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o | FOREWORD -

This report was prepared by the Plax Cor‘poratlon under USAF C(ﬁntrag;t
This contract was initiated under Progect No. 7312,

”Finiéhe's’a.nd Materials Preservation', Task No. 73127, “Packagmg Materials",

‘and was /adm1n1stered under the direction of the Materlals Laboratory, Direc-
torate’ of Research, Wright Air Development Center, w1th Major H. L L1ps1e

actlng as prO]ect engmeer VRN '
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This report covers per1od of work from July 1954 to Apr11 1955
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ABSTRACT

" In this study P-Factors and absorption tests reportéd in 'fsa‘r't_ 3
are analyzed and discussed, together with some data on aqueous solutions
from Part ],
particularly with regard to the logP  vs Ep plot,i" and the results applied
-to recent data on car’bon,tetra.chloride”. / S .

I

It is found that chain branching and 1rrad1a/Lt10n increase swellxng '

coefficients and diffusidén constants at low tempqrgtures, . but decrease them

at very high temperatures.
P-Factors in this perspective is stressed. It
diffusion through polyethylene induces structiral changes in the polymer not

unlike local melting. Theérmodynamical” reasoning also indicates that

frequency and P-Factors incr¢ase with ircreasing rigidity and mass of
- In both respects. carbon tetrachloride shows this increase with

is suggested that activated

penetrant.
polyethylé ne. | L _ . o
- . o o J
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The theory of mass transfer through polyethylene is exiended,

The importance of placing room temperature =
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- THEORETICAL I_NVESTIGATIbN OF THE EFFECTS OF

t MOLECULAR WEIGHT, SIDE CHAIN BRANCHING, AND IRRADIATION ON

THE MECHANISM OF TRANSFER OF MATERIALS TﬁRQUGF POLYETHYLENE.
' . B i

EFresentation of the zgmg.h"ﬂf‘gx Data

i Ixﬂ:roduction. |

\\ )

Thl; report covers a continuation of the study rer)orted on in WADC -

.. Technical Report 53-133, Part 2: "Theoretical, Investlgation of the Mechanism
of Transfer of Materials Through Polyethylene" B .

" The earlier . atudy (Part ) was based on experimental data obtained by
the Plax Corporation on Bakelite's polyethylene DE-2400 and reported-in
‘Part Iz "Investigation of the Shelf Life of Liquids in Polyethylene Bottles'.

. The permeability of Bakelite DE-2400 to approxima.tely forty orga.nic solvents
was studied at five temperatures (32°, 70%, 100°, 130°, and 165°F) ani the"
‘swelling of DE- 2400 to the same solvents, at four temperaturea {322, 70°,
©100°, and . 130°F). ' - o - :
. -
l“ The present studys (Part E)ois based ‘on experimental data .obtained by ’
the Plax Corporation on four different polyethylenes, Bakelite's DE-2450 and
- 'Du Pont's Alathon 10, Alathon S-1439, and Alathon S-1447, and reported in ‘
Part 3 i'Inveshgation of the Effects of Molecular Weight, Chain Branching,
and Irradiation on Polyethylene With Regard to Shelf Life in Bottles'. The
permeability of these polyethylenes, and also irradiated DE- 2450 to approxx-
- mately twenty solvents was studied at four temperatures (70 . 100 130°,
,and 165°F) and swelling, to four solvents, at two temperatures (70° and
" 130°F).

7 In this study, P-Factors and absorption tests reported in Part 3] are
analyzed and discussed, together with some data on aqueous solutions. not
previously considered, from Part I; the theory of the mechaniam of the
" transfer of materials through polyethylene is extended, particularly with
" regard to the logP vs F_:p plot; and the results applied to recent data on

c arbon tetrac hlonde

2. Charactenstics of the Polyethyleneb Considered in thls Study

Before. p:esentmg a summary of - recently determmed P-Factors and_
swclhng indices, on which this report ié largely based, we list below esti,/

e *  Vo e ‘ai

W . .
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mated cryatalunitma and side-chain branching ratio. for the fiVe polyethylenes '
considered in this report (‘I‘able I, Part 3). . b

.
W |

TABLE 1 Co [;'\\

CHARALTERIS'I‘ICS or THF ROLYETHYLENES
CONs :IDERED IN THIS STUDY "

W AN “
Polyethylene ' Melt Index - ' Side Branching
Powder (decigrams/min.) % Crystallinity CH,/100 C Ratio
’ | ' - ..
Bakelite " : - ‘ :
' DE-2400 T 1,04 ’ . 58 . 2.2
DE-2450 ... l.22 .58 7 2.2
Du Pont ' - =~ N ' _
Alathon 10 ./~ -1,93 . 60 1.6
- Alathon §' (1439 1.36 .. oy 60 1.6 -
1.6 .

Ala.i:hon S-1447 4 0. 337 . 60 -

W

“The irrad1a.ted polyeihylene was- Bakelite's DE 2450. Standard ‘4-ounce -
DE-2450 bottles were irradiated with a dosage of 26 megareps by electron
bombardment at the High Voltage Corporation, ‘Cambridge, . Mass.

N o . /)

3. The Master Data! Some Selected P-Factors at 70°, 100°, 130°, and 165° F.
. The data hsted below in.Table II are abstracted from Table I, Part 2,

and Table VII, Part 3e. The order is that of Table I, Part 2, Of the
‘three Du Pont- Alathon polyethylenes, values are given only for Alathon 10,
since all three -- Alathon 10, S-1439, and S-1447 -- had nearly identical P-
Factors for all substances at all temperatures DE-2450-1 represents irradiated
Bakelite polyethylene 2450,

WADC TR 53-133 Pt 3, Sup. 1 e

B
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Penetrant = Temp. D -2400 DE-2450 DE-2450-1  Alaihua 10
Acetic 70°F 3.08 3,24 3.95 2.05
Acid 100°F .° 13.55 V17,7 20.2 12.1
“ 130°F 66.0 66.4 70.9 44. 4
165°F 304.0 319, 344, 221,
Methyl 70°F - 1.22. » 1.1 1.24& 1.03
-~ Alecohol . 100°F .35 L 6.15 7.96 . 4,45
s 1369F 27.8 26.5 28.4 18.5
_ L
n-Propyl | 70°F 70.49,/\\ 0.52. 0.92, 0.25
Alcohol "T08°F $2.89) 4.0g 4,70 2.71 %
13090 - 22.4° 22,4 |, 24,5 14,7
165°F - 0 168, - b7, el 174, 114,
95% 70°F 0.48 - 0.49 0,565 0. 32
_ Phenol 100°F 3.28 ) 4.54 5.25 303
130°F 24,0 7 22.4 . - 25.2 15,0
165°F . 119 151, 164, = = 107,
Cae - i . ‘1\‘
Water - T0°F, 0.28 0.14 0.13 - 0.11
100°F/ 0/84 0.99 " 1,03 0.89
Lo 130°§f( 3.94 3.80 3.91 2. 89
“ _165°F) 18.4; 20.6 22.5 16.2
50% 70°F | - R ----
Sulfuric 100°F ; 0.24 0.29 0.34 0.30
Acid 130°F 2.04, 1.13 1.13 0.94
: 165°F 6.03 6.95 6.90 . 5.68
i \;\
\'i\f:',' “ ' ,// i
 WADC TR 53-133 Pt 3, Sup. I 3

P-FACTORS FOR POLYETHYLENES DE-2400, DE-2450,
~ DE-2450-1, AND ALATHON 10 AT FOUR TEMPERATURES

TABLE II

~(In grams /24 hours/0.001"/100"%

Loy
4
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\
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TABLE II (Cont.)

W

P-FACTORS FOR POLYETHYLENES DE-2400, ’DE;Z450,
DE-2450-1, AND ALATHON 10 AT FOUR TEMPERATURES

DE-2400  DE-2450 DE-2450-1 Alathon

WADC TR 53-133 Pt 3, Sup. 1

' Penetrant . Tamp.
| Aniline 10°F 1."}'1 ) P P 2,07 114
100°F 9.93 12, 8 15,3 9.63
" 130°F 59. 6 60. 4 65.3 42, 4
165°F 294, 340, 340, 250.
Ethyl 70°F 16.55 23.9 28.9 15.1
Acetate . 100°F . . 83.3 140. 154, 94.0
 130°F 378. 368. 486. 324,
165°F 1990. 2990. 2990. 1910,
Amyl 70°F 8.70 9.67 12:.8 5.64
Acetate 100°F 37.7 65.0 75.5 40.3
130°F 269. 256. 285. 164..
165°F 1300. 1630, . 1630. 1120,
Dibutyl’ 130°F 5.70 « - 5.42 6.30 4,31
Phthalate 165°F 27.8 49.3 52.2 37.6
‘Dibutyl 70°F ———- 94.5 115, 55.2
Ether .. 100°F . 407. 430, 579. 250.
L Y 130°F.  1480. 1405, 1400. 875.
165°F  4890. 6300, 604&0. 4470,
. |
)
Benzaldehyde  70°F 6.80 7.03 8. 54  4.35
~ 7 100°F 32,8 49.3 51,9 34.0.
©130°F - 206, 214, 236. 130,
165°F 1060. 1150, 1210. 762,
 Methyl . © 70°F 12,6 . 12.8 149 8. 17
Ethyl - 100°F 60.0 78.5 88.0 51,6
" Ketotie - 130°F 326. 301, 289, 207,
o . 165°F 1401, v 1790, . 1890. 1250,

