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Synopsis 

The sorption and the transport of He, Ar, N,, CH,, and COP in miscible poly(methy1 acry- 
lateXPMA)/poly(epichlorohydrinKPECH) blends from 1 to 20 atm at 350C are reported. For 
He, Ar, N2, and CH,, the permeabilities and the diffusion time lags are independent of the 
upstream pressure, if the compaction effect resulting from compression of the polymer mem- 
brane onto the supporting medium is eliminated. The permeability of C02 increases with 
upstream pressure but solubility follows a simple Henry’s law behavior. For all five gases, 
the dependence of solubility, diffusion coefficient, and permeability on blend composition are 
compared with theoretical mixing rules with the conclusion that both the interaction energy 
density and the excess activation energy for gas diffusion in the blends are near zero. The 
fact that the specific volumes of the blends exactly follow linear additivity also confirms that 
only very weak interactions exist between PMA and PECH. 

INTRODUCTION 

Relatively few studies of sorption and transport of small molecules in 
polymer blends have appeared in the past decade considering the rapid 
growth during this period of the literature on polymer blends.’ However, 
several early reports by Shur and RanbyS7 contrasted the difference be- 
tween the mixing rules for gas transport in miscible and immiscible blends. 
For immiscible blends, an Sshaped curve is usually observed when the 
logarithm of the gas permeability is plotted vs. blend composition, which 
is easily understood by appropriate application of Maxwell’s equation or 
other similar relations for multiphase ~ y s t e m s . ~ ~ ~  For miscible blends, on 
the other hand, linear relations between the logarithm of gas permeability, 
P, and blend composition have been found2s3, i.e., 

1nP = +1 lnPl + +,lnP, (1) 

where and +2 are the volume fractions of component 1 and 2 in the 
blend. However, this relation was not given any theoretical foundation until 
recently. Paul has derived mixing rules for transport of gases in multicom- 
ponent polymers and showed that eq. (1) is a special case of more general 
mixing rules applicable only under certain conditions.1° 

It should be pointed out here that sorption and transport of small pen- 
etrants in miscible polymer blends are often complicated by the following 
which must be considered before interpreting plots of any coefficients or 

Journal of Applied Polymer Science, Vol. 30, 1173-1186 (1985) 
@ 1985 John Wiley & Sons, Inc. CCC 0021-8995/85/031173-14$04.00 



1174 CHIOU, BARLOW, AND PAUL 

parameters vs. blend composition. First, the observation temperature may 
be below the glass transition for one component of a blend and above the 
glass transition for the other component with the result being for a miscible 
system that the mixture is glassy over a portion of the composition range 
and rubbery over the remainder. It is well known that the mechanisms for 
sorption and transport in rubbers and glasses differ rather significantly 
and different models are needed to describe their behavior." Second, one 
or both components may be crystalline with the result being that the frac- 
tion of the mixture which is amorphous varies with blend composition. 
Furthermore, the composition of the amorphous phase, where all sorption 
and transport occurs, will not be the same as the overall composition of the 
blend when a portion of one component is removed to form a crystalline 
phase.', Third, the permeability and solubility coefficients may depend on 
pressure or concentration in a variety of  way^'^,'^ and care must be exercised 
in selecting a common basis for comparison of one blend composition with 
another. A useful approach in such cases15J6 is to employ an appropriate 
model from which pressure or concentration independent parameters can 
be deduced and then examine mixing rules for these parameters. 

To test the mixing rules for gas sorption and transport in a miscible 
polymer blend system in the absence of some of the complexities mentioned 
above, the poly(methy1 acrylateYpoly(epich1orohydrin) blend system is a 
good candidate. PMA and PECH are miscible as concluded from the single 
composition dependent glass transition temperature shown for the blend" 
in Figure 1. Because both polymers are amorphous and rubbery, their blends 
are also amorphous and rubbery. Thus, no variation of the sorption or the 
transport mode occurs as blend composition varies. The purpose of this 
study is to measure the solubility, diffusion coefficient, and permeability 
of He, Ar, N,, and CHI, as well as CO, in these blends, and then to examine 
how their dependence on blend composition compares with mixing rules 
developed previously.10 

