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ABSTRACT: A new semimicro method for the determination of the solubility of hydrogen in 0.5-g or smaller samples of 
polyethylene is described. The method is based on the use of a gas chromatograph with special types of sample loops. In 
agreement with previous findings of Michaels and Barrer on other gases, the solubility was found to be a linear function of 
the amorphous fraction. This was not true, however, for irradiated polyethylene or for a sample of polyethylene containing 
extended-chain crystals. 

n this paper a new method for the determination of the I solubility of hydrogen in linear polyethylene (PE) is de- 
scribed. Whereas Michaels and Parker' required 150 g of 
sample and Ash, et a1.,2 20 g in their techniques, our method 
gives satisfactory results with only 0.5 g or less of sample. In 
neither of the important investigations of Michaels, et a1.,'b3 or 
Ash, et a1.,2 was linear PE investigated. We also give below 
provisional da ta  for the solubility of HZ in irradiated linear 
PE and in a sample of extended- chain high-density PE. 

Experimental Section 
(A) Materials. Unless otherwise stated all of the PE samples 

were prepared from Marlex-6002 film. Table I lists their densities, 
weights, and approximate thicknesses. Sample 1 was the film 
as received. Samples 2 and 3 were cylindrical samples formed by 
melting the PE in a glass tube under nitrogen and cooling to  room 
temperature. Sample 4 consisted of several sheets of the film 
pressed together and melted between glass plates and then cooled 
to  room temperature. Samples 5 and 6 were the same as 4 except 
they were rapidly cooled with cold water. Samples 7 and 8 were 
similarly prepared except that they were cooled slowly from 180" 
to room temperature. Sample 9 was a sample of PE crystallized 
at 226" and 4700 atm by Professor B. Wunderlich4 in 1963. The 
density and crystallinity values were supplied by him. Sample 10 
was PE y irradiated to a dose of 22.2 Mrads in GUCUO at room tem- 
perature and then immediately exposed to the air. Sample 11 was 
prepared by pressing several layers of film between glass plates, 
heating to the melting range, and then quenching in ice water. 
Sample 12 was sample 11 irradiated to 13.2 Mrads, annealed a t  150" 
until clear, and quenched in ice water. The resulting y-irradiated 
sample was much clearer than the original sample before irradia- 
tion. It is well known6 that irradiation of PE inhibits crystalliza- 
tion on cooling from the melt but does not materially affect the 
crystallinity if irradiated at room temperature without further heat 
treatment (as was the case with sample 10). 

The weight fraction of amorphous content, cylvv, was calculated 
from the equation 

an = 5.814~ - 5.831 at 30" 

where G is the specific volume of the sample. The numerical 
factors were calculated taking the specific volumes of the 100% 
crystalline and amorphous fractions equal to 1.003 and 1.175 cm3 
ggl, respectively, as estimated at 30" from the values used by 
Michaels and Bixler3 at 25". The density data of Table I were 
determined at 30" in a density gradient column. 
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The gases used were Linde hydrogen, listed at 99.5% purity, 
and CP grade Matheson deuterium, listed at 99.5% (atom) mini- 
mum. 

(B) Sample Loop and Vacuum System. A vacuum system was 
constructed so that the Pyrex glass loop containing the sample could 
be either evacuated and filled with hydrogen at a specified pressure 
or purged of hydrogen by means of a rapid blast of nitrogen gas. 
The glass loop is illustrated in Figure 1 and was attached to the 
vacuum line by means of rubber tubing on the glass tubes at the left 
of the drawing. The PE sample was placed in the loop just to the 
right of the ball joint on the lower half of the detachable U tube. 

After evacuation, hydrogen was admitted to the sample loop 
and pressure adjusted so that later when the sample loop was re- 
moved from the vacuum line and immersed in a constant-tempera- 
ture bath, the pressure was exactly 1 atm at the selected tempera- 
ture. One experiment was done at 0.5 atm to test Henry's law. 

After solubility equilibrium had been attained after 24 hr or more, 
the ambient hydrogen was swept out of the sample loop by the blast 
of nitrogen described above, and then the loop was removed from 
the constant-temperature bath; after a resting period of 24 hr the 
loop was connected to  the gas chromatograph (gc) input system. 
The special gas inject system for the gc included a Varian Aero- 
graph nut-type six-port gas sample valve which made it possible to 
sweep the hydrogen which had diffused out of the sample into the 
gc. 