N

A

i

I\l
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TABLE II (Comt.) = ¢
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 P-FACTORS FOR POLYETHYLENES DE-2400, DE-2450,
- DE-2450-1, AND ALATHON 10 AT FOUR TEMPERATURES

|

Penefrant’  Temp,  DE-2400  DE-2450 DE-2450-1 Alathon 10
o o T . ’T - ) “ ‘ . L . . o B L Iflx
n-Heptane 70° oF- 269. 280. - 305, 162, "
| | 100657 929, 955. . 857.. 589.
130° 2650. " 3750. /{ | 2985. . 2220.
165°F 8163. 9820./ 9130. 7530,
Benzene © 10°F 440. . 461, . s28, _ 269
100°F 1585, 1730. © 1770. . -+ 1195,
130°F 4480, 6050. - 5460, - 4250,
1659F 13670, . 22800.  -25200. . - 15600.
Ortho- 70°F 284, 294. 306, 168,
Xylene - 100°F - 1167. 1160. ..~ 1160 824,
' 130°F . 4270, 4460, 3860, 2800,
165°F  16600. 23400. 17800, 12400,
4, Obeervauons on the Maater Data.. e el
! 0 TN ‘ ,) . . A\ .
- Approximately mnety percent of the t1me, the ‘order of the P- Factors !
'luted over the temperature. interva.l studxed is ’

DE-2450-1 > " DE- 2450 > DL 2400 > -*Alaﬁhon 10.
u) L@ L3

Excludmg f:he case. 05}50% HZSQ@ ‘whic‘ pei-meatee very slowly. there
are, out of 70 comparisons, nine exceptions’ to, mequ..hty (2) between DE- 2450
and DE- 2400. five of thxem among slow, difficult-to- -measure hydrogen- bonded
permeatora. with most of the inver(si(‘ms well w:thin experimental error.

‘There are. only six; out of 60 inversxons of the thlrd mequahty

(between DE-2400 and Alathon 10), all of them seemmgly scattered at random,

with agam no apparent theoretical eigmt‘:.cance. SRR IR S

If we except the P- Factors at 130° and 165°F for the 1a.at three pene-‘,

‘trants (heptane, Ioenzene. and ortho—xylene), only two of the remammg 54

' 1ynverted

i (( :
H Voo gL e
B ,;/ : o
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However, five of the six high temperature P-Factors for the rapid perme-
ators heptane. benzene, and ortho -xylene are inverted.

We conclude from this that over the temperature interval studied a
dose of 26 megareps increases the permeability of  polyethylene to materials
of higl to medium polarity -- with, correspondingly, low to average P-
Factors, but may decrease the permeabxhty of polyethylene ito relatively
‘non-polar substances, like the ahphatu, and aromatic hydrocarbons, which
have large P-Factors. In all cases, however. the’ effec[t of 26 megarens

- M i ]
on permeability is not very great, ‘(“! ; : hE )

"

"5, The Parameters Ep and Po'

: Logarithms of the P-Factors listed in Table Il were plotted against

i - the reciprocal of the absolute temperature. Where the data. plottea up

: smoothly, slopes (-E_ /2. 3R) and intercepts (1ogP ) were determined following

- the methods devélopeg in Part 2 (Section 4) (Page 10).. The results are

. listed below in Table III in the order of the substancea in.Table II. (The
data on DE-2400 are taken from the earlier study’ Table IITI, Part 2.

TABLE III

THE PARAMETERS E AND P, IN THE EQUATION P=P,¢ Fp/RT

(Units on P, Po, Pl; and 'PZ are gms/24 h‘ours/O.‘OOl in/

100 inZ. E, in keal/mole. R : 1.987 cal/deg/mole)

Penetrant and - o -
“PolYeth‘.Ylenhe. s Me/thOd 'l PZ. P . E'P % logP,
. v " I} ( /}}
Acetic A¢id [ LT o ‘
: DE-2480 PII 644  3.00} 17.78 - 13.69
DE-2450 © II . 640 .y 3.35 - 17.40" 13.4¢%
DE-2450-1 Il 640 4,50 16. 42 o 12.8%
" Alathon 10 IT 480 , - 2.20 - ,17.84 13.60
‘ -{Methyl Alcohal L ) . B
" . . DE-2400 - IT . . 241 . |} 1.16 17.67 ©13.20
_ _ DE-2450 . . I1". . 258 S1.10 - 18.08 . 13.47
" < . DE-2450-1  1II S 300, 1.44 17.68 13.30

Alathon 10. ~ II.° - 142 - “1.00 16.41- 12.19

» WADGC. TR 53-.133 Pt'3‘;,Sup,"I' -6
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THE PARAMETERS Ep AND Po

i

TABLE 111 (Cont.)

3

IN THE EQUATION P:Poe‘Ep_/RT

Penetrant and

WADC TR 53-133 Bt 3, Sup. 1

Polyethylené‘ . Method . PZ ‘ Pl “ --Ep . logP,
n-Fropyl Alcohol- '
DE-2400 11 381 0.48 22.11 16.11
DE-2450 11 374 0.52 21.179 15.91
DE-2450-1 11 352 0.91 19.73 14. 62
Alathon 10 1§3 330 ;0.24 23.80 17.08
Aniline - ‘ Co G
DE-2400 11 690 - 1.70v " »19,89 15,01
DE-2450 1l 800 - 1,86 290, 08 15,19
. DE-2450-1 II 830 . 2u4d 719, 36\\ 14.77
Alathon 10 I 580 113w zfu,éz \ ' 15,41
Ethyl Acetate oo
‘ DE-2400 11 3,670  17.4 17,72 14,41 .
DE-2450 II 6,600 23,5 18.67 " 15. 24
DFE -2450-1 Il .« 6,200  29.0 17.77 14. 66
Alathon 10 1. 4,100 15.0 18.58 14.98
Amyl Acetate
~ DE-2400 I 2,820 0.10 3 15, 32
'DE-2450 11 3, 850 9.70 19,/ 2 15,71
DE-2450-1 11 3,450 12. 50 .18.61 14. 92
Alathon 10 I ©° 2,450 6.0} : “19.91, 15, 57
N ; o
ibutyl Ether . o . o
DE-2400 ‘T 10,900 2.41 15.94 13,79
DE-2450 1 11,900 2,50 16.00 13,89 .
DE-2450-1 ‘I 11,000 3.85 15.07 13.26 :
Alathon 10 1 8,100 1,36 16. 46 13.98
Benzaldehyde L | s }
DE-2400 11 2,360  6.80 19. 37 . 15,23
DE-2450 11 2, 600 7.70 19.28 15.21
DE-2450-1 II 2, 650 8.5 19.02 15,06
Alathon 10 11 1,750 4.5 19.75 15.33 -
.7
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TABLE 111 (Cont.)

' THE PARAMETERS E AND P_ IN THE EQUATION p-poe'Ep/RT

,Penetrant and

Polyeihylene Method Pz Pl E loan

P

Methyl Ethyl Ketone

DE-2400 B 2,830 . 0.2l 18.03 14. 49
DE-2450 1T 3, 650 13.5 18.55 . 14.91
DE-2450-1, II 4,200 - 15.0 18,66 " 15,04
- Alathon’ 10 11 2,710 *\g:“o 18.90  15.00
. ) [ . \“‘ .
n-Heptane” . -
DE-2400 I 14, 000 13,0 13.22 L1224 -

- DE-2450 I. 17,600 12,4 - 1374 12,65 0
' DE-2450-1 I 15, 700 16.4 . 13.00 12.15.
Alathon 10 I 14, 100 5.45 ;14 88 = 13,25

Benzene L {7 5
DE-2400 I 23,800 21.5 13,27 12.50
DE-2450 I 36,800 . 17.3 14,51 L 13,44
DE-2450-1 I 28,200 26.8 13.18 12,63
Alathon 10 I 28,000 - 8.0 15,45 13.90

ortho-Xylene ‘

. DE-2400 I - 30,300 8.0 15.60 14.03
DE-2450, - I 36,000 7.8 16.00 o 14,34
DE-2450-1 " I 25,300  12.5 14,42 13.23

1 23,600 4.1 16. 40 . 14.41

«-Alathon; 10" -

Inversion Temperatures

6. Observations on the Numerical Values of Ep and logP .

As evident from the P-Factors themselves, mass transfer depends.
more on the penetrant than the polyethylene:polymer. Thus E_ varies more
from penetrant to penetrant, polymer constant, than it does frligm polymer
to polymer, penetrant constant. For example, for any one of the polyethyl-
enes, E_ changes by about 6 kcal when the penetrant is changed from benzene
to aniline, but only about 1 - 2 kcal with the various p.olyet‘hyl'enes for all

penetrants except methyl ailcoh'ol. ‘ : .