BACKGROUND 

The sorption of a simple gas in a rubbery and amorphous polymer can 
be described by Henry's law 

where C is gas concentration in the polymer phase, p is the pressure in the 
gas phase, and kD is a solubility coefficient. Theoretically, the solubility 
coefficient can be determined from a single equilibrium sorption measure- 
ment or, more accurately, from the slope of a complete sorption isotherm. 
However, for some gases, the low amount of sorption in rubbery polymers 
often makes accurate measurement of sorption very difficult. Therefore, an 
indirect but convenient method is to use the transient permeation tech- 
nique. In this approach, the permeability coefficient is measured in the 
steady state while the diffusion coefficient, if it is concentration independ- 
ent, can be deduced from the diffusion time lag, 8, which is characteristic 
of the time to reach steady state, using 
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Fig. 1. Glass transition data by DSC for PMA/PECH blends. 

D = 12/60 (3) 

Thus, the solubility coefficient, kD is simply calculated from 

P =  k J l  (4) 

This approach has been extensively used for studying sorption and trans- 
port of gases in rubbery polymers, because P, D; and kD can be obtained 
simultaneously from one single transient permeation experiment. However, 
one premise of this approach, i.e., a concentration-independent diffusion 
coefficient, may not always be met even for gases such as C02 .  In these 
cases, the diffusion coefficient is often found to be an exponential function 
of concentration, i.e., 

D = Do exp(pC) (5) 

where Do is the limiting diffusion coefficient at zero concentration, and fi 
is a characteristic constant for the gas-polymer pair. The permeability for 
this case has been shown by Stern and Saxena18 to be given by 

when the solubility coefficient, kD is independent of concentration and the 
downstream pressure is zero. 

From ternary solution theory,'J5J6 the solubility coefficient of a penetrant 
in a blend can be related to those in the constituent polymers by 

where B is the binary interaction energy density between polymer 1 and 
2 and V, is the molar volume of the penetrant. This equation has been 
used,15J6J9 to determine the interaction energy densities from measured 
solubility coefficients for the blend. 

From the activated state theory of diffusion, the diffusion coefficient for 
a penetrant in a miscible blend can be related to those in the component 
polymers by the followinglo 
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1nD = +1 lnD, + +2 lnD2 + (aRT - l)AElz/RT (8) 

where a is a constant and AE12 is the excess activation energy for diffusion 
in the blend. Combining eqs. (7) and (81, the permeability of a penetrant in 
a blend can be expressed by 

Thus, eq. (1) can be seen as the special case when the sum of the last two 
terms on the right-hand side of eq. (9) is zero. 

Another approach to a mixing rule for gas permeability in blends has 
been based on a relation between the permeability coefficient and the free 
volume found by Lee.m If the free volume of the blend is assumed to be a 
linearly additive sum of those for the constituent polymers, the mixing rule 
for the permeability coefficient becomes 

where A is a parameter in the Lee correlation specific for the particular 
penetrant. This equation. can also be reduced to eq. (1) if 1nA > > lnPi or 
when P1 and Pz are similar in magnitude. If there is a volume change on 
mixing, the assumption about additivity of free volume does not hold and 
correction for this fact must be added.1° 

EXPERIMENTAL 

The poly(methy1 acrylate) was supplied by the courtesy of Celanese Chem- 
ical Company. It has a Tg of 18°C by DSC and M, = 576,000 as measured 
by solution viscosity.21 The poly(epich1orohydrin) is a commercial product 
from B. F. Goodrich Company designated as Hydrin 100. This polymer has 
a Tg of -22°C by DSC. Both polymers are in the rubbery state at the 
experimental temperature of 35°C and are totally amorphous. 

