the ingoing side 

of the film. The frequency of molecular impacts from the gas phase on to the film surface 

is enormous compared with the rate of diffusion of penetrant into the bulk of the polymer. 
Thus equilibrium is presumed to exist at every instant between the penetrant molecules in 

the gas phase and those in the surface layer of the film. The concentration at the surface 

on the ingoing side, therefore, is kept constant and written as follows by choosing the 

origin of x at the surface on the ingoing side; 

C=Co (x=0, t>0)(6), 

where Co denotes the equilibrium concentration corresponding to the given pressure Po. 

On the outgoing side pressure of the penetrant is always kept negligible compared with that 
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    on the ingoing side. Accordingly the boundary condition at the surface on the outgoing 

    side is given by 

     C=0  (x=X,  t>0)(7). 

        When penetrant permeates through a thin polymer film, the film approximates to an 

    infinite plane sheet across which the diffusion occurs effectively only in one direction x. 

    Equation (4) then reduces to 

           ac a2c  
at=D3x2(8), 

     if D is constant. After a time from the start of the experiment a steady state is reached 

     in which the concentration remains constant at all points of the film. Then Eq. (8) 

     becomes 

d2C  
   dx2=0(9), 

     and on integrating with respect to x and introducing the conditions at x=0 and X we obtain 

                    C— CO x(10). 
          Co X 

     Thus the steady-state permeation rate Js is given by 

   isCo(11). 

        The equilibrium concentration Co is related to the ingoing pressure po by an expres-

    sion of the form 

Co=Spo(12) 

    where S is the solubility coefficient of the penetrant in the polymer. If Henry's law is 

    obeyed, there is a linear relationship between concentration and pressure and S is a con-

     stant at constant temperature, so that we have 

.Js=DS X(13) 
      or 

P =DS=Js P
o(14). 

    The product P=_DS is referred to as the permeability coefficient and is calculated as 

   =dQ---p0A(15) 
    where d Q is the amount of gas at STP which has permeated within the time interval At 

    in the steady state of flow and A is the effective area of the film. The quantity 4Q/At can 
    be evaluated from the permeation curve (cf. Fig. 3). As mentioned before the volume V 

    of the low pressure part (the outgoing side) is kept constant, so that the amount of gas 

    permeated at STP is 
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  jQ_dpV 273(16)                   76. T 

where  dp is the pressure increase, expressed in cm of mercury, on the outgoing side within 
the time At and T is the temperature of the low pressure part. Thus P is expressed in 
terms of change of the outgoing pressure with time in the steady state as 

zip V  273 X                                                (17)         P
At 76 T p0A 

and in units of cm3(STP)cm/(cm2sec cm Hg) provided that A, V, X, and it are expressed 
in CGS unit, and p0 and dp in cm of mercury. 

   From the start of the permeation experiment and prior to the establishment of the 
steady state, both the rate of flow and the concentration at any point of the sample film vary 
with time. When D is constant, the amount of penetrant Qt which passes through the 
film in time t under the conditions of Eqs. (5), (6), and (7) is given by 

Qt  —  Dt 1 2 (-1)nDn2ir2t       XCo—X26—2En2exp(X2)(18). 
At I goes to infinity, the steady state is approached and the exponential terms become 

neglibly small, so that the graph of Qt against t tends to a line 

      X 6D                                                          (19). 

The behavior can be seen in Fig. 3. The line has an intercept 0 on the time axis given by 

                 2 
 =-----(20). 

The quantity 0 is called the time lag for permeation. When 0 and X are expressed in sec 
and cm, respectively, then D has dimensions cm2/sec. Thus both values of P and D can 
be determined simultaneously from each permeation experiment. 

   Since P is defined as the product DS (Eq. (14) ), the solubility coefficient S can be 
calculated as the quotient PID. The solubility coefficients evaluated indirectly by this 
method will be reported in a subsequent paper together with those measured directly by 
using the desorption method. 

                            RESULTS 

Electron Microscopy 

   Figure 4(a) shows the electron micrograph of an ultrathin section of the block copolym-
er sample R-1, cast from the benzene/n-heptane solution and cut normal to the film surface. 
The dark regions in the micrograph represent the polybutadiene phase stained selectively 
by osminium tetroxide, and the light regions the polystyrene phase. Micrographs of the 
same sample film sectioned in the plane of film quite resembled to that shown in Fig. 4(a). 