In the pr”evious report (Part?2), it was stressed that the fr;e;.}quency
factor (essentially logP ) increases quite regularly with Ep for a given class

A

S




"7. A Note on Relative P-Factors at Different Temperat\ires. - -

_the two P-Factors will just be equa.l with their order reversed above this

of penetrants (aromitic hydrocarbons, aliphatic alcohols, eic.). LiogP
also increaces regularly with E for a given ciass of polymers, namely

the four polyethylenes considered in this study., Thus.as one pasaes from -

DE-2450-1 through DE-2400, DE-2450 and Alathon 10, E - generally increases,
and thh it logP _— 5

\

Tq~ repeat, for 'a given .penetrant in the different polyetkylenes, ap-
proxlmately eighty percent of the time the listed E 's increase in the order
P

'DE-2450-I € DE-2400 € DE-2450 < Alathon 10. | .

That is, generally ‘the activation energies and frequency factors for a given
penetrant are greate'st in Alathon 10 and least in DE-2450-1. Of the seven: |

oddrexeceptions-to this sequence, three involve slowlpermea.tors (methanol,
'Npropa.nol and acetic acid), which are’ difficult to measure accurately, and
‘several of the others are very close to the right order. (It should perhaps

be noted, however, that etitnyl acetate and methyl ethyl ketone, which hhve
previously been found to b¢have very sxm1larly in polyethylene, flgure in®
severa.l of these mvers:ong/) : .

it

. Often in the earlier study (Pa.rt 2). large activation energies were
found associated with small P-Factors: for e3 ample, the alcohols.and acxds
coinpared to the hydroca.rbons, or, better for é;ur purposes, two substances
from the same logP . “E_ class of compoum& say decane( E_ = 15.56,

and logP = 13.41) compared to pentane (E_ = 12,80, and logP = 12, 23)', i W
with P-Factors at 32°F of 9.5 and 97 respectlvely for DE 2400 (Part |
Table J). "

But note that whereas at 32°F, P (pentane) /P(decane) = 97 /9.5 = 10.1,
at 70°F P(pentane) / P(decane) = 526/71.2 = 7.4, and at still higher temper- "~ i
atures the ratio would be even less; in fdct, at a temper.ature

T (°K) = AE,/ROlogP -

temperature. - i , ' § C

The inversion temper;alure for the pentane - decane pair is quite high,

(15, 56 f 12. 80)1000/R(13 41 - 12.23) = ' 11»7061(,

wh1ch is well outsude the experimental range. But for the benzene~ortho-
xylene pair in polyethylene DE-2400, the inversion temperature is just
shghtly above 130°F:(See Table II). Thus at 70°F their P-Factors are 440 ' i

and 284, with benzerie the larger; but at’ 165°F it is ortho-xylene, 16,600 to

13, 670. o D |

W o

Bl
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This illustration shows how important it is to focus atteation in a
study such as this, not on the temperature dependent P-Factors themselves,
which may reverse their order with increasing or decreasing temperature,

" but rather on the temperature independent parameters Ep,and P,. which

Jhave no inversion temperature.

e ;‘) y\l“

A. An Analytical Discussion of Inversion Temperatures.

PN v

Tho inversion temperature has been definéd as that temperature at
which the P-Factors for a najr of substancis aic cyual, I each P-¥actor
is of the form P-Poe'Ep/R , then, as has been mentioned,

T(inversion) = AEP"/R (AlogP ).

i

o

The existence of an inversion temperature depends on the fact that

‘,..Pé..“increasesas-ngincrease_‘s. For at high'temperatures (T approaching :

infinite values, with"E_/RT tending to zero and e"Ep/RT to unity) the ratio”

of two P-Factors apprgaches the ratio of their frequency factors; the pene- %\ _
trant with the largest frequency factor has the largest P-Factor when T is
very large. But generally this is the penetrant with the largest activation

energy too; that is, the one with the steepe st temperature dependencé‘*and k
lowest P-Factor at low temperatures, where the exponential term takes over
(e~Ep RT smallest for that penetrant with the largest Ep),

When it is known for a series or family of compounds that logP
increases linearly with Ep' logP = mEp+ b, then, to this approximation,

T(inversion) = 500/m, 7

where, from Table XX of P@.rt 1I, we find that T(inversion) is equal to

t

500/0.483 1040°K for aliphatic hydrocarbons,

500/0.661 = 756°K for aromatic hydrocarbons,
7 500/0.664 = 753°K for alcohols, and ‘
! 500/1.28 = 391°K for aliphatic acids.-

That is to say, ‘all aliphatic hydrocarbons, for example, should have
identical P-Factors at 1040°K, Such a P-Factor inversion temperature of
a logP_ vs. E_ plot family is closely analogous to the so-called "infinite
point" of ar”ng Chart Family". A Cox Chart Family is a group of
compounds whose vazior pressures, plotted logarithmically against the re-
ciprocal of the absolute temperature, extrapolate linearly to a common point,
called the infinite point. - R. R. Dreisbach ("Pre‘ssure-v‘olunﬁé-Temperature
Relationships of Organic Compounds', page 294) gives rather detailed di-

- rections on how to determine the Cox Chart Family to which a compound

belongs.* His assignments are probably transferable to penetrants in poly-
*  Also see Lange "Hand-book of Chemistry" 8th Edition, page 1528 ff.
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ethylene and our logFio va. E_ Plot Families, although this a.ppﬁca.tion of
the Cox Chart Families has not been developed in the present study.

In practice, not all inversion temperatures are as high as those indi-

~cated above. The calculation for the aliphatic hydrocarbons checks rather

nicely for the decane-pentane pair, but the value for the aromatic hvdro-
carbons is considerably above that actually observed for the particular pair
benzene - o-xylene. Nevertheless, it is an experimental fact that few
inversions have been observed over the temperature interval 32° - 165°F,
with one exception: non-polar penetrants in DE-2450 and 1rrad1ated DE-2450
Mes"-:\-*nd DE-2450-1}. o . , o

9. Inversion Temperatures Involving Irradiated Polyethylene.

If, as has been suggested, E _'s (and logP 's) for a g;ven penetr,ant in

d1fferent Iﬁkolyethylenes increase jn Bhe order 'y]
. ) |

DE 2450~ I < DE 2400 < DE 2450 < A‘lathon 10,

then at low 1'«=mperatures (e -E /RT the dominant term), P-Factors should
he least for Alathon 10 and vrea.test for DE-2450-I, but just the reverse of

-this at very high temperatures (where P_ is the dominant term). There

are indications that somethmg like th1s is actuany what one observes in

"practice.

+

Referring back to section 4, one sees that the observed P-Factors fall
precisely in the low temperature order suggested above, with the excepnon
that DE-2400 and DE-2450 have already generally swapped places at 709F,
and for non-polar penetrants with fairly large P-Factors, DE-2450-I aqd
DE-2450, which are nearest neighbors at 70°F, start to switch posntmxis
around 100°F, _

Low inversion temperatures such as these are not entirely unexpected;
there should be inversions, as will be argued later, at-temperatures helow
the final melting point of the partially crystalline polymer, particularly in
the case of the more soluble penetrants like the hydrocarbons xylene, benzene,
and heptane, the two acetates, and dlbutyl ether. .

Thus, co:utmumg observatlons Begun in gection 4, hydrocarbon P- Factors
for DE-2450-1 are greater, at 70°F, than those for DE- 2450, but less for
the irradiated 'polvmer at '130° and 165°F, with inversion temperatures for
the threc nydrocakbons 1nvest1gated (xylene, benzene, and heptane) falling, :

for all three, almost exactly at 100°F. For slightly less soluble dibutyl ether,

there appears to be an inversion for the DE- 7450 I - DE-2450 pair at about
130°F, and at about 165°F for the still less soluble acetates {amyl and ethyl).

Table III illustrates these inversions in even larger measure. Column
three labelled P, lists extrapolated P-Factors for 1000/1 = 2.80, which

s

i
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- % 9OF correbsponds to. the. low tém‘éeratﬁre iﬁfercept in Method I {(Table I1I),

corresponds to a temperature of about \83°Fs At this tempcrature irradi-
ation has decreased the P.-Factors.for the aromatic hydrocarbons about 35%.
Note als¢ that this temperature is \:learly above the acetate - DE-2450-1 .
DE-2450 inversion temperature and \near that 'for aniline and benzaldehyde. -
In fact, with the exception of methyl ethyl ketone, whose P-Factors did not
plot smoothly on the master logP vs. 1/T plot, only for methyl alcohol is
the P-Factor for the unirradiated polymer DE-2450 still appreciably less Y

' than that for DE-2450-1., it is apparent, too, that in several cases one is

approaching an inversion temperature for the DE-2450-1 - DE-2400 pair and,
indeed, even the DE-2450-1 - Alathon ‘10 pair, whose P-Factors, jas a rule,
are most widely separated at room temperature. The pronounced effect of

",a difference of ‘about only 2 kcal/mole in E_, such as exists for hydrocarbon -

penetrants in the DE-2450-1 - Alathon 10 p\fir“, on relative P-Factors over
}a. protracted temperature interval is shown below in Table IV.