Membranes of PMA, PECH, and their blends having weight ratios of 75/ 
25,50/50, and 25/75 were prepared as follows. Homogeneous solutions were 
prepared by dissolving both polymers in hot toluene with vigorous stirring. 
Because both PMA and PECH have Tg’s below room temperature and are 
amorphous, their membranes are soft and sticky. For the purpose of easily 
releasing membranes from the casting surface, the polymer solution was 
poured onto a nonsticking cooking pan placed on a mercury pool to maintain 
a horizontal casting plane. After the solvent was slowly evaporated at am- 
bient conditions, the membrane was further dried in an oven at 75°C for 
one day and then at 110-120°C for another 1-2 days. To release the mem- 
brane from the pan, the latter was placed on dry ice for about 10 min to 
stiffen the membrane so it could be peeled off. Finally, the membrane was 
cut to the desired shape. The thickness of the membrane was gauged by a 
micrometer with an accuracy of 0.001 mm. For C02 sorption experiments, 
membranes were cast on flat aluminum foil. After the same drying pro- 
cedures described above, the membrane, still adhered to the aluminum foil, 
was cut into strips, coiled, and inserted into the sorption cell. The volume 
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of the aluminum was subtracted from the dead volume of the sorption cell 
in obtaining the sorption isotherm. 

The apparatus and the experimental techniques used in this study were 
the same as those described earlier.22 Gas sorption experiments were done 
in a dual volume cell where the amount of gas sorbed by the polymer was 
monitored by pressure transducers. In the gas permeation experiments, the 
membrane was sealed on a porous stainless steel disc which divides the cell 
into upstream and downstream sides. 

Densities of the polymers were measured at 30°C using a density gradient 
column based on aqueous solutions of calcium nitrate. The density data 
were also used to calculate the membrane thickness. The agreement be- 
tween this calculated thickness and that measured by the micrometer was 
usually within 2%. 

RESULTS AND DISCUSSION 

Density 

The densities and the specific volumes of PMA, PECH, and their blends 
are plotted vs. the weight fraction of PECH in Figure 2. While the density 
curve has a small negative deviation from the tie line, the specific volumes 
follow very closely the line of linear volume additivity. In fact, the line 
shown is the best linear fit to the data. The upper part of Figure 2 shows, 
on a greatly expanded scale a residual plot, i.e., experimental values relative 
to those calculated from the regression line. There is no apparent systematic 
trend in the residual which suggests that the volume change on mixing is 
less than the error in these specific volume measurements which is less 
than cm3/g. This implies that the interaction between PMA and PECH 
is not large. 

u- r I I 1 

0 ? 2 W  
0 20 40 60 80 100 

P M A  W e i g h t  % PECH 

Fig. 2. Densities and specific volumes of PMAIPEXH blends at 300C. Upper part shows 
residual plot on expanded scale. 
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Sorption and Transport of He, Ar, N, and CHI 
The permeabilities of these four gases were preliminarily studied using 

randomly chosen upstream pressures ranging from 1 to about 20 atm. The 
results showed that the gas permeability at lower pressures could not be 
reproduced and appeared to be decreased by as much as 10-20% once the 
membrane was exposed to high upstream pressures such as 20 atm. To 
illustrate this effect in a systematic manner, the upstream pressure was 
sequentially increased from 1-20 atm and then recycled. Figure 3 is a typical 
result showing that the apparent permeability of Ar in PECH decreases 
with upstream pressure, while the diffusion time lag increases. In the first 
cycle, the permeability decreases 20% as the upstream pressure increases 
from 1 to 20 atm while the time lag increases 12%. In the second cycle, 
almost parallel curves to the first cycle are observed, except that the pernie- 
ability is smaller and the time lag is larger than in the first cycle at the 
same pressure. Similar results are observed for PMA and PMA/PECH 
blends, but the extents of the decrease in permeability and the increase in 
the time lag become less as the content of PMA in the membrane increases. 
Figure 4 shows that the permeability of Ar  in PMA is reduced 12%, whereas 
the time lag increases 6% for the 1 - 20 atm upstream pressure variation 
in the first cycle. 