Inasmuch as the gc measured moles of hydrogen directly, after 
calibration, it was unnecessary to  know the volume of the sample 
loops. However, the volume of one loop, 2.4 ml, was determined 
in order to use it in measuring out the moles of hydrogen or deu- 
terium necessary to  calibrate the gas chromatograph. 

(C) The Gas Chromatograph. The gc was a Labline Chromalyzer 
100 gas chromatograph containing a column packed with 13A 
molecular sieve and held at 152". It was found necessary to re- 
place the matched @ohm tungsten filaments in the thermal con- 
ductivity bridge about once every 6 months in order to reduce the 
noise and restore the sensitivity to normal. The detectors were 
obtained from the Burell Corp. of Pittsburgh, Pa. Calibration 
curves were linear, extrapolating to zero response a t  0 mol of HB 
gas. The slopes of the lines were 1.68 X 10-9 mol of HB and 2.72 X 

mol of D2 per unit area, calculated at the same bridge current 
in each case. Oxygen, indicative of a vacuum leak, showed up as a 
shoulder on the hydrogen peak. Nitrogen was the carrier gas. 
The area of the gc signal on the recorder was calculated by multiply- 
ing the height by the width a t  half-height. 

After the first injection of hydrogen into the gc, the sample was 
allowed to stand again for another period of about 12 hr before a 
second injection. It was found that the amount of hydrogen that 
could be detected on a third injection was the order of magnitude 
of the experimental uncertainty (see Table 11), so that a third in- 
jection was abandoned. The amount of hydrogen injected into the 
gc on the second injection varied from 3 % to less than 1 of that 
of the first injection. 

(D) Corrections for Residual Ambient Hydrogen. One of the 
greatest difficulties in solubility coefficient measurements by the 
equilibrium method is to remove all ambient hydrogen from the gas 
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TABLE I 
PROPERTIES OF POLYETHYLENE SAMPLES STUDIED 

Sample Density, g ml-l, Thickness 
no. at 30” Weight, g (4, cm 

1 
2 
3 
4 
5 
6 
7 
8 
9a 

lob 
11 
12c 

HZ Experiments 
0.9570 0.2201 
0.9684 0.1930 
0.9661 0.3700 
0.9564 0.5471 
0.9502 0,3927 
0.9491 0.5392 
0.9711 0.6664 
0.9667 0.2890 
0.9938 0.2128 

0.9523 0.4955 
0.9490 0.4725 
0.9322 0.7135 

(250) 

0.025 
0,370 
0.570 
0.175 
0.090 
0.121 
0.480 
0.195 
0 . 1  

0.121 
0.240 
0.240 

D2 Experiments 
3 0,9661 0.3696 0,570 
4 0.9564 0.7029 0.175 
7 0.9711 0.6397 0.48 

Extended chain. b Sample 6 irradiated to 22.2 Mrads. c Sam- 
ple 11 irradiated to 13.2 Mrads. 

TABLE I1 
EXPERIMENTAL DATA FOR A TYPICAL EXPERIMENT, 

SAMPLE 3 AT 250a 

tl, hr 24 ta, hr 12 U 0.637 
t ~ ,  sec 5 A2 2.53 ucorr 0.645 
M l / M ,  0.012 t s ,  hr 12 
t3 ,  hr 24 A3 1.70 aW 0.186 
A1 76.08 Aa 10.0 ua 3.47 

Solubility data in grams of Hz per 100 g of PE X lo4 a t  1 atm of 
pressure: 0.3700 g of PE, I = 5.70 mm. tl  = HZ sample equilibra- 
tion time, 12 = flushing time, t 3  = time between flushing and first 
injection, f a  = time between first and second injections, f 5  = time 
between second and third injections, A I  = chromatogram area on 
first injection (area units in millimeters X centimeters), Az = chro- 
matogram area on second injection, A 3  = chromatogram area on 
third injection, A a  = chromatogram area equivalent to dead space 
hydrogen--to be subtracted from the total of A1 + A2 + A $ ,  u = 
solubility coefficient as measured from AI + AZ + A S  - A d ,  ueorr = 

solubility coefficient after correcting for diffusive loss of hydrogen, 
u3 = corrected solubility coefficient divided by weight fraction 
aW of amorphous content to yield solubility of hydrogen in 100% 
amorphous PE. 

space about the sample without leaving any residual ambient hy- 
drogen in the loop, which would later be included as part of the 
dissolved hydrogen, and at the same time preventing as far as possi- 
ble diffusion of dissolved hydrogen out of the sample. In our work 
we used a 5-sec flush; that is, after hydrogen solubility equilibrium 
was attained, both valves of the sample loop (Figure 1) were opened 
for 5 sec. During this 5 sec flush nitrogen at 1.2 atm of pressure 
expanded out of a N2 ballast bulb, through the sample loop, sweep- 
ing the hydrogen before it into 2- and 5-1. vacuum ballast bulbs. 
The rotary pump at the same time was pumping on the system. 