   The polystyrene phase in the film is essentially the form of randomly oriented bundles 
of curved fibrils. Moreover, in parts of the figure, is observed the polystyrene domains of 
discrete spheres, in the lower right quadrant of the figure, and ellipsoids, at the left. In 
the former region, it can be seen that the polystyrene domains set in comparatively regular 
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           Fig. 4. Electron micrographs of ultra thin sections cut normal to the surface 
                  of films: (a) Film of sample R-1 cast from benzene/n-heptane 

                  solution; (b) Film of sample L-1 cast from toluene solution. 

hexagonal array in the polybutadiene matrix. These features rule out a lamellar structure 

provided that the films are characterized by a single morphology. Accordingly it may be 
concluded that in the sample film R-1, cast from the benzene/n-heptane solution, the 

polystyrene phases agglomerate into a rod and the rod assembles regularly to form a 
bundle with a certain crosssection area. Similar domain structure has been observed for 

an SBS block copolymer of 30 wt. % styrene cast from toluene and carbon tetrachloride 

solutions.35) The average values of the radius of the polystyrene rod, Rr, and the spacing 

between adjacent rods, DR, are about 9 and 19 nm, respectively (Fig. 7(a) ). 

   As mentioned above, electron micrographs of parallel sections did not alter appreciably 
from those of normal sections. Thus it appears that the bundles of polystyrene rods 

arrange at random in the film. Whether these bundles are relatively long or short cannot 

be decided from the limited two dimensional information provided by the electron micro-

graphs. From examination of several micrographs of both the normal and the parallel 
sections, however, it may be inferred that the length of the bundles is rather short. Also 

it may be suggested that the highly ordered arrays of uniform polystyrene rods, embedded 

in the polybutadiene matrix, form a grain texture, presumably shape of the grain is prolate 

ellipsoid, in the bulk of the film. Though grain boundaries are vaguely defined in micro-

graphs, the size of grains vary from about 0.3 to 0.7 em. The existence of the grain texture 
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in solvent-cast films has been revealed from light scattering experiments52) or small angle 
 X-ray scattering analysis.53) Also, local heterogeneity of the domain structure has been 

discussed basing upon kinetic considerations of the process of film casting.54) 

    The electron micrograph of the film of sample L-1 cast from toluene solution is 
shown in Fig. 4(b). The micrograph was observed for ultrathin, normal section of the 
sample film, and the pattern of parallel sections resembled to that of the normal one. 
Clearly, the morphology of the film of L-1 cast from toluene is characterized by lamellae, 
and the orientation of the lamellae is at random in the film. The thickness of the poly-
styrene lamella is about 10 nm and the distance between two consecutive lamellae is 
about 17 nm (Fig. 7(b) ). As in the case of the sample film R-1, the grain texture, which 
is constituted of piled alternating lamellae of polystyrene and polybutadiene, was again 
discernible in electron micrographs. The size of the grain was estimated roughly as to 
be about 0.5 µm. Judging from random orientation of zebra patterns of alternating stripes 
in the micrograph Fig. 4(b), the grains, or in other words nodule-like higher-order 
structures of piled lamellae, appear to be arranged randomly to the film surface. 

    For the both samples R-1 and L-1 electron micrographs of sample films treated three 
hours at 120°C exhibited essentially the same pattern as described in the foregoing lines. 
This was also the case with films having been experienced a series of permeability ex-

periments within the temperature range studied. This indicates that the characteristics 
of each domain structure are not influenced by the thermal treatment or seriated permeation 
experiments. 

Permeation and Diffusion 

    Typical permeation curves have already been exhibited in the previous section. 
Reference to Fig. 3 indicates that for the both gases permeation rates through the sample 
film R-1 are higher than those through the film L-1. This is always the case in the whole 
region of temperature for all gases studied. In permeation of helium through the both 
copolymer films the diffusion coefficient is so great, no time lag was observable, the steady-
state curve passed through the origin and only the permeability coefficient P was obtainable. 

    The dependence of P on the ingoing pressure po was examined, and no dependence 
was observed under the experimental conditions. Also it was found that the observed 
values of P for sample films of various thicknesses were reproducible within about 10%. 
This suggests that the domain structures of the copolymer films do not alter with varying 

thicknesses provided that fairly slow evaporation rate was employed in the preparation 

procedure of sample films. 
    In contrast to the permeability coefficient, examination of dependence of the diffusion 

coefficient D onpo or on film thickness could not be performed over so wide range as that 

of P. This is mainly due to the fact that values of D can not be determined precisely from 

very short time lags. To overcome the difficulty it is essential either to prepare films of 

great thickness or to extend range measurable of the outgoing pressure. However, the 
both were limited by the experimental conditions. Though the present experiments were 

restricted within rather narrow range the observed values of D exhibited no substantial 
dependence on po and film thickness. 