A filter paper with negligible resistance to gas transport is placed between 
the membrane and the sintered stainless steel support disk as a cushion 
(see inset in Figs. 3 and 4). The filter paper (Whatman, Qualitative 1) is 
softer and has finer pores than the sintered stainless-steel disk. After being 
subjected to a pressure as low as 1 atm on the upstream side of the per- 
meation cell, the membrane was found to stick to the filter paper and could 
not be peeled off. This suggests that compaction of the elastomeric mem- 
branes into the pores of the supporting filter paper occurs which would 
increase the actual gas transport path and in turn decrease the permeation 
rate and increase the diffusion time lag. The fact that results for PECH 

=+ , , , , j 
x 

a 0 5 10 15 20 25 
P ( a t m )  

Fig. 3. Permeability and time lag data for Ar in PECH at 350C. The numbers indicate the 
sequence of measurement. The insert shows the membrane-support assembly. Thickness is 
4.8 mil. 
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Fig. 4. 
4.84 mil. 

Same as Figure 3, except the polymer is PMA. Ar in PMA at 35°C. Thickness is 

are affected more than for PMA is in accord with this speculation, because 
the former is softer than the latter. Thus, without the filter paper the 
stainless-steel support disk would be irreversibly contaminated by these 
elastomers. 

For all of the data reported here, the above mentioned problem was 
resolved by using the following two measures, simultaneously, to get near 
compaction-free results. The first was to use thick membranes (7-10 mils) 
since the relative contribution of the transport resistance at the membrane- 
filter paper interface will be less the thicker the membrane is. The second 
was to employ the lowest possible upstream pressure, about 1 atm, to min- 
imize the force of compression. In fact, one can get compaction-free data 
by extrapolating the curves in Figures 3 and 4 to zero pressure. However, 
these results differ from those at 1 atm by less than 2% so that all the data 
presented and compared in this section, unless otherwise specified, were 
obtained at 1 atm upstream pressure with the conventional membrane- 
support assembly. 

=e 4 
h 0 5 10 15 20 25 

p (atrnl 
Fig. 5. Same as Figure 4, except the inset shows the modified membrane-support assembly. 

Thickness is 8.7 mil. 
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In the final stages of this work, a modified membrane-support assembly 
was devised which completely eliminates the compaction problem giving 
permeabilities and time lags completely independent of upstream pressure. 
In this assembly (see the inset in Fig. 51, a piece of thin polyethylene (PE) 
film about 0.5 mil thick is placed between the elastomeric membrane and 
the supporting filter paper. Obviously, the PE film prevents the membrane 
from contacting or being compressed into the pores of the filter paper. The 
gas transport resistance in the PE film is negligible compared with that 
for PMA/PECH membranes. This can be seen from the following equationz3 

where Z is thickness. Designating the PE layer as 2, we have typically 1, 
= 15 - 20 Z2, and P2 = 11 - 14P1 since the measured N2 permeability in 
PE film is 2.6 Barrer whereas those for PMA and PECH are 0.19 and 0.24 
Barrer, respectively. Thus, the gas transport resistance in the PE film, Zz/ 
Pz, is only 0.4 - 0.6% of that in the PMA/PECH membrane, Zl/Pl, which 
is negligible considering other sources of error. 

Figure 5 shows that the permeability and the time lag for Ar in PMA 
are essentially independent of the upstream pressure when the compaction 
problem is eliminated in this way. The permeability, 0.52 Barrer, is the 
same as that extrapolated to zero pressure in Figure 4. The time lag of 25.6 
min in Figure 5 at the thickness of 8.7 mil can be scaled by the Z2 factor 
to be 7.9 min at the same thickness as in Figure 4,4.84 mil. The difference 
between this rescaled time lag, and that extrapolated from Figure 4, 8.1 
min, is within the limits of experimental error. 

TABLE I 
Permeability, Diffusion, and Solubility Coefficients for He, Ar, Nz, and CHI in PMAIPECH 