To test the efficiency of ambient hydrogen removal by this 
method, a solid glass sample of approximately the same dimensions 
as the PE samples was inserted into a sample loop and the loop was 
filled with hydrogen at 1 atm of pressure and then given the 5-sec 
flush. After the 5-sec flush, the residual hydrogen left in the sample 
loop was swept into the gc by means of nitrogen and the amount of 
hydrogen was determined. For PE samples weighing 0.5 g, the 
correction for the residual hydrogen was about 10% of the total 

Macromolecules 

I SAMPLE LOOP I ‘3 JOINT 

Figure 1. 
ating position). 

View of sample loop (rotate through 90” for actual oper- 

dissolved hydrogen (at 1 atm of pressure). The residual hydrogen 
correction varied somewhat from loop to loop, with the shape of the 
sample and with the amount of grease on the stopcocks. In 
general, the correction could be determined to = t 5 %  so that the net 
uncertainty in the solubility coefficient was 5 %  of 10% or about 
0.5%. 

(E) Corrections for Diffusive Loss of Dissolved Hydrogen. Dur- 
ing the flushing period, some of the hydrogen diffuses out of the PE, 
and this loss must be corrected for. Following the nomenclature 
of Ash, et a/.,z let M l / M ,  be the fraction of the hydrogen dissolved 
in the PE which diffuses out during the flushing time t .  According 
to diffusion theory, the diffusion out of the polymer can be ex- 
pressed by the following equation, valid for values of M J M ,  up to  
50x6 (if D is constant with time) 

MJM, = 4(Dt/~l2)>”’ (2) 
where D is the diffusion coefficient in square centimeters per second, 
t is the time in seconds, and I is the thickness of the sheet in cen- 
timeters. Rearranging eq 2 

( M ,  - MZ) = M ,  - 4M(Dt/nP)”‘ (3) 
The left-hand side of eq 3 is the moles of hydrogen dissolved in 
the PE minus that lost during flushing and is equal to u after multi- 
plication by a factor which converts the measured M ,  - Mt to 
grams of H? per 100 grams of PE. Hence, knowing M ,  at zero time 
and the slope of the lines of Figure 2, the diffusion coefficient, D, can 
be calculated. 

Equation 3 also predicts that the thicker the sample the less the 
relative loss of the dissolved hydrogen during the flushing period. 
This prediction is verified by the data of Figure 2, where the much 
smaller slope of the line representing the data of the thick sample 
can be seen. 

Data for a typical experiment are given in Table 11, where the 
finally calculated ua value represents the grams of hydrogen dis- 
solved at 1 atm of pressure in 100 g of a hypothetical 100% amor- 
phous polymer. 

In most of our experiments the dissolved hydrogen was measured 
only after a 5-sec flush. In this case, Mt/Mm of eq 2 was calculated 
knowing D and t ,  and the resulting ratio was used to convert u to  
door? by dividing u by 1 - (Ml /M,) .  The diffusion coefficients at 
different temperatures used in our calculations were estimated 
from the values for branched PE at 0.56 volume fraction of amor- 
phous polymer given by Ash, et ~ l , , ~  by multiplying the latter values 
at each selected temperature by the ratio cu,,./0.56. The values of D 
for deuterium were assumed to be equal to the values for hydrogen 
after division of the latter by dF 
Data and Discussion 

These calculations will be discussed below. 