TABLE IV

- P-FACTORS FOR THREE HYDROCARBONS IN DE-2450-1 -
AND ALATHON 10 AT 9° AND 183%F

S AL
Penetrant and

o ey O

Polyetiiylene P(1837F) P(97F) * Ep - <logP°

N
n-Heptane S '

DE-2450-1 = 15,700 - 16,4 13,00 A 12,156 7

Alathon 10 14,100 - 5.4 14,88 - 13,25
Benzene @ - ' .

DE-2450-1 35,500 ’ 34.7 13.18 . 12,63

Alathon 10 - 28,000 _ 8.0 15,45 : 13,90

. ‘ o : »

o-Xylene ‘ ‘ '

DE-2450-1 25,300 12.5 8 14,42 . 13,23

Alathon 10 23, 600 4.1 : 16,40 14.41

kil

Notice that irradiated DE-2450 is éiightly o»:ei.'{“_" three times as permeable
as Alathon 10 to these hydrocarbon penetrants at 9°F, but only about 10%
more psrmeable at 183°F, . !

i i
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10. Summary of Inversion Temperatures.

Figure | below summarizee schematically the cxisting information on
inversion temperatures for hydrocarbon-polyethylene (1) - hydrocarbon-
polyethylene (2) pairs.
carbon hydrocarbons (benzene, n-heptane, and o-xylene), and drawn with’

slopes increasing in the ovder:
10 (the greatest). . '

" FIGURE i

A,

LOG P-FACTOR-TEMPERATURE PLOT TO INDICATE INVERSION
-0 I

Log of
Hydro~
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Remarks on Figure 1. I S

Low Temp. Sequence: \\ The order observed at YOF (extrapolated).
- See P) column of Table III.
. . ti

Rm. Temp. Sequence: ‘See section 4, DE- 2400 and DE- 2450 have
' + switched positions. ; '

165°F Sequence: See remarks cohcerning ‘hydrocarbons in
H : ‘ section 4. '

As. the temperature is raised, all P- Factors increase, but the slow ones
faster than the fast ones, until eventually the slowest becomes the fastest,
and the fastest the slowest. At low temperatures, the order of the P-Factors
is precisely the opposite of the £ 's, whereas at hlgh »temperatures the two
sequences -are identical. P v

St Figure 1 shows, incidentally, why the hydrocarbon inversion temperatura
for the pair DE-2450-1 - DE-2400 is greater than the inversion temperature
for the pair DE-2450-1 - DE-2450, even though at 9°F the hydrocarbon P-
Fa:tors for the former pair are closer together than the latter.

To see this analytically, one might note that a total of six independent
‘parameters is required to characterize three straighf lines, say their slopes:
and two of the intersections (this gives at least one point for each of the
curves); the third intersection is then determined.

Presentation of the Solubility Data.

11. The Solub1hty Data '

" Table V 11sts data and calculations on the solub111t1es of four penetrants
. (methyl alcohol, ethyl acetate, n-heptane, and benzene) in four different
‘polyethylenes (DE-2400, DE-2450, DE-2450-1, and Alathon 10) at two different
temperatures (70° and 130°F) The notation follows the earlier report
(Part 2). ‘ . . ’

~Q = grams of pénetrant absorbed per gram- of’pol?eth}rlene;'

¢&- the volume fraction of the penetrant in ‘the swollen polymer '
at equilibrium; and

! ,
’X.— the Florﬂ'-Huggms peolymer interaction parameter.

Wy

B
:

Values for methyl alcohol are included, although its solubility is small
and near the limit of experimental error.

i “ R ’ “a

i
i 3 - e
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TABLE V_

SOLUBILITIES OF MET’HYL ALCOHOL, ETHYL ACETATE,
n-HEPTANE, AND BENZENE IN DE-2400, DE-2450, DE-

2450-1, AND ALATHON 10 AT 70°F AND 130°F.

Penetrant and 70°F ' 130°F
Polyethyl ~
yelene TG 6, A RS
Methyl Alcohol , i
. DE-2400%* 0.001 0.001 5.80 0.001;  ----- e
DE-2450 0.001, 0.001, 5.70 0.0125 0.014 3.37
DE-2450-1 0.00’16 13\'0‘0018' 5.33 . 0.0194 0.022 2.93
Ala.thonf;‘lo 40,001, 0.001,4 5.61 0.0027 0.003 4.82
Ethyl Acetaté - o ‘ “
DE-2400 0.027 0.027 2.77 © 0,042 0.046 2.33
DE-2450! " 0.029, 0.030 2.70 ‘0.0465 ‘ 0.04:85 2.29
. DE-2450-1 0.033 0.034 2.60 0,051 0.053 2.22
A}athon 10 0.026o 0.026.7 2,80 0.04{45 0.0%69 2,33
i ' : : I :
n-Heptane . _
DE-2400 0.113 0.134 1,52 0.220 0.236 1.17
DE-2450 0.106 0.125 1,57 0.194 0.210 1.20
DE-2450-I 0.113g 0.132 1.53 0.1990 0.208 . 1.21
Alathon 10 0.091 0,111 1.65 0.163’ 0.181 1.33
Benzene : S
'DE-2400 0. 150 0.138 1.50 0.290° 0.237 1,17
DE-2450 0.137 0.1%° 1.57 0.376 . J.288 .0.92
DE-2450-1 0. 147 0.1.5 1.52 0.252 0.213 1.18
Alathon 10 0.119. 0.112 1.64 0.241  0.205 1.25
: ‘ ‘
T . —
* The data on DE-2400 are taken fram Parts 1 end 2. -

linking.

12. Obsérvations on the Solubility Data. i
it “;

These data are difficult to assess. Owing to the nature of the measure-

|

I

ments, precigse reproducibility is d;ffiéult and not to be expected; whith

1 w‘ ’ 1‘\‘ ! i ) .
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leaves one, wonderitg, however, with only four compounds to consider,

whether small differences from polymer to polymer are real or illusory.

Bearing this in mind, we venture the following generalizations.
In'every case irradiation increases the solub1hty,
except for heptane and benzene at 1309F, _ !

In five cases out of si:é among the npn-alcoholic -
compounds, the solubility is smallest in Alathon 10,
These generalizations cover DE-2450 and DE-2450-1 and Alathon 10 ;
- against the others, but overilook any compirison between DE-2450 and DE- ' ;
2400. As they stand, the six comparisons between DE-2450 and DE-2400
among ethyl acetate, heptane, and benzene are eyenly divided. At both
temperatures ethyl acetate is more soluble in DE-2450, but for the hydro-
carbons, with the "exception of the benzene (value in DE-2450 at 130°F (which
looks a bit out of line), the ‘solubility is greatest in DE-2400, Perhaps the
polarity of the ‘acetate is a factor here, but lacking further information, we
conclude, rather tentatively, that :
\‘\\ e “
For-’ the hydrocarbons the solubﬂlty is greater in DE- 2400 v t
than in DE-2450. :

Summarizing then, the order qo(fl solubility, . at least so far as the Hyclro—
carbons are concerned, seems to be ‘

DE-2450-1 >  DE-2400 )‘ . DE-2450 ) Alathon 10

with two qualifications: 1'i)  DE-2400 should perhaps: be left out of the "
) list; and '
ii) DE- 2450-1 and DE-2450 switch pos1t10ns
at '130°F.

Further Development on the Theory of
—Mass lTransier Through Polyethylene

13, Factors to Cons1der Regardmg Irradiated Polyethylene.

Pnor“ 1nvest1gat1ons of irradiated polyethylene, primarily published

‘”reports by Charlesby in England and Dole in this country (see bibliography),

- suggest that one should consider the following factors when polyethylene is
irradiated while exposed to the air. :

. 1. Decrease in crystallinity (Eventually the polycrystallme
i } opaque polymer- becomes transparent )

” MRS \ 0
2. Cro%s-linking. (Sharp rise in melting point.) W

2]
H

3. Chahgg‘\\in molecular weight.’ (From ‘studies on HZ "evolu't,:ion.)'i"

4, Incr»ease in unsaturation. (From studies on Br, absorption.)
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5. Surface oxidation. (Material more ink-receptive, az are

polymers treated with acid dichromate.)

6. Bulk oxidation.

‘ Such changes as occur in molecular weight are probably riot 1mportant.
Three Du Pont polyethy‘ienes of varying melt indices were investigated in
Part {[II with similar results all alung the line.
. »“H ) .\;\.
as in fact seems likely, we have not:been

Y

If unsaturation was caused,

able to defxmtely attnbute any appreciable change in elther diffusion or
solubility to it. ) g | | f; ‘
: . i

R\ E‘:

+ Pagt Plax studies h::.Ve indicated that surface oxidatior by acid idi-
chromate appears to. mcrease slightly the permeability to polar substfa.nces,
presumably due to enhanced solubility in the oxidized surface, but that the

cffeci is not large. .We assume, likewise, that radiation- induced oxidation
in ‘the interior is probably not an important factor in this problem.

The i‘rra.diatio_n‘ effects left to consider a.;'e I: decrease in crystallinity
and 2: increase in cross-linking, We believe that both ef{ga\ts are important.
Discus sj‘ion of Solubili-ty,, Data and?‘-Gorrela‘tion With Activation Energies,

S 7
If we assume, a.s in Part (sectlon 22), that penetrants are .
insoluble in the crystalline reg1ons of partially crystalline polyethylpne, then
solubility coefficients should increase as crystallinity decreases, other things-
remaining .he jsame. From the information in Table I and the notion that
irradiation deét;oys crystalhmty, ‘one predicts solub1l1ty coefficients running

14,

in the order
o

DE-42450-1 > DE-2400 > Alathon 10,

as observed in section 12.