    In the temperature region below 85°C, which is in the vicinity of the glass transition 
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temperatures of polystyrene blocks, Tgs, in the block copolymer samples R-1 and  L-1,* 
the error in determining P was on average ±10%. Diffusion coefficients were reproducible 
within about +15% in this region of temperature. Above 85°C, however, determination 
of P and D became less accurate and scatters of results sometimes exceeded 150%, especial-
ly at temperatures higher than 100°C. This may be considered as due to primarily the 
softening and great thermal expansion of sample films in the higher temperature region. 
In what follows, therefore, the permeation and diffusion behavior at higher temperatures 
will be discussed only in qualitative manner. 

   The temperature dependence of the permeability coefficient for each gas is shown in 
Figs. 5(a) to (e). As indicated in the figures by straight lines the temperature dependence 
of P in the temperature region lower than about 85°C can be expressed by the Arrhenius-
type equation 
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             Fig. 5(a). Temperature dependence of permeability coefficient P. 
                       SBS block copolymers: •, R-1; Q, L-1. Gas: Helium. 
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Fig. 5(b). Argon. 

 * According to the relationship between the glass transition temperature and the molecular weight , which 
   is established for narrow molecular-weight-distribution polystyrene by differential scanning calorim-

   etry,55) the values of Tgs are estimated to be 83° and 95°C for R-1 and L-1, respectively. 
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P=Po exp(—Ep/RT)(21). 

Here Po is the temperature-independent inherent permeability coefficient (or pre-ex-

ponential factor), Ep is the activation energy for permeation equal to the sum of the 
apparent activation energy for diffusion and the heat of solution and RT has its 
usual meaning. In the temperature region above Tgs, however, results deviate from the 
linear relationship at lower temperatures. In particular deviations for nitrogen are 
remarkable. The reason for this trend is not known to us at present. 

   Figures 6(a) to (d) show the Arrhenius plots of the diffusion coefficients. Though 
results somewhat scatter compared with the corresponding plots of P, the temperature 
dependence of D is well expressed again by the Arrhenius-type equation with constant 
ED, that is, 

    D=D0 exp(-ED/RT)(22). 

Here Do is the temperature-independent inherent diffusion coefficient (or pre-exponential 
factor) and ED is the apparent activation energy for diffusion. Values of ED and D0 
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              Fig. 6(a). Temperature dependence of diffusion coefficient D. 
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     Table II. Apparent Activation Energies for Permeation and Diffusion, and 
              Inherent Diffusion Coefficients 

    R-1L-1 
GasE P ED DoEPEn Do 

        KJ/mol KJ/mol cm2/sec KJ/mol. KJ/mol cm2/sec  

He25.120.9 
Ar22.2 20.5 6.34 x 10-3 20.5 22.6 9.87 X 10-3 
Kr18.0 . 18.0 1.85 x 10-3 19.7 18.0 2.33 X 10-3 
Xe17.2 25.1 1.20 x 10-2 21.3 22.2 2.17 X10-3 
N224.3 29.3 2.65 x 10-1 31.8 25.9 4.74 X10-2 

                        (234)
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in the temperature region below Tgs evaluated by using Eq. (22) are given in Table II 
together with those of E. 

                           DISCUSSION 

Fundamental Domain Structures and Molecular Arrangements 

   As described previouly, the domain structures of the two block copolymer samples 

R-1 and L-1 may be represented respectively by two different types of fundamental domain 
structures; that is, rodlike domains of polystyrene dispersed in a matrix of polybutadiene 
and alternating lamellar structure of styrene and butadiene components. The results 
are in agreement with generally observed scheme of systematic change in types of funda-
mental domain structures of the styrene/diene block copolymers with increasing styrene 
content.18,24,2s,29,32,33,35)When binary ABA type block copolymers are organized into 
these domain structures, all of the junction points of the block chains must be arranged 
at the interface between the two phases. The two types of the domain structures observed 
and possible molecular arrangements within the domains are illustrated schematically in 
Fig. 7. In the figure are given data of domain size for the rodlike and the lamellar domains, 

evaluated from electron microscope examination. From these data we can calculate 
volume fractions of the respective block chains. The volume fractions of styrene com-

ponent vs calculated from the domain sizes shown in Fig. 7 are respectively 0.21 and 
0.37 for the samples R-1 and L-1. The values of vs can also be evaluated from the weight 
fraction of styrene ms by the relation 

 vs—23 ms/Ps(),    ms/Ps+mB/ps 

       /~LS/tB Ls 

                        Rr 

          4400DRPS 
      (a) R,.=9 nm DR=19 nm Zo=1.45 nm (b) Ls=10 nm LB= 17 nm Zo=1.95 nm 

     Fig. 7. Schematic representations of elements of two types of domain structure, molecular 
            orientations within the elements, sizes of the domain, and effectively occupied area 

            per interfacial S-B junction: (a) R-1, rods of styrene component in a matrix of 
            butadiene component; (b) L-1, alternating lamellar arrangement of the two 

              components. 
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     where  ms is the weight fraction of butadiene and ps and pa are the densities of polystyrene 
     and polybutadiene respectively. The corresponding expression for the volume fraction 

     of butadiene component is 

ma/pa   =(24)     vBm
s/ps+ma/pa 

     The values of vs for the two SBS block copolymer samples were calculated from ms 
     by assuming ps and pa to be respectively 1.05 and 0.90, and obtained 0.24 and 0.37 for 
     R-1 and L-1, respectively. These values are well compared with those calculated from 

     the domain dimensions. 
        If the phase separation is so perfect as illustrated in the schematic diagram, Fig. 7, 

     the effectively occupied area per chain block, and hence the inter-chain distance, may be 
     evaluated from the average sizes of the domains and the average block molecular weights. 