All of the measured solubility values in units of grams of Hz 
per 100 g of PE are collected in Table 111. With the exception of 

(6) J. Crank and G. S .  Park, “Diffusion in  Polymers,” Academic 
Press, New York, X. Y.,  1968, p 16. 
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TABLE I11 
SOLUBILITY DATA FOR HYDROGEN IN POLYETHYLENE" 

ucorr x 
Sample D x 106, 104 us x 104 

no. M , / M ,  cmz sec-l g of Hz/100 g of PE 

6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

2 
4 
6 
9 

10 

3 
5 
6 
9 

0.245 
0.175 
0.186 
0.250 
0.285 
0.297 
0.157 
0.181 
0.031 
0.274 
0.297 
0.407 

0" 
0.031 0.8  

25 O 
0.239 1.89 
0.017 1.35 
0.012 1.47 
0.044 1.92 
0.093 2.22 
0.069 2.27 
0.012 1.22 
0.034 1.44 
0.026 0.15 
0.067 2.12 
0.035 2.28 
0.040 3.07 

35.5" 
0.020 2.4 
0.053 3.4 
0.087 4.4 
0.033 0.38 
0.083 4.4 

45.5" 
0.016 3 .8  
0.134 5 . 7  
0.101 5.9 
0.038 0.58 

0.813 

0.783 
0.576 
0.645 
0.803 
0.948 
0.951 
0.548 
0.646 
0.559 
1.09 
1 .31  
1.50 

0.645 
0.900 
1.02 
0.580 
1.33 

0.735 
1.090 
1.097 
0.598 

2.74 

3.20 
3.29 
3.47 
3.21 
3.33 
3.20 
3.49 
3.57 

3.97 
4.41 
3.68 

18.3 

3.69 
3.60 
3.43 

4.84 
19.0 

3.95 
3.82 
3.69 

19.5 

DZ Solubility 
g of Dz/100 g of PE 

3 
4 
7 

3 

25 O 

0.010 1.05 1.44 7.74 
0.037 1.36 1.90 7.59 
0.011 0.87 1.34 8.53 

35.5" 
0.013 1.85 1.65 8.87 

a Grams of gas per 100 g of PE at 1 atm of pressure. CY,+. was 
taken to be the same at 0,355, and 45.5" as at 25". 

the data for  sample 6 a t  O", sample 7 (D2 experiment) a t  25", 
sample 10 a t  35.5", and sample 3 and sample 9 a t  45.5", all of 
the ueorr values are averages of two o r  more experiments. The 
ua values are ucorT/a,,, or the solubility of hydrogen in  grams 
calculated for  100 grams of 100% amorphous polymer. All 
of these values should be equal if the hydrogen dissolves only 
i n  the amorphous fraction and if the nature of the amorphous 
fraction is independent of the degree of crystallinity. The 
latter postulate can be tested by plotting ueorr as a function of 
a,,. This is done in  Figure 3, where it can be seen, in agree- 
ment with the previous observations of MichaelsL3 on  many 
gases (but not hydrogen) that there is a linear relation between 
the solubility and amorphous content. Hence the accuracy 
of the data  can be judged by comparing the values of 6, of 
Table 111 (omitting data for  samples 9-12 inclusive). The 
average deviation for the data a t  25" from the mean value of 
3.35 X 10-4 is 0.13 X or  3.9 %. I n  the case of repetitive 
experiments, the reproducibility of the data  was obtained to  
within =t 1 z and for the larger samples to  &0.5 z. 

As mentioned above, the M,/M,  ratios of Table I11 are the 
fractions of hydrogen believed to  have diffused out  of the 

$ 1  I 

I O  301 
I 1 

I 2 3 4 5  

( e o ' z  

Measured solubility of hydrogen as a function of the Figure 2. 
square root of the flushing time: (0) sample 1, (0) sample 8. 

""1 4 0  / 

sample during the 5-sec flushing period. These values are all 
less than 10% except for the film, sample 1, and for  samples 
5 and 6 a t  45.5". In the case of sample 5 a t  45.5" with an  
M,/M,  value of 0.134, the uncertainty in  uCorr due to this 
correction factor would be only about 0.7 % even if D were in 
error by 15 z because M 1  is proportional to  D' -, 