The inversion of DE-2450-1 with DE-2450 for heptane and benzene at
,130°F arises in part from the ''anti- freeze!' .effect, which diminishes crystal-
linity, probably by the greatest amount; for the relatwely highly crystalline
unirradiated DE-2450, thereby tending to equalize amorphous contents, and
hence, also, solubility coefficients. The ‘actual inversion is undoubtably |
caused by the irradiation induced chemical cross-links, which inhibit the |
swelling of the .irradiated polymer (Part 3, section 22, part rl) Thus, the '
‘wo effects together, the decrease in- cryf;talhp.xty and the increase in cross-
seem to account for the aOIubﬂlty data. 4 .

A

l'gnkmg ’

It wﬂl be noted, however, that whereas the reported crystallxmtxes ﬂn
Table I differ by less than 4%, some of the solubilities in Table V differ by
more than 4%. The expla'aa,tmn ia perhaps as follows. Crystallinity depends
on the side-chain branching ratioc; the less the sidg-c]:ain branching, the

L

t
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“greatew the crystallinity (Table I). Thus, although on crystallization side-

chain molecules are probably preferentially concentrated in amorphous .
regions, it scems reasonable to suppose, without detailed inquiry, that a
decrease in overall side-chain branching decreases the concentration of the
side-chain molecules in the amorphous ypolymer. In fact, to take a par-
ticularly simple case, supposc that all of the dide chains are concentrated §
in amorphous polymer during erstalllzatwn If the fig pres in ‘Table I are
correct, the concentration of s:de chains in amorphous 'DE-2450 would be
2.2/(100-%8) = 0,0525, but only 1.6/{100-60) = 0,040 in Alathon 10, which
could easily account for the difference in swelling (the greater the side-chain
branching in amorphous polymer, the greaier the solubility of penetrants in
that polymer). :

\ \

'h F1na.11\y,‘ it is to be noted that the order of the solubility coaffnnerr s
is precisely the oxider of the activation energles, in this sense: large :i
solubilities go with small activation energies; thus penetrants are ‘'most
soluble in DE-2450-1 and least soluble in Alathon 10, but their activation
energies are least in the former and greatest in the latter, Trends such as
this were observed in Part 2, but there it was the pene“rant that was
changing, and here it is the polymer. We are led to inquire into this matter
further. : '

15. Mechanism of Mass Transfer in Polyethyl’ene. I. Diffusion-Induced Melfixig.

One obvious explanation for the c&rrelatmn between low solub111t1es and
high activation cnergies is this: The- greater polymer crystalhmty, the less
the solubility of penetrants, but the greater the contribution the heat of
fusion makes to Ep as the polymer gradut.lly melts with rxsmg temperature.

We digress slightly at this point to ‘observe that decreasing polymer ‘

. crystallinity not only operates in the direction of the E_ - Q'correlation,

but also explains, in‘part, the surprisingly large values of penetrant perme-
ability activation energies in polyethylene, compared to anticipated diffusion
activation en:rgies. The explanation is that E_ is equal to E4 plus contri-
butions from polymer crystallinity (and also thé heat of solution of the
penetrant).

A
% But again we come back to the fact that the crystallinity of DE-2450

Ay

‘and Alathon 10 may "differ by less than 4%, "and the activation energies

sometimes differ by more than that., Apparently here too one must look to
the amorphous regions for an explanatwn /

A clue is given iwhen one ‘examines rather expanded plots of the E
and logP0 values listed in Table III. For a given penetrant, the points
frequently fall nicely .on a straight line, much as l&appened in Figure 10, Part
2. Moreover, the slopes of these lines are rernarkably constant from one
penetrarit to the next,suggestlng that a change in crystallinity (i.e., ('slde -chain"
branching ratio) affects one penetrant very imuch like the next, at’leasy
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insofar as Ep and P are concetrned,

‘\'3\“\\ The a.onsta.nry of dE /d(logP ) probably arises from the fact that as
side=chain branching decrdases and the amorphous regions collapse, activated
diffusion requires increasingly great reorganization of the now more nearly

crystalline amorphous polymer matrix, This is presumably true for all

penetrants; hence the constancy of dE /d(logP ). Moreover, as side-chain
branching decreases, AH* for the d1f£us1on process (esmntially E.} -- and
with it, as usual, ASQ‘ (essentially RlogP ) - should 1ncr(,dbe, g\ence the

increase in Ep with decreasing solubility -- and also the increase in llogPo

with E_. .
) .

‘On slight extension, these statements concerning the mechanism of

diffusion in polyethylene can be checked semi-guantatively, We haveiassurned
“that the iiicrease in AH* and AS*, /say from DE-2450 to Alathon 10, reflects

the greater need, as chain branchiylg decreases, for re-organization in that
part. of the polymer associated with activated complexes, much of which may
normally be on the vorge of crystallizing: That is to say, we are suggesting
that, at least in so far as the polymer is concernéd, changes that occur in
AH* and &S* are similar to those changes that normallyjoccur dn melting

COHiusion 20d ASfigion). Now if the only change is the polymer (penetrant

constant), then, although certainly AH* and AS* are not equal to the polymer
fusion values AHf and ASg, at least we suspect t\hat changes in AH* are
proporticnal to AH¢ as changes in Q5% are proportional to ASf (under the
conditions specified above: different polyethylenes, but same penetrant). That
is, we suspect that perhaps (penetrant constant) d(AH*)/d(AS*) = AH¢/AS,
or, what is probably nearly the same, that ' '

Ea(E )/a(RlogP] penetrant * AHf/ASf
‘constant )
The fusion values (subscript f) refer to the polymer. The heat of fusion,.
[;Hf, probably changes little with temperature, but the entropy of fusion -of -
the' polymer, OS¢, increases as the percentage crystallinity Lnrreasbs(mehuj
releases more and more configurational 'strair” in amorphous regions),
That is. to say, the ratio AH;/AS;, which is just the melting temperature (in

degrees'Kelvin) of the region under consideration, has a spectrum of values, -

for polyethylene, about 60 - 114°C. Thus it is not ertirely certain exactly
what to expect from the left-hand side .of the equation above; presumably

something in the rahge 60 - 114°C. And this is found to be the case. The -

common slope to the 12 vey logPy, curv\es referred io earler in this sect1on'

~is 1700, Dividing by 4 6 ( = 2.3R), one finds 370°K = 97°C, which is
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, reasonably good semi- quantltauve agreement between theory and experlment

We might summarize by say1ng that activated diffusion through poly-

ethylene scems to. mduce structural changes in the polymer not unlike local

melting.




by ,
16. Condensation of Information Obtained From P-Factors and Swelling
Measurements, X "

We. pause at this point to collect in oue piace the principal conclusions
presented in previous sections of this report,

‘The following preperties increase in the order indicated.
Swelling by Organic Solvents T : "
at low temperatures . . . . . . . . . DE-2450-I > DE-2450 > Alathon 10 y
at high temperatures . . . . . ., . . DE-2450-1 < DE-2450 e

Crystallinity . . . . .. . . . . . . DE-2450-1 < DE-2450 { Alathon 10

Side-Chain Branching. ... . . . . . . DE-2450 ) Alathon 10

Activation Energy, Ep .o . . . DE-2450-1 < DE-2450 € Alathon 10
' 0 : ' , o

‘Frequency Factor, - 1ong§)” .+ %.. . . DE-2450-1 ¢ DE-2450 < Alathon 10

P-Factor at low temperatures . . . . DE-2450-1 > DE-2450 M Alathon 10
. at high temperatures . . . . DE-2450-1 € DE-2450 ¢ Alathon 10

oy

"and..DE-2450,

DE-2400 could proba.bly in most caées be ingerted between DE- 2450 I
0\

. \\

17. Mecha.msm\ of Mass Transfer in Polyethylene. II. A Kinetic Model:
Chain Branching, Porosity, and Diffusion, L ‘

kY . i

Certain features of the diffusional process in polyethylene are most
easily expressed in kinetic language. Up to this pointwe have described
mass ‘trangfer thrc.lgh polyethylene in rather different,: thermodynamlcal
terms, dArawing particularly on the terminology of the activated complex or

\ transition ‘state theory, since that language was peculiarly well adapted to
the problem of giving expression and perspective to the temperature de-

pendence of P - Factors -- activation energies and frequency factors, par-
ticularly the correlation between their increments and the melting point

spectrum of polyethylene. The following kinetic description is in part

equivalent to, but perhaps m larger measure complementary to the thermo- =~ =" "

k dynamic description. It 1( .presented for the easy and natural way it treats

the 1mportance, at d1ffere\pt temperatures, of side-chain branchmg

F1rst diffusion through DE 2450 is compared ‘with: that through less -
branched, “more highly crystalline. Alathon 10, The comparison is quite
simple. At low temperatures and hlgh crystallinities, the greater porosity
of morg highly branched DE-2450 is the dominant diffusional. feature of the
two polyethylenes; -at low temperatures DE-2450 has the 1arger p. F'xctor

o
4
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But at high temperatures, where both polymers have loosened up and
crystallinities are low, chain-branching, which before made for comparatively |

}rapid diffusion, now becomes a hindrance; i.e., at high temperatures DE- R

2450 has the smaller P-Factor,

The obstacle‘course effect of side-chain branching is perhaps most
easily seen in terms of the random walk model of activated diffusion. In

this model the diffusion coefficient of the penetrant is given by the expressmn(
2

ekl s d oz

D = V)\C.Z ]

where v = the number of jumps a penetrant molecule makes per: second ‘when
there are no others around to clog up naturally occurring defects in the
polymer structure, A = essentml‘ly the reciprocal of the coordination number
of tl}e polymer structure, and 5 = the elementary jump distance.