     23,31,32,53) For the rodlike domain the number of polystyrene chains in a rods, of the radius 
     Rr and the length 4 is given by lrrRr2psN/Ms, where N is Avogadro's number and 

Ms the styrene block molecular weight. Since the surface area of the rod is 2irRrl, the 
     occupied area of an interfacial S-B junction SR is given by the following expression 

2aRrl _ 2Ms         SR _h
rRr2psN/MsRrpsN(25). 

     For the lamellar domain, the number of polystyrene chains existing in a styrene lamella 
     of the volume S'Ls/2 is S'LspsN/2 Ms, and hence the occupied area of interfacial S-B 

    junction SL is given by 

          SL =S' 2Ms            SL spsN/(2Ms)_LspsN(26).' 

     Here, S' and Ls are the interfacial area and thickness of styrene lamella, respectively. 
     The values of SR and SL calculated using the above equations are 2.10 and 3.80 nm2, 

     respectively. The average inter-chain distance to for each type of domain structures was 
     calculated from these values. Values of 1.45 and 1.95 nm were obtained for rodlike 

     and lamellar domains, respectively. It is noted that these values are somewhat greater 
     than the values of the inter-chain distance of amorphous homopolystyrene in glassy 
     and rubbery states, <1 nm. The latter was estimated from X-ray diffraction analysis.56) 

     Permeation and Diffusion 

        At first, the effect of the configuration in each polymer block chain upon permeation 
     and diffusion behavior will be discussed briefly. Van. Amerongen has reported that vinyl 

     groups attached to polybutadiene chain have a lowering effect on diffusivity for penetrant.7c) 
     The diffusivity of cis-1,4 polybutadiene was considerably higher than emulsion 

     polymerized polybutadiene in which 1.2-vinyl isomer content was about 19%. Ac-
     cordingly, if the content of isomers, especially that of 1,2-vinyl isomer, in polybutadiene 

     block chains differs to a certain extent among SBS block copolymers, the structural 
     difference may considerably affect permeation and diffusion properties of the copolymers. 

     As has been shown in Table I, there is little difference in the content of 1,2-vinyl isomer 
     between our two block copolymer samples, R-1 and L-1. Also, the contents of other 
     isomers, cis-1,4 and trans-1,4, do not differ appreciably from each other. Furthermore, 
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                Table III. Permeability Coefficients at 25°C for the Inert Gases through SBS 
                           Block Copolymers, Polystyrene,a and Polybutadiene.b P in cm3 
                       (STP) cm/(cm2 sec cmHg). 

                            SBS Block Copolymer 
     GasPolystyrenePolybutadiene 

           R-1L-1 

          He2.82x 10-9 2.45 x 10-9 1.56 x 10-93.3 x 10-9 
         Ar3.90x10-' 2.16 x 10-3 1.00x10'°4.1 x 10-9 
          Kr9.38 x 10-34.32 X 10-33.49 X 10-11 

         Xe2.01x10-3 1.00x10-8 
         N21.70x10-9 7.66x10-10 1.0x10-101.9X10-9 

         a Data for He, Ar, and Kr obtained in our laboratory with annealed films of narrow molecular-weight-
          distribution polystyrene, and that for N2 from Ref. 57. 

b Literature values from Ref. 57. 

    the possibility of existence of crystalline regions in polybutadiene phase of the copolymer 
     films may be excluded since the trans-1,4 isomer contents of our samples, 54 and 58% 

    (cf. Table I), are not so high as that of crystallizable polybutadiene, >75%. 
        Concerning polystyrene block chains of the copolymer, variations in local molecular 

     structure and/or chain packing density, which are due to differences in contents of stereo-
    isomers in the polymer chain, may be reflected in the permeation and diffusion behavior 

    of penetrant. Since both copolymer samples were prepared by the anionic polymerization 
     technique, it may be expected that the stereo-isomer contents of the two samples are 

     practically the same with each other. Therefore, for the two block copolymer samples 
     any difference observed in permeation and diffusion behavior may be concluded as to be 

     almost exclusively attributable to the domain structure, that is either rodlike or lamellar, 
     of the respective films. 