The M t / M ,  ratio for the film sample, sample 1, is very 
large, 0.239. This means that 24% of the hydrogen diffused 
out  of the thin film during a flushing period of only 3 sec. I t  
will be noticed from Figure 2 that the ordinate of the straight 
line extrapolated to  zero time for  the film sample, sample 1, 
namely, 0.704 x g of H2/100 g of PE, is considerably less 
than the value of u,,,, for  sample 1, or 0.783 x given in 
Table 111. The value in  Table I11 was obtained by correcting 
umel.d for the 3-sec flush time by dividing it by (1 - MJM,) 
as explained above. Here M J M ,  was calculated from eq 3 
using a value of D equal to  1.9 x cm2 sec-1, as estimated 
from the data of Ash, et al.2 If the diffusion coefficient is 
calculated from the slope and intercept of the sample 1 curve of 
Figure 2, the low value of 1.25 x cm* sec-1 is obtained. 
This low value is due either to  a different type of diffusion in  
the partially oriented film o r  to  a marked change of D with 
concentration which would make most uncertain the extrapo- 
lation of Figure 2. 
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Figure 4. Logarithm of solubility in 100% amorphous polymer as 
a function of reciprocal temperature: curve 1, bulk polyethylene; 
curve 2, irradiated polyethylene; curve 3, extended-chain crystals ; 
curve 4, deuterium in bulk polyethylene; right-hand scale for curve 
5 .  

It is interesting to compare pur mean value at 25" of 3.35 X 
g of H2/100 g of PE with the value calculated by Ash, 

et a1.,2 0.034 cm3 of H2 at  STP/cm3 of PE at  1 atm of pressure 
for 100% amorphous polyethylene. Taking the density of 
the latter3 to be 0.854, the result of Ash, et a1.,2 is 3.58 X lop4 
g of Hz/lOO g of amorphous PE. This value is about 6 %  
higher than ours. The polyethylene used by Ash, et was 
apparently a low-density, branched PE. 

The  heats of solution of hydrogen and deuterium as calcu- 
lated from the slopes of the In va us. l / T  plot of Figure 4 are 
1.3 and 1.9 kcal mol-', respectively. In  the previous work,2 
Ash, et al., found 2.2 kcal mol-1 for hydrogen in their PE. 
Ail of these heats are endothermic which means that the hy- 
drogen or deuterium gas solubility rises With temperature. 

The data of Ash, et a/.,* agreed with Henry's law over the 
pIessure range 0-250 Torr. We made one measurement at 
0.465 atm of pressure in the case of sample 5 at 25" and ob- 
tained a value of 0.464 X lop4 g of H 2  per 100 g of PE,  as com- 
pared to 0.433 X and 0.449 X lov4 for two experiments 
using sample 5 at 1 atm corrected to a pressure of 0.465 atm. 
Thus, within the limits of experimental uncertainty, Henry's 
law appears to be valid up to 1 atm. 

Especially interesting are the data obtained in the case of the 
extended-chain and highly crystalline sample 9 of Table I. 
These data were unusually high when reduced to 100% amor- 
phous content. Furthermore, the change in solubility with 
temperature was small (see Figure 4) and resulted in a heat of 
solution of only 0.6 kcal mol-'. If these results on this one 
sample are correct, we have to conclude that the mechanism of 
solution of hydrogen in the extended-chain sample is different 
from that in ordinary bulk polyethylene. 

Equally interesting is the effect of irradiation on the hydro- 
gen solubility in PE. Sample 10 was sample 6 irradiated to a 
dose of 22.2 Mrads and then exposed to  air before making the 
solubility measurements. There may have been some post- 
irradiation oxidation of the sample but not enough, we believe, 
t o  affect the solubility materially. If the PE is given a post- 
irradiation annealing to eliminate trapped free radicals and 
thus to  prevent postirradiation oxidation, the crystallinity is 
drastically diminished and the density reduced to 0.932; see 
sample 12 irradiated to 13.2 Mrads, Table I.  Both of the ir- 
radiated samples show an increase in us, with the increase of 
sample 10 being greater than that of sample 12, as would be 
expected because of almost double the irradiation. If the 
temperature of the sample is maintained at room temperature, 
the irradiation produces no significant changes in the crystal- 
linity at these relatively low doses.5 Hence the solubility in- 
crease cannot be explained in terms of increased amorphous 
content of the sample. Probably the irradiation produces de- 
fects in the solid such as branch points (cross-links) and un- 
saturated groups. As the irradiation proceeds, hydrogen is 
evolved in the crystalline as well as in the amorphous region 
and has to force its way out of the solid. This action of the 
hydrogen may produce fissures or channels in the PE which 
would promote the solubility of the hydrogen. The increase 
in the endothermic heat of solution o n  irradiation from 1.3 to  
3.4 kcal mol-l (see Figure 4) may be the result of cross-linking 
in the amorphous regions which would restrict the molecular 
motions necessary for solution of the hydrogen to occur. 
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