§ i .

Now, to simplify the p1cture somewhat imagine a particle freely
vibrating back and forth with a frequency v in a box of-length A . Without
changing the velocity of the particle (temperature constant), we halve the
length of the box (double the number of side-chain branches). The frequency T
of vibration doubles, but A2 s only one-fourth as great, and D drops by a
factor of twn. That is to say, an increase in the side-chain branching ratio 3
should tend to. decrease P-Factors, all other thmgs the same (such as polymer e
crystallinity and over-all density). This is not the case at low temperatures,
but things tend toward that with rising temperature,

The comparison between DE-2450-1 and DE-2450 is similar in a way
to that between the latter and Alathon 10. At low temperatures the greater
porosity of the less highly crystalline DE-2450-1 causes it to have the larger
P-Factor. But at high temperatures, where both polymers have loosened
up and crystallinities are in any case low, irradiation induced cross’ links,
which before were associated with reduced crystallinity and hende comparatively
rapid diffusion, now limit swelling and interfere with diffusion; -i.e., at high
temperatures DE 2.450 I has a smaller P- Factor than the unirradiated ma.ter1a1

- e ‘ B S

18, Mechanism uf Mass Transfer in Polyethylene. III. Factors
Tnfluencing the Frequency Factor. ' '

This secticn is a sequél to’ section 25 of Part 2, "An Empiri‘caf"
Treatment of the P, Data” The problem of concern is the explanation‘for
the  useful emplrlca.l thervatmns given in section 25, Part 2, No new.
ciata are considered here, although the way is prepared for a comp‘\nson
between theory and recent experiments on carbon tetrachloride (section 20).
We begin by comparing frequency factors and permeabilities of two penetrants,
decane and o-xylene, which have nearly identical act1vat1on energies
(Ta.ble VI) .

b




TABLE VI P ‘ : i

DATA ON DECANE AND O-XYLENE

by

Substance  E 1o‘gpo P(32°F)  P(709F) P{100°F) P(130°F) - P(165°F)
Decane 15.56  13.41 9.49  71.2 297.  1220. 4120,
o-Xylene 15,60 14,03 3§61 284.0 1167 4270 16600,

Although these two hy‘drocarbons have nearly‘identical activation erzrgies,
logP, is 0.42 units larger for o-xylene, making its P-Factor almost exactly’
four times greater than that of decane (at all temperatures!). We are led
to inquire: "What is.there about xylene that makes its frequency factor four
times larger, than that of decane ?" . » g

Recalling that logP, is essentially equivalent to £ S% fqf diffusion, the
question is one of explaining why the entropy of activation is greater for
xylene than decane. The answer beccines apparent when one considers the
structures of the two molecules: xylene is rigid and inflexible, decane just
the opposite: Thus decane stands to lose more entropy in going to the acti-
vated state -- or perhaps it is a case of xylene gaining' more entropy during
activation. In.any event, the more rigid a molecule, the greater its frequency
factor (and P- Factor) compared to- ﬂex1ble molecules of similar polarity and
over-all activation energy. ! ’ . _ - i

This rigidity effect explains why simple derivatives of benzene are fast
permeators. Cyclohexane and carbon tetrachloride are bad for the same
reason. Note also that pentene-2 dlf/zuses more rapldly sthan normal pentane
In all cases it is 1e1at.‘ve1y easy to‘get all atoms in the molecule going in’
the same direction at the same time when they are rigidly bound one to
another. Such is not the case, however, with a flexible molecule like decane,
and diffusion is less rapid. The effect is one of entropy, and shows up in

* the’ f.f'equency factor, as seen in Table VI.

,z’{

Thus it is not at all surprising that rigid aromatic hydrocarbons fall
above the flexible aliphatic hydrocarbons on a 1ogP vs. kK plut (larger
logP, for given Ep See Figure 10, Part 2), with the cyc qlc aliphatic hydro-
carbon cyclo-hexane actually belonging with the aromatic family, and the
essentially straight chain, flexible, and not too polar ethers, esters, ketones
and aldehydes with their a11phat1c analogues

- . :

‘On the other hand, the aliphatic alcohols form a distinct family of their.

own. For given logP, (indicating size of hole required, .rigidity, and probably
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other miscellaneous effects}, polarity a\zgments E boosting it above the
"normal" hydrocarbon value, thereby displacing tge family logR, vs.
curve off to the right (see again figure 10, Part II). Polarity 2iso pul{)
(or pushes) phenol off to the right, landing it nearly on the curve for the
alcoholic aliphatic family; aniline too is displaced far to the right of the
aromatic family. :

To summarize, we recast shghtly the concludmg remarks to section
25 of Part 2 as. £ollows

,{\ Generic felationships on a logP, vs. Ej plot are to some
extent determined by molecular rigidity and, perhaps to a larger

. extent, by polarity. Thus non-polar but rigid cyclohexane falls
in with the also non-polar rigid aromatic ring compounds; and
the flexible straight chain ethers, esters, ketones, and aldehydes
are grouped somewhat with the straight chain hydrocarbons of
comparable flexibility. But highly polar phenol c1e§r1y belongs
with the polar aliphatic alcohols off to the right,/and the strongly
hydrogen-bonded aliphatic acids fall in a class by themaelvea,

1ather than wwh the paraf,fms. -

To conclude this eectxon, we consider brmfly the heavy atom effect
a factor that mfluences frequency factors and calculated P-Factors.
i M

‘Imagine two moleéules, éssentially the same size, '
rigidity, but compoused of atoms with nucleiof different mass numbers; that
is, two molecules, essentially identical with regard to solubility and diffusion
in polyethylene, but of different molecular weight. Clearly by our methods
- we would calculate 1dent1cal P-Factors (in grams per unit), but- probably.
measure different welght losses experimentally (assuming that molecule for
molecule the two substances permeate with essentially identical rates). To
allow for this effect, P-Factors should be expressed in number units (moles)
rather than weight units (grams). o

The correction from grams to moles is not a significant one in so far
as Part 2 of this study is concerned; for there, within any one logP0 ve E
family, molecular masses increased more or less linearly with size (and
E,). The correction would merely decrease the slopes of the curves in
Figure 10, without changing their essential linearity.
_where atoms other than mamly carbon and hydrogen, with an occasional

p

¥

. oxygen, nitrogen, or halogen atom mixed in, are involved, makmg it neces-

sary to allow for the heavy atom effect when calculating weight P- Factors
(Carbon tetrdchlorlde is such a case.) - { J

W LI

19. Permeability of Polyethylene to Some Aqﬁeous Solutions. &

%4
wnf .

shape, polarity, and

1 In this section we take a look at some data

H"

not previously consxdered

bn ‘agueous solutions of sulfuric acid,
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sodium hydr mude

S

nitric acid, hydro-

But there may be cases




' fi ‘
chloric acid, and ammonia. Thé hypothesis to be checked is this: That, |,
at least in s¢ far as the water is concerned, there should ‘)e weight losses

(or gama) recorded whenever the vapor pressure of the water | over the

solution is greater (or less) than the partial pressure of the water vapor
outside, -

' i U
The data on wexght losses are taken [rom ‘Part 1 of this ' study, those

on vapor pressures largely from the Internatmnal (,rnxcal Tables (Volume
I1I11), 8

i
W !
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Part A.

Weight Loss Data.

The data under consideration are listed in Table VII where 1t is
indicated whether the bottles gaumd or lost weight. -

il R

ji

TABLE VII

MASTER DATA ON AQUEOUS SOLUTIONS.OF H,SO,,

‘NaOH, HN03, HC1, AND NH3. WEIGHT LOSSES AND GAINS
Substance . 32°F 709F 11000 _130°F 165°F
w;ter Erratic Loss Loss Loss Loss
Sulfuric Acid . .

36% (By Wexght) Gam Loss Loss Loss Loss

50% Gain Erratic Loss Loss | Loss

68% . Gain . Gain Erratic oo Loss

93% ~ Gain Gain Gain Erratic Less
Sodium Hydroxzde : i ,

10% ;" 'Erratic Loss Loss / Loss L.oss

[ 40% ‘ ~ Gain "Erratic Loss " Loss Loss
Solid. , Gain Gain Gain Gain Gain
Nitric Acid ‘ ) : o
20% Erratic Loss Loss Loss. Loss
67% : Gain L.oss Loss ‘Loss - T
Hydrochloric Acid
20% Gain Loss Loss Loss Loss

36% - - Gain Loss Loss Loss -
Ammonia .