Blends at 35'C 

PMA 75 PMA/ 50 PMA/ 25 PMA/ PECH 
25 PECH 50 PECH 75 PECH 

10.6 
788 

1.35 
0.511 
5.13 
9.96 
0.187 
3.85 
4.86 
0.235 
1.21 

19.4 

9.04 

1.26 
0.547 
5.95 
9.19 
0.192 
4.42 
4.34 
0.294 
1.67 

715 

17.6 

7.45 

1.14 
0.591 
6.77 
8.73 
0.212 
5.08 
4.17 
0.402 
2.42 

654 

16.6 

6.14 
- 
- 

0.660 
7.92 
8.33 
0.237 
5.95 
3.98 
0.548 
3.33 

16.4 

4.83 

0.990 
0.710 
9.18 
7.73 
0.240 
6.55 
3.66 
0.657 
4.22 

488 

15.6 

cmYSTP). cm 
cm2. s - cmHg' 
cm2 

"P[=] 10-10 

D [ = ]  lo-* -. 
S 

cmYSTP) 
cm3(polym) - cmHg' 

k,[=]  lo-' 
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Fig. 6. Semilogarithmic plots of permeabilities vs. vol % of PECH in blends. T = 35°C. 

The permeability, solubility, and diffusion coefficients for He, Ar, N2 and 
CHI in the PMA/PECH membranes are listed in Table I. The logarithms 
of the three coefficients are plotted vs. the volume fraction of PECH in 
Figures 6-8, respectively, to establish the mixing rules for gas sorption and 
transport in these polymer blends. Within the limit of experimental errors 
(about 3%) no deviations from linear additivity are seen. Consequently, the 
excess terms in eqs. (7)-(9) must be of the same magnitude or less than the 
experimental errors in the measured data. 

Sorption and Transport of CO, 

The permeability of CO, in PMA/PECH blends increases with the u p  
stream pressure as shown in Figure 9 where measurements were made by 
increasing the upstream pressures sequentially from 1-20 atm. Increasing 
permeability with pressure seems to be a general transport property of CO, 

c 

Fig. 7. Semilogarithmic plots of diffusion coefficients vs. vol % of PECH in blends. T = 
35°C. 
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Semilogarithmic plots of solubilities vs. vol % of PECH in blends. T = 35°C. Fig. 8. 

in rubbery polymers. Other polymers, such as a copolymer of vinylidene 
chloride and vinyl chloride, poly(viny1idene fluoride), poly(viny1 acetate), 
and poly(rcapro1actone) examined recently in this laboratory and polyeth- 
ylene studied by o t h e r ~ ~ ~ ~ ~  also show this behavior. This phenomenon is 
generally explained by an exponentially increasing diffusion coefficient 
with penetrant concentration. If the solubility coefficient of the gas is as- 
sumed to be independent of the concentration, the permeability will be a 
function of three parameters, Do, /3, and K D  as seen by eq. (6). Theoretically, 
these three parameters can all be obtained by the fitting of one set of 
permeability versus pressure data to this equation by regression analysis. 
This approach, however, was not used here. Instead, the solubility coefficent 
was measured directly using the dual volume sorption cell; and thus, only 
the other two parameters, Do and P must be deduced by regression of the 
transport data. There are two reasons for doing so. First, the assumption 
of concentration-independent solubility coefficients should be tested. Sec- 
ond, this makes determination of the transport parameters more reliable. 
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Fig. 10. Sorption isotherms for COZ in PAMIPECH blends at 35°C. 

The sorption isotherms for CO, in PMA/PECH mixtures are shown in 
Figure 10. Obviously, Henry's law is followed. The solubility coefficients 
calculated from the slopes are listed in Table 11, and their logarithms are 
plotted versus the volume fraction of PECH in Figure 11. In Figure 11, the 
deviations from the tie line are no more than 2%' which is within exper- 
imental error. 

For each blend, the value of KD listed in Table I1 is used in conjunction 
with eq. (6) to find values of Do and p by computer regression analysis. 
These results are also included in Table 11. As seen in Figure 9, the exper- 
imental permeabilities are fitted well by eq. (6). Deviations between the 
measured permeabilities and the calculated permeabilities average about 
2%. These results confirm that the increasing permeability of CO, in PMA/ 
PECH blends originates from an exponentially increasing diffusion coeffi- 
cient with concentration. The logarithm of Do is plotted vs. the PECH 
volume fraction in Figure 12, and a linear tie line represents the results 
quite well which corresponds to the limiting case of eq. (8) when the excess 
term, (aRT-l)AE,,/RT, is essentially zero. As seen in Table 11, the value 
of p does not vary significantly with blend composition. The fact that the 
CO, permeability increases much faster in PMA than in PECH is primarily 
because the former has a solubility coefficient more than a factor of two 