        Generally the permeability coefficient for penetrant through a blend of two polymeric 
     materials is intermediate between those through the components.* Table III compares 

    the permeability coefficients in permeation of inert gases at 25°C for the two SBS block 
    copolymer films with those for the component polymers, polystyrene and polybutadiene. 

    The figures in the table clearly indicate that the general trend is also the case for the block 
    copolymer system. Quite the similar behavior can be seen in, Table IV, in which the 

    diffusion coefficients for inert gases in the SBS block copolymers are compared with those 
     in the component polymers. 

        For an understanding of these behavior, first we will analyze the permeation through 
    the block copolymer films in terms of a simple model. In the model, as shown in Fig. 8, 

     a film is consisted of parallel array of elements of the respective component homopolymers, 
     and the elements are placed perpendicular to the film surface. The concentration of 

     penetrant, C, referred to unit volume of the block copolymer may be composed additively 
     of the contributions of the film elements, that is 

C=vBCB+vsCs(27). 

     Here CB and Cs are respectively the concentration of penetrant in polybutadiene and 

       * Examples for blend of two elastomers have been referred to in the review by van Amerongen.?c> 
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      Table IV.  Diffusion Coefficients at 25°C for the Inert Gases in SBS Block Copolymers, 
Polystyrene,° and Polybutadiene.b D in cm2/sec 

                      SBS Block Copolymer 
   GasPolystyrene Polybutadiene 

        R-1 L-1 

  He2.62 x 10-6 1.6 X 10-5 

     Ar1.75 x 10-6 1.14 x 10-65.79 x 10-8 4.1 x 10-6 

     Kr1.26 x 10-6 6.22 X 10-71.45 x 10-8 

     Xe5. 62 X 10-7 2. 82 x 10-7 

     N22.10x10-6 1.43x10-61.0x10-7 3.0x10-6 

a Data for He , Ar, and Kr obtained in our laboratory with annealed films of narrow molecular-
    weight-distribution polystyrene, and that for N2 from Ref. 57. 

   b Literature values from Ref . 57.. 

                 py Apr 

            Fig. 8. The parallel model for the permeation of inert gases through the 
                  SBS block copolymers. 

polystyrene elements, both referred to unit volume of the polymer. If Henry's law governs 
the solution of penetrant in each element, then 

           CBCS    J
o= S B_Ss(28), 

where Ss and Ss denote the Henry's law solubility coefficients of the penetrant in poly-
butadiene and polystyrene, respectively. It follows that 

Sapp=P
0---=vBSB+vSSS(29), 

and 

    c=(7).4-7)\s SB) CB(30), 
here Sapp is the apparent Henry's law solubility coefficient of the composite film. 

   For flow in the steady state one may write 

J=vBJB+vsJs(31), 

where jB and Js are steady-state flows in polybutadiene and polystyrene elements, re-
spectively. By virtue of Fick's first law of diffusion (Eq. (3) ), is and Js are expressed 
respectively by 

    JB=—DBaaxsand Js=—Dsaacs(32),: 
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where  DB and Ds are diffusion coefficients of polybutadiene and polystyrene, respectively. 

Thus Eq. (31) may be written as 

—Dappax= —,Bps---—vsDsaas(33) 

where Dapp represents the apparent diffusion coefficient for the penetrant in the composite 
film. If all the diffusion coefficients are independent of concentration, from Eqs. (28), 
(30), and (33) 

                 vBDBSB+vsDsSs    D
app= vBSB+vsSs(34). 

Since the apparent overall permeability coefficient, Papp, of the composite is defined 
by Papp=DappSapp, we may obtain the expression for Papp in terms of permeability 
coefficients of each component, PB and Ps, respectively for polybutadiene and polystyrene, 
that is 

PaPP-vBDBSB-{-vsDsSs=vBPB+vsPs(35). 

   For the permeation of helium through the composite film, it is seen from Table III 
that diffusion coefficients in both component polymers do not differ practically from each 
other. Therefore, we calculated the apparent overall permeability coefficient by using 
Eq. (35). 

   However, in the case of permeation of argon or nitrogen, one may neglect the second 
term on the right hand side of Eq. (31), because the values of DB are fairly greater than 
those of Ds (cf. Table IV). Then the expression for Dapp becomes 

vBSB      DaPP=vBSB+vsSs D$(36), 
and it follows that 

PaPP=vBPB(37). 