10% N Loss © 'Loss ‘Loss e .-

28% ! » Loss Loss Loss ———— —-

M

We notice that in every case low temperature gains,
tend to be fnllowed at }ugher temperatures by systematic weight losses,

i
1
i
ih

i v
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Part B_.

Theory.

W

. //,', . | n,y ’ R
P-Factors at 7(Q°F were determined from bottles standing in a room
thermostated at 70°I‘5) relative humxdxty constant at 50%, those at’ hxg‘*er/
temperatures in ovens through wl'uch air {rom the room was circulated.

At 70°F the vapor pressure oz watev‘ is 18.7 mm of Hg.

Thus the

partial pi'essure of the water vaport in the room air conditioned as mentioned
or approximately 9.3 mm
Assummg that there was no water added to or removed from the air
as 1,F entered and circulated through the ovens, this is also the partial

pregsure of the water vapor outside those bottles whosenP Factors were

above (R H. =

_of Hg.

i

det%:r mined at 1009,

ki

50% at 70°F},

130°,

and 165°F,

was one-half thm

When

tension was greater than 9.3 mm, and weight gains whenever the aqueous
Actually, owing to small variations in

tension was less than 9,3 mm.

_ ,temperature -- which have rather pronounced effect on aqueous tensions, a
} ' !fluctuations in relative humidity, erratic behavior is perhaps to be expected
‘ (alternating small gains and losses), for bottles conta.mmg solutmns whose

aqueous tensmns are close to 9 3 mm. :

(The argument above is essent1a11y based on the fa.ct that diffusion

" must vanish with the gradient of the chemical potential,

use the vapor pressure as a measure. )

for which we may

f; Therefore, when the aqueous tension inside a bottle was greater than -
9.3 mm, water should have permeated outwards, and vice-versa.
water was the only penetrant, this means weight losses whenever the aqueous

[

and

In the follc;wing sections C through G we consider the facts individually

for aqueous solutions of H,804, NaOH, HNO,;, HCI,

Pt 3, Sup. 1

and NHj.
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Part C._ Sulfuric Acid‘v

TABLE VI II

AQUE OUu TENSIONS OVER SULFURIC ACID SOLUTIONS

Water loss pred1ct10ns in good agreement with expenment,
which might be d1£fus1on

except for concentrated acid at highest temperature,
of 303, although its tens1on is . small (ICT, vol. III, page 304).

- N

CONCLUSIONS

l| . lefusxon of HpS04 (or 503) neghgxble over the temperature

'and concentration” range studied

0o . . " o . v . n

{i N " . . - H
R ) . ) .

. f

A WADG TR 5».3-133 Pt 3,15up, 1 27

n RN A i
' ‘

(ICT, II1, p303)
Wt." ’ ‘ ; . \‘ N j "
% 95 90 70 65 50 40 35 30
o0 N ‘
' ‘ . N T
0 (32°F)  ceee eeee- 0.15%  0.38 * 1.55 . 2,55 3,06  3.43 ¢
15 : . o
20 (68°F)  -----  0.005 0.72 1.61 6.20 9.95 11,8 13.2
§ ) o ' «.,
25 ¢
35 } , . |
40 (104°F) 0.092° 0.026  2.75 5.66 20.3 . 31.8° . 37.3 417
............. ! ’ i " '
A 50 . ‘ i . .
.+ 55 (131°F) 0.009 0.08 6.89 13.4 45.5 69,0 80.2  9L.0
70 o . “
75 (167°F) 0,042 0.327 20.3  37.0 115. 171. 198. 222.
80 ‘ B
PREDICTIONS (Based on 1953 of water) | PR
’ o 36% 3,} Gain at 32°F. Loss at 70°F and above. (O.K. See
: | - ” 7 Table VII)
50% Gain at 32°F ahd' 70°F Loss at 100°F and above. (O.K.)
68% , Gain at 32° and 70°F, Probably erratic at 10097,
. ' Loss at 130°F and above. (O.K. )
93% ‘Gain at all temperatures.. (165°F value anomalous)
" DISCUSSION , : v

PO




Sediwn Hydroxide.

Part D.

TABLE IX

' AQUEOUS TENSIONS OVER SODIUM HYDROXIDE SOLUTIONS

l
40%  Gain 41,,7005' Probably erratic at 100°F.
at 13()015 and above.
Solvid Gain at au temperatures (OK)
DISCUSSION = . X

(Essentially O.K.VY

Py (ICT, III, p370) j
¢ E W
tl
P 2O :
v 20 40 60 .80
{\\ c » (68OF) (104°F) (140°F) (}76°F)_
0 17.5 55, 3 149.5 355, 5"
5 16.9 53.2 143.5 341.5
10 16.0 50. 6 137. 325, -
20 © 13,9 44.2 120.5 288.5
50 6.3 20.7 62.5 . 160.5
- 60 " T 4.4 15. 5 47, 124
A 70 3.0 10,9 34.5 54.
G = grams of NaOH per 100 grams of H,0 (ICT, III, p351)
. = approximately 11.1 for 10% NaOH, and. -
= approximately 66.6 for 40% Na,OH.
-
PREDICTIONS (Based o[/n water loss) '
e ‘
10% Loés"’}a't(/ 70°F .and above. (O.K.)

Loss

Water loss predlctmns in good agreement with expenment.

CONCLUSIONS

i
L)

4 . D1ffus1on of NaOH (or hydrated Nat
‘temperature and concentration range studied,
“since’ "the tension of. NaOH is negligible.

 WADC TR 53-133 Pt 3, Sup. 1 28
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and OH") negligible over the
in agreement with expectation,
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Part E.

Nitric Acid.

TABLE X

B

H20 AND HNO3 TENSIONS OVER NLTRIC AGID SOLUTIONS

WADC TR 53-133 'P; 3,/ Sup. 1© 29

(ICT, III, p304-5) }
‘ i \
we, oo B
% Vo200 25 65 0
i N .
4 tOc ] _
0 (320F) 4.1 3.8 1.3 1.1
. 1 (0. 41) {0.79)
20 (689F) 15,2 14.2 4.9 4.1
. (1. 68) (3.00)
40 (104°F) 47.5 44, 15.5 12.8
(5.7)- - {9.68)
85 (131°F) 100, 0 94. 33,0 27.3
(0.09) (0.18) (12. 8) (21.0)
75  (167°F) 250.0 234, 86. 70. A
(0.38) (0.77) (35. ) (43.3)
C 1‘3 oo
HNO ; tensions in parentheses.
., PREDICTIONS (Based on water loss)
20% . Loss at 70‘7”F and above. (D,K.)
6% Gain at 70°F. Loss at 100°F and above. (Experlmenta,l
. gi bottle weights showed erratic behavior for first month
’ at 70°F followed by steadv loss) '
E . ‘)’J‘ B i .
DISCUSSION .

Prediction at 70°F for 67% solqtio%i perhaps in error.

‘CONCLUSIONS

Volatility of HNO3 may be a factor for f?% solutmns As the
tension of one component rxsesz the other drops. ~At 750C (167°F),

IINO; tension over 67% acid almost 100 times gre*.,:,:‘

aud at same tempprature.

i
§ K

than that for 20%

e = % e e

LR




Part F. Hydrochi@ric Acid.

v

. TABLE XI

H50 AND HCl TENSIONS OVER HYDROCHLORIC ACID SOLUTIONS

%

(ICT, 111, 301)
i ) '
o T i [N
we, © c - 20 40 50 ) \‘)\70 - 80
’ (68°F) (104°F)  (122°F) (140°F) . (158°F) (176°F)
S i )
20 . 1003 . 0 33.3 57.0 93.5 150, 230,
- (0.2) (1.06) (2.21) (4. 4) . . (8.5) (15, 0)
W " b . ; . ‘ . "7 "
36 L3100 11.4 20,4 - 34,8\ 57,0 . 90.0
‘ (105. ) (322. ) (535, ) = o
H»Clvt‘en'sions in"parentheses
PREDICTIONo (Based on water loss)
) 20% . Loss 2t 70°F and above. (0.K.)
36% Gain at 70°F.  Loss at 100°F and above. (70°
: ' \ prediction incorrect). S

DISCUSSION
: §

|

20% solution falls in line, but water loss predicts gain at 70°

" for 36% acid, whereas in fact a substantial loss is observed.

P-Factors for 36% HC1 are greater than those for pure water.
. . W .