TABLE I1 
Sorption and Transport Parameters for COz in PMA/PECH Blends at 35°C 

kD t Do,  l 3 ,  
cm3 (polym) cm2 

10-8- cm3 (STP) 
cmYSTP) 

cmYpolym) - atm 

PMA 
25/75 
50/50 
75/25 
PECH 

1.981 
1.708 
1.374 
1.153 
0.946 

2.56 
3.03 
3.88 
4.86 
6.09 

0.0605 
0.0570 
0.0569 
0.0540 
0.0542 
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Fig. 11. Logarithms of CO, solubilities vs. blend composition at 35°C. 

larger than that for the latter rather than because of slight differences in 
p. The leveling off of permeability at low pressure is predicted by eq. (6) 
and has been observed for the transport of CO, in poly(viny1 acetate).26 

It is also of interest to rationalize the CO, gas permeability in blends with 
that predicted by the free volume mixing rule given by eq. (10). Because 
the COP permeabilities depend on pressure and the dependency varies from 
one polymer to another, only the zero pressure permeabilities are chosen 
for comparison. The experimental values of Po were calculated from Po = 
kJl,,. As seen in Table 111, the experimental P,'s are quite close to those 
predicted by eq. (1). Because the Po values for PMA and PECH are so close, 
eq. (10) gives predictions identical to those from eq. (1). Note that for COP, 
A is 6 x cm3(STP) cm/s cm2cmHg.10 When PI and P2 are substantially 
different, eq. (10) predicts values higher than given by eq. (1). 

CONCLUSIONS 

The nonreproducible and apparent pressure dependent permeabilities 
and diffusion time lags for He, Ar, N,, and CH, in these elastomeric mem- 
branes observed using a conventional membrane-support assembly have 
been shown to result from the compaction or flow of the membrane into 
the pores of the supporting filter paper. A modified membrane-support 
assembly, which sandwiches a very thin PE film between the polymer mem- 
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TABLE I11 
Comparison of Zero Pressure Permeabilities for Cog in PMA/PECH blends at 35°C with 

Mixing Rules 

PMA 
25/75 
50150 
75/25 
PECH 

6.67 
6.81 
7.02 
7.37 
7.58 

6.88 
7.10 
7.33 

6.87 
7.09 
7.32 

a All permeabilities are in units of Barrers. 

brane and the supporting filter paper, can eliminate this problem and give 
reliable permeability and time lag data for elastomeric materials. 

In contrast to the results for He, Ar, NO, and CHI, the permeability of 
COP in these materials increases with upstream pressure. This is caused by 
a concentration dependent increase of diffusion coefficient since the solu- 
bility coefficient was found to be independent of the equilibrium sorption 
pressure. An exponentially increasing diffusion coefficient with the con- 
centration is found to fit the permeability data well. 

Solubilities, diffusion coefficients, and permeabilities for the five gases 
in PMA/PECH blends were found to follow a simple additivity rule within 
the limit of experimental errors. This along with the linear additivity of 
specific volumes indicate that the binary interaction energy density, B, and 
the excess activation energy of gas diffusion, AEIP, in PMA/PECH blends 
are quite small. This is consistent with inverse gas chromatography results 
for this blend system reported recently.27 

It is instructive to compare the permeabilities measured here for the pure 
components, PMA and PECH, with those reported in the literature where 
possible. For PMA, the present data agree rather closely with that reported 
by Burgess, Hopfenberg, and Stannett.28 On the other hand, our data for 
PECH show considerably higher permeabilities than those listed in a trade 
publication.m While not specified, the latter probably refer to commerically 
compounded materials containing large amounts of filler which would ac- 
count for this difference. It is significant to note that for most gases, PMA 
and PECH are much less permeable than butyl rubber30s31 which is noted 
for its barrier characteristics-butyl rubber is about three times more 
permeable to nitrogen gas. Thus, these blends might be especially useful 
for applications where good barrier properties are required. 

This research was supported by the US. Army Research Office. 
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