The values of Papp for argon and nitrogen were calculated by using this equation. 
   In Table V the values of the apparent overall permeability coefficient thus calculated 

               Table V. Comparison of Calculated and Experimental Values of 
                       Permeability Coefficients at 25°C.a 

    R-1L-1 

  Gas PaPPPPaPPPaPP P 
       calcdcalcdcalcd 

              by the parallel exptl by the parallel by the series exptl 
     modelmodelmodel  

  He2.82.8. 2.62.2 2.5 
  Ar3.03.92.50.39 2.2 

 Kr9.40.13 4.3 

  N21.41.71.20.26 0.77 

a. Expressed as 10-9 cros (STP) cm/(cm2 sec cm Hg). 
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 P  O - 

            Fig. 9. The series model for the permeation of inert gases through the 
                   SBS block copolymer L-1. 

are compared with the observed values for the block copolymer films. The agreement 
in helium permeation is excellent for both types of film, and those in permeation of argon 
and nitrogen are also fairly good. The results indicate that irrespective of the difference 
in the types of the domain structure the permeation of the inert gases in each phase of 
component polymers of the block copolymer is independent of each other and also there 
is no substantial flow through regions of phase boundary provided that each phase separates 
distinctly in the block copolymer solid. 

   As has been shown in Fig. 4(b), the domain structure of the sample film L-1 is distinctly 
the lamellar type. Therefore, it would be worthwhile to treat the permeation of inert 

gases through the sample film L-1 in terms of another simple model for polymer laminates. 
The gas permeability of a multilayer membrane as indicated for two component systems 

by a model shown in Fig. 9, in which a series array of distinct alternating layers of the 
two component polymers is placed parallel to the membrane surface, has been studied 
both theoretically and experimentally by many researchers. In the steady state of per- 
meation the apparent overall permeability coefficient, P'app, of the multilayer composed 
of polybutadiene and polystyrene layers can be expressed by 1ss,7c,13,58) 

   1  vs  + vs(38) . 

                   ~ 

        -apPPBPS 

Recalling that for argon or nitrogen DB>>Ds and the difference between Ss and Ss is 

as small as by a factor less than about two, we may neglect the first term on the right 

hand side of Eq. (38). Then the equation reduces to 

Ps P
aPP= vs(39). 

For the calculation of values of P'app we used respectively Eqs. (38) and (39) for permeation 

of helium and that of argon or nitrogen. The results are given in the fourth column of 
Table V. Values of permeability coefficient predicted by the series model are somewhat 

lower than those determined from experiments, and discrepancies become greater with 

increasing the size of the penetrant molecule. Also it is noted that agreement of predicted 

values with experimental data is worser with the series model than with the former parallel 
model. This would be interpreted as a result of random orientation of the domain 

structures of the lamellar type within the film L-1, and hence the barrier effect of low 

permeability polystyrene layers may be considered not so great as polymer laminates 
though the separation of the two microphases is fairly good as indicated in the electron 

micrographs of the film. 
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   The fact that the permeation behavior of the inert gases through the block copolymer 
films could be well represented by the simple parallel model appears to imply that effect 
of the polystyrene domains, of rodlike or lamellar shape, in restricting polymer chain 
mobility in the adjacent polybutadiene domains would be absent in the permeation process 
concerned. If this is the case the permeation characterics of the homopolybutadiene 
may be preserved in the polybutadiene domains. Also it may be expected that with the 
copolymer films the selectivity for permeation to gases having different molecular size will 
be practically the same as that with pure polybutadiene, since the permeation behavior 
through the copolymer films is governed primarily by that through the polybutadiene 
domains. In other words, the ratios of the permeability coefficients for any gas pair with 
the copolymer samples should be the same as that with polybutadiene. 

   Because for polybutadiene data of the permeability coefficient available are limited 
to three gases at present (Table III), the selectivity ratios of the block copolymers were 
compared only for permeation of helium, argon, and nitrogen. The results given in 
Table VI show that values of the ratio  for the sample R-1 are very close to those for homo-

polybutadiene. While for the sample L-1 it can be seen that the ratios are all greater than 
those for pure polybutadiene. Furthermore, by comparing the ratios He/Ar and He/N2 
it appears that the discrepancy in the ratio to helium would become greater with increasing 
molecular size of the partner gas molecule. Therefore, it may be inferred that a certain 
lowering effect on permeability due to the restriction imposed upon the polymer chain 
would exist in the polybutadiene layers of the sample L-1. 