T . CONCLUSIONS

The dlffusmn of hydrochloric ac1d is appremable at 70°F

and above for the more concentrated acid,

i

: : i S
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Part G. Aqui\l Ammonia, i L i ;ijk
o AR o L A
‘{iTABL.E XI1 L R I
! o
NH; TENSIONS OVER AMMONIA SOLUTIONS - ﬁ
(Ic\ o111, p362) A LoLn
\\‘ - 1 o :{\ . . "
W, ST ; N ’
A Wy <N . - - C ‘
L % g 10 15 20 25 30 n
t°C | i TN
- N Sl . ] ‘ o . ‘f{ | i . i
0 (329F) 14.6 288 49.6 o818 . ;l127.5  195.8 |
20 (68°F) '51.8  "87.8  142:9. . 224.7 ;: - 335.5 494,83 G
o 40 (104°F) 131.8 - 227.5 ., - 353.5° 543.0 | . 766.9 1143.5
L h i ”'. ) . : ﬂ
50 (122°F) 207. 5 348.0"  530.2 783.5 1109, 1554, 5),
60 (140°F) &14 5 517.2 5. C oo
70 (158°F) = . 748.0 o B i
“ — . L . i
Y - , . ‘ | PR
v DISCUSSION AND ’CON"CLUSIONS
+P~=Factors for aqua ammoma both 10 and 28%, greater than
those for pure water. Weight losses in these cases)obviously due °
primarily to NH,. S o o
. Rt A ‘ |
AN .
= ‘. ) & N " \:‘\
Part H. P-Factors for'Aq\’ieous Solutions and He“nry's Law. | ‘ ‘ b
If the solublhty of water m polyethylene is proport10na1 to its partial
. pregsure {"enry's Law) L
{ ,, - L Lo
" . 5 = k(V.P. )ia‘ o B , f
H N \ ) con . - H
L where k = Henry s Law Cbnstant and V.P. is the vapor pressure or aqueous _
o ' “ tensmn of the solution (Whlch is the part1a1 pressure of the water at : ;
’ ‘)} saturation), then R »
P=5.D . (Part 2, Introduction) o
b _,'af;;v.P.)D; | |
that is to say, at a given temperature P- Factoxs for aqueous solutions” e
should be proportional to their agueous tensmns if Henry'e law 1s obeyed R A
| WADG TR 53-133 Pt 3, Sup. 1 31 v
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In Table XIII we have collected the data for pure water and those /’
solutions examined in Parts C through G where it scems probable that [,/ ;
wat‘ r is the only ,omponent that. penetrates the polyethyiene tb any appreciable &
extﬂnr ,{‘ ; i
: v - L iV LR
W “ TABLE XIII J ‘.
et i —_————_‘ ; " )
l‘ i |
i P- m.c'rom: AND AQUEOUS TE’\ISIONS |
gy , T YR lo T - »
501“‘1% and i 10%F mo"ii‘“ 130°F L 168%% :
Property : Ty oLk ’ S ' - !
. i i & ’ -
. iy . ) . 7
394. . 1840. i
27]:6. T . .
’ N

Pure Water y |
i P-Factor x 100 ’27.9"@ . .83.5 ‘
: Tension S 18."7"& ~ 48.9 114.8
Ratio S SR | 3.4 6.7 : )
20"7. Nltmc Acxd R N : s T "
P-Factor x 100 16.1 & 7 (4.8 Y 1475
15,2, 44,5 100l 2s0.

- o 3.7 ;o599 S
R Y

"Tension
Ratio 11
. 364. 15080
110. 243. S
3.6 .. 6.2 ) d

P-Factor x 100
Tension -~ 15.8
1.2

Ratio Ty
192. 4 | b42.
' - 84,

40% Sodium Hydroxide .
Ceeee e 27,0 |
12.0 31,
7.6

P-Factor x 100
Tension ) 3.6 . 12,
Ratio ' ——-- 2.2 6.3

10% Sodium Hydroxide
19.6 = 72
46;
1

[ )

}! i ‘ ;
Bt 304. |
. ‘ 190. S

"' 36% Sulfuric Acid ‘
P-Factor.x 100 _———- 7.
Tension =~ - 11, - 35. _ .

. " S N 3.8,
603..

Ritio
E i s i
; 204.
111.

oo
Acid LRIy
Fa 23.8
19, 45,
4.4 5.4

]

50% Sulfuric
PrFactor x 100
6.2,

' T%nsion ;
Ratio 1. R : 1,3
© 121,

68% Sulfuric Acid R

P-Factor x 100 i o ; .

Ten a:lon ,/ : i T A T 26. v
o . . oy . : . _— .

Ratxo ,e‘i o //, . . . } o i 4.6 . )
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k f’ S (-PfFacth x 100) /Tension.
Although no auowance has ’b(*en ma.de in Table XIII for the fa.ct thdt
\ diffudion of the, water is a.gd.mqt a back pressure of 9.3 mm of Hg, and
\\.although rehable P.Factors on even pure water/ 1tself ‘are dlfflcult to obtain,
it seems l'kely that Henry's, Law is obeyed over the temperaiure range
‘ “covened by Table XIII. Note that the ratia of the P-Factor to the atﬁuauus
T “tensum increases with r1smg temperriture, in accordance with. the following -
S n facts y f’"‘ : ) : i
.;i_.r i ) i "\;\i B P{‘{"= P e ’I‘": /}l]kT and - . : " ) ol
SO S T A B o .
/4,,“ : E:" ‘\\\ ufl’ !\ H ,{iR T ’ ' ! ' »ll’é; R N i
4 }3 ) (\/’.13 =z (con‘%t{)}e -4 pI ; therefore . - S . “\» o
/ b oy T / N \ ;]K ‘ - § A .
i i | ([ kS )) [ i : e J
s . ”, i ) : L
po o P/(v!!P) (copsn{* ‘Ep @ vap”RT.( ] 11
i . . ; “ U
o K i o
which increases wlth rising" fe“mperat&re since fpr water E (about 18 kcal/
mole) is gréater than AH vap (about 10 kcal/mol‘ ) - f E j ; N
: ‘ i [ K
- 20.  P-Factor Calculatxons for Ca.rbon Tetrachlonde a.nd Compa.nspn L
With Recent Experlmental Data. : woor ),/
"\w . \V n .
The_ v1ta.1 statistics for carbon tetrachio;idé are
" Molecular Weight . 153.8 "
Density (gms/cc) e 1.595 .
» ~ "Molar Volume (in cc) .. S . 96.45
Length of Fisher Model (1n cm) , .. 5.5
oy . ‘Shape Index (96 45Y5. 5) . f‘ .15
i v ©  'Boiling Poirt (°C FoT use w1th Drembach) s 7 76-7
‘ )) Heat of Vaporization (Dreisbach, char; 1.5) . © 7.9
Z LAY (compar1son with pentane} R A 1.3
v B Yy a
From these data, we calculate that. for carbon tetrachlomde {equation
14-1, Part II) ' \ : . :
”Ep= 0.0348(96.45) + 0,75(17.5) + ~2.4(1.3) .~ - - = /!
’ e S oo
= 3.36 + 13,12 "+ "3.12
=. 19,60 kcal/mole. § :
, . !
. Frorn the slope of a logP ve 1/T plot fv/;xr CCI4 in DE- -2400 (da.ta reported
. . in Part 3), an experimental:activation eneﬂpgy of 18.9 kﬁ*al/mole wazs found.
The agreement is not bad considering the fa,ct that the Shilpe factor for carbon
tetrachloride, "17. 5, is conmderably greateri than that for any of the! compounds
‘WADC TR 5w 133 Pt 3,,sup 33 I
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! on which \he original study (Part 1I) and equation l14-1 were based (‘most

Yvalues ran hetween 9 and 12,
E\i‘pr‘evi:ous high, for ter -butyl cdc.ohol)
ﬁ | ..
Next,

. confidence that: C'Cl4 belongs with the aromatic 1ogP° vs. Ep

with 1:7 6 for cyc.lohexane and 15,9,

fol\ovsmg the discussion of scctlon 18, we assume with some

the

family and

estitnate for t’w l,xrcquengy factor (Table 20, Pait ) that
f’ “ 1i)ép°"= 0.661(19.60) 4 3.74 = 16. 69, \
/ . and nénce tﬁat ! ] 2 . \)\ t\{ | ‘
Bl | logP(70°F) = ‘-19j600/(4 6) (294.3) + 16 69"
- 14,47 4 16,69 = 2.22, with .

500 gms per .

.. (usmg the o

f\
‘ “\ p(7‘00§.‘) = 166 . Observed:fé'
v, o ; initial slope of the wt. J b
! . - Y loss - time curve at 70°F)

i

Ky Y : : Kt
l

directly comparablc to the observed,,value of 500,

pared to 500.

The ca\cul ted value is of the 7‘1ght order of magmtude, but not

One or the other of the ‘ i

values should be| corrected to allow;for the fact that weight- Noss-wise CCly, - . i
has a’ larée P- Factor owmg to the //fact that four of its five atoms are . . - .
i chloring ‘atoms, | wh1ch are more than, twice as dense asmethyl groups. .
. Multiplying the 166 by the ‘ratio of the molecular -weight of carbon tetré.chlonde

(154) td the molecu‘lar weight. of ‘carbon tetramethyl (7 )y we obtain 359, com~-

ii 9
4
El

N

Finally, were we to allow for the fact that or{ce three of the four <

- chlorine atoms in CCl
probably tags along wiﬁq little trouble,
para or torpedo effect; see section 12; Part 2), u ‘
0.661(19.6)+ 3.74 = 16.03 for logP,,,
the value 200 times (as befoie) 1‘.54:/7
observed value at this temperature.
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make it to an activated state the remaining one
and subtract 1" kecal from E
using therefore 18.6 and
we should calculate for P at 70°F

or 420, which. is within 16% of the

(the
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