   Before discussing further the results, we should quote another factor which is important 
to interpret the permeation behavior in the heterogeneous polymer system. The factor, 
T, commonly called the "tortuosity factor," accounts for the reduction in diffusion co-
efficient due to the necessity of penetrant molecules to bypass less permeable, or almost 
impermeable, polystyrene domains and move through the polybutadiene matrix. The 
situations in the sample films R-1 and L-1 may be represented by models illustrated 
schematically in Fig. 10(a) and (b), respectively. In the latter the domain structure of 
the alternating lamellar type is approximated by the structure that polystyrene plates of 

great surface area are dispersed in polybutadiene matrix. 
   For heterogeneous systems, in which impermeable particles are assumed to be uni-

formly and completely dispersed in the polymer medium, the tortuosity factor T can be 
evaluated from the knowledge of the geometry of the two-phase system. In our sample 
films, the fairly low diffusivity, and hence the fairly low permeability of polystyrene, 
may allow one to treat the polystyrene domains as impermeable phase. For the sample 

            Table VI. Selectivity Ratios of the Permeability Coefficients for the Gas 
                      Pairs Indicated at 25°C 

                                           Selectivity Ratios 
        Ploymer 

             He/ArHe/N2Ar/N2 

  R-10. 721. 662. 29 

L11.133.202.82 

  Polybutadiene0.801.742.16 
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           Fig. 10. Model for the path of a diffusing molecule through the SBS block 
                    copolymers. (a) R-1, polystyrene rods dispersed in polybutadiene 

                   matrix; (b) L-1, polystyrene plates dispersed in polybutadiene 
                        matrix. 

R-1, the average spacing between the adjacent polystyrene rods, 19 nm, is much greater 
than the diameters of the inert gases concerned, less than 1 nm, and a contribution of each 

polystyrene rod to the tortuous diffusion paths can be estimated as being independent of 
the existence of other rods in the polybutadiene matrix. In terms of a model illustrated 
in Fig. 11(a), the tortuous path that a diffusing penetrant molecule should travel (thick 
line in the figure) is distorted in the plane normal to the axis of the rod by the following 
factor relative to the direct path (thin dotted line), that is 

          4r2forrcos-1r-----rxdx 4 
------------------------ ry --------(40)              4

JVr2—x2dx 

                0 where r is the radius of the rod. In the steady state the diffusing molecule may travel 
to minimize the tortuous path as indicated by a thick line in Fig. 11(b). Since the poly-

styrene rods are arranged randomly to the film surface, we can obtain the expression for 

T by a simple averaging process with the help of Fig. 11(b) as 

    T=1-{-1/2(_1)vsx(41), 
where the subscript R denotes the sample R-1. Using the value of vsR calculated by Eq. 

(24), T for the R-1 sample was obtained as 1.087. The value of T can be evaluated alter- 

       f \ 

411fr 
  (a)(b)(c) 
       Fig. 11. Models for calculating the tortuosity factor T in the permeation of inert gases 

              through the SBS block copolymers. (a) and (b) R-1; (c) L-1. 
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natively by making the analogy between electrical conductivity and gas permeability. 
The value of T was calculated as 1.086 by using the expression given by Barrer and 

 others.9b) The value can be compared well with that calculated above. 
   For the sample L-1 in view of the schematic diagram shown in Fig. 11(c), the factor 

to account for the tortuous path is 

 T(42).              L cos                ~' 

As described before, the arrangement of the polystyrene lamellae referred to the direction 
normal to the film surface is quite at random. Accordingly, by averaging with respect 

to 0', the tortuosity factor can be evaluated as V3/2=1.225. 
   By taking account of the two effects, i.e. the reduction in mobility of the polybutadiene 

chains and the tortuous diffusion paths, due to the presence of almost impermeable domains 
of polystyrene, the permeability coefficient for homopolybutadiene PB may be considered 
to be represented as follows in the block copolymer films, that is 

  PB*=----(43), 

T where PB* denotes the permeability coefficient for gas permeation through the poly-
butadiene phase in the copolymer. This equation is quite analogous to that has been 

proposed by Michaels and Parker to interpret the sorption and flow behavior of various 

gases in polyethylene.9) In their treatment 13 is called the "chain-immobilization factor," 
and 1/13 represents the fractional reduction in diffusivity attributable to restriction of chain 
movement in the amorphous phase of polyethylene. The values of PB* may be calculated 
by using the relation given in Eq. (35), which has been derived from the assumption that 
contributions from the each polymer component to the total permeability are simply 
additive. The product T/ thus evaluated is given in Table VII. 

   The values of To for the sample R-1 are close to unity. Therefore, in the R-1 film 
both T and fl may be considered as to be nearly equal to unity, and concerning the tortuosity 
factor this is in harmony with the result of model calculation given above. The values 
of the product Ti3 for the sample L-1, on the other hand, are all greater than unity. In 

part the results may be explained in terms of the somewhat greater value of T for L-1, 
1.225, which was evaluted with the model shown in Fig. 11(c). Nevertheless, an expla-
nation would be required for the greater value of the product for nitrogen. The results, 
together with those of the selectivity ratios given in Table VI, may be interpreted tempo- 

              Table VII. Estimated Product of the Tortuosity Factor, T, and the 
                         Chain-Immobilization Factor, at 25°C 

                Gas 
          R-1L-1 

   He1.Oo1.10 

    Ar0. 791. 21 

    N20. 8,1. 59 
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rarily as that  / might increase with increasing the size of penetrant molecule, since the 
thicknesses of polybutadiene layers in the sample L-1 are fairly greater than the diameters 
of gases and the factor T is considered to not vary much with the size of gas molecule. 

   From the definition of the factors T and /3, the product 173 can also be evaluated from 

the diffusion coefficient. However, the literature values of pure polybutadiene are limited 
only to argon and nitrogen, and also unfortunately the values of diffusion coefficient for 
helium to the block copolymer samples have not been measured in the present study. 
At present, measurements of the permeability coefficients of various inert gases through 
homopolybutadiene samples, in which the isomer contents are nearly equal to those of 

polybutadiene block chains of the present copolymer samples, are in progress at our 
laboratory together with measurements of the diffusion coefficients of helium in the both 
copolymer samples. Therefore, we will reserve our conclusion concerning the two im-

pedance factors in the block copolymer system until a forthcoming report will be published. 
   The results given in Table IV show that the values of D decrease with increasing 

the molecular diameters of the inert gases, except for that for nitrogen. This implies that 
the diffusion process of the system concerned is governed by the activated diffusion mecha-
nism. A fundamental relationship between the entropy and the energy of activation has 
been demonstrated by Meares.59) The application of the theory of absolute reaction 
rates to diffusion°) gives 

      *l       D=ea2khexp(~R----)exp (—ED 
       l(44) 

where LS* is the entropy of activation associated with a mole of unit diffusion acts, A 
the unit distance travelled, and e, k, and h have their usual meanings. Comparison 
with Eq . (22) shows 

    Do= eA2 h exp(R)(45). 
Meares has considered that diffusion takes place along a cylindrical volume of 7rd2A/4, 

 40 ------------------------------------------------------------------------- 
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                     10 — 

                                            Ar N2 
                                  KrXe 

          00.05 0.100.15 0.20' 
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            Fig. 12. Plots of activation energy for diffusion vs. square of gas diameter. 
                   SBS block copolymers : 0, R-1; Q, L-1. 
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    where d is the diameter of the gas molecule, and that the activation energy for diffusion 

    may be equated to the product of the cohesive energy density of the polymer, Ec, and the 

    volume of the path of unit diffusion step; that is 

    ED=4d2ANEc(46). 

       The plots of ED against d2, from gas viscosity data,61) are exhibited in Fig. 12. It 
    is seen that fairly linear relations from origin are obtained for  the  both block copolymers. 

    If it is assumed again that the diffusion behavior of the gas molecules through the poly-
    butadiene phase is primarily responsible for the total diffusion behavior through the 

    copolymer films, then using the value of Ec for polybutadiene we may estimate the mean 
    length of diffusional jump, Am, for the respective block copolymer samples. The value 
    of Ec for polybutadiene was evaluated as to be 272 J/cm3 from the solubility paramer of 

    the polymer.62) The values of Am thus estimated are 1.4 and 1.2 nm for the sample films 

             Table VIII. Entropies of Activation for Diffusion at 25°C. AS* in J/(mol K) 

AS* 
                     Gas 

R-1L-1 

     Ar—33.1—26.8 
     Kr—43.5—38.9 
     Xe—27.6—39.3 
     N2—1.8—13.8 

0— 

                                -10 — 

                                                                    • 

O 
E -20 

       *0")• • 
                              -30 — 

                                                 • 

           -40 —o 0 

                                              •        

I I               50
010 20 30 

                                           ED kJ/mot 

               Fig. 13. Linear relation between energy and entropy of activation for diffusion. 
                      SBS block copolymers : •, R-1; Q, L-1. 
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R-1 and L-1, respectively. Somewhat smaller value of  Am for the L-1 sample seems to 

harmonize well with greater values of ,B for the greater gas molecules, discussed in the 
foregoing lines. 

   The values of dS* are then calculated from Do at 25°C by using Eq. (45). The 

results are given in Table VIII. The linear dependence of AS* on ED has been predicted 

by Barrer for a process in which the activation energy is shared between a number of 

degrees of freedom in a zone of activation.63) The linear relationship between AS* and 

ED for the present systems is clearly indicated by the plots shown in Fig. 13. The full-

filment of this condition, which is valid for viscous flow in liquids and diffusion in polymers 

in the rubbery state, is considered as another rather convincing demonstration that the 

permeation and diffusion behavior in the block copolymer samples is governed mostly 
by that in the rubbery polybutadiene matrix at least the kinetic nature of the process is 

concerned. Also, the results appear to lend a support to the view that the transport 

behavior of the respective domains, being separated distinctly, may be well represented 

additively the independent contributions from each domain, though some secondary effect 

due to the interaction between the domains may be infered. 
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