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20. ABSTRACT~
“%tudied as a representative of the class is poly p-phenylene
benzobisthiazole (PPBT) Since PPBT samples were available
only in limited quanéﬁties as fine fibers (~20 um in
diameter) and thin narrow film (10 ~ 30 wum thick), we
developed three techniques for such samples in this work:
(1) X-ray energy dispergive analysis; (2) a weighing method
with a Cahn electrobalance; and (3) sorption and desorption
measurements for a sample suspended on a precision quartz
spring in an evacuable chamber. Measurements were sensitive
to a few micrograms of mass change. The obtained sorption
and desorption curves were non-fickian. Diffusants, such as

water, benzene, and ethanol were studied under different
temperatures.

~An abnormally large heat of sorption (solution) and
paradoxical data from two experimental systems with somewhat
different conditions are attributed to a large volume
fraction of microcavities in PPBT. This hypothesis was
shown to be consistent by using the theory of dual sorption.
A statistical mechanical model due to diBenedetto was
modified to correlate the activation energy with rotation

energy and to make possible the prediction of the parallel
diffusion coefficient.
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Chapter I INTRODUCTION AND LITERATURE SURVEY

An important development in recant vears has been the
evolutions of chemical and physical technicues to producs
ighly ordered polymers. Some of th2 resulting mataria

axceed all others in thzair ratio of tensile strength to

dznsity {s/z). Becausz of their potential for applications

0
4

ioitalizing on their large 3/) value tha major porticn of

rasearch on ordered polymers has dealt with mechanizal

t

propverties and with methods of synthesis or producticn.

Qther subjects, such as transport properties,have receivad
relstively less attention. As pointed out by Barker, Tsai,
and Wil}.ency,l transport properties such as =lectricai con-
ductivity and the diffusion of varizus molecular speciss

in pclymars not only are of interest in themselves but also
orovide useful prokes to gain a better understanding oI <he
colvmer's oroperties in general. Some of tha most recently

discoverad types 0f ordered polvmers are the extendaed chain

[eN

(rigid rod) polymers. The main material studied in zhis

™
Q

thesis 15 the trans-isomer of poly {paraphenylene-

benzobisthiazole) (PPBT).
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The available PPBT samples were D% very small dimensions,

£,
(t

(22 fibers were onlv 10 im - 40 in diameter an ha

=
=]

rthearmere,

]
]

£ilms, only 10 um - 30 um thick and 5 mm wide).

xd

'..,4
)
2]

th2 available samples exhibited cconsideraple interna
external imperfections which may lead to certain difficul-
ties. At this pcint it is uceful to summarize some of the

problem areas

th
tth

kl-

(i) © icult manipulation due toc che small sizes
of samples.
{(1i) Variablza diameter 2long a fiber and uneven

surface and thickness of a film.

—
yoe
Fl.
},J

ol

Small total guantity of compounds sorbed by

}-J
3
[
La

the polym

Regarding difficulty (i) th=2 eiperiments are hard to
perform not only because of the small size but also due to
a tendency of the samples to fibrilate. Difficulity (ii)
will induce experimental error, because diffusicn depends
» the thickness. PCifficulty (iii) requires taac
the experiments Dbe carriad out with highly sensitive
instruments.

Since it so ubiquitous and plays such an important
role with regard to the electrical provertics of polvmers,

one of the major diffusants studied was water. It exists

H,

in the normal atmosphcre and aficcts the preperties of PPHT.

'uﬂ-*{*{l{f PP

]
v B 2 4
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[
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The reacticn between PP3T and d.,0 was assumed to be a
s

2
oroconation 2ffect.” From an observed shift of the C=N

. : . -1
stratching band in laser Raman spect from 1481 cm

A
w

{s01id) *to 1515 cm-l {(in methans sulfonic acid (MSA)) the

1]

grotonation process in MSA was

[e N
(a8

aducad to be expressed by

\

the following equation where P danotes the neutral PPBT

chain:

P + nCH,HSC, 2 ann+ ¥ nCH3so;.

Then for watar, the analogous reaction is:

N n+

P + nH.O 2 5P + noH .
Z n

[Bs]
W
0
£
[
U
(0
o]
()Y

this, moistur> affacts the electrical conductivits
sf PPBT in a strong way. This has besn extensively studiad

In order to study the diffusicn of a given specias
through FPBT, three methods have peen developed: 1. X-rav
energy dispersive analysis. 2. Weighing method with a
Cahn electrobalance, and 3. Sorption and Desorption for a
sample suspended on a guartz spring in an evacuable chamber.

Besides water, ethanol, and benzene also have been
3tudi=sd. Benzene was chosen because its size, shane, and
aaectronic structure relative to these properties of the

mer make it of special interest. The polymer has becn

CARMERERR KL |
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studied under different temperatures so that the activation

1":~,
{;i arergy Ed' solubility s and *the preexponential factor Do

. have been obtainad. The data from experiments in the Cahn
?ﬁ' 2lectrokalance were nct consistent with those from axperi-
3

i ments using che quartz spring balance. Efforts to resolvs
AT

this conflict led to the discovery 92f a usaful model based

or. a distribution of microcavities. A molecular mcdel in-

volving the partial retaticn of chain segments has been
- Czveloped to account for the activation energy. This mocel
39
d is consistant with the chain packing configuration as in-

Zarred by X-ray diffraction.

When PPBT was dcved using ionic compounds (nitratas

. and chlcrides) to provide trapgoing sitzs, the diffusiocn
-\ l-
g .
- coefficients of H,0 in doped PEBT vs tha charge to radius
g <
. ratio, g/r of the cations was found to be linear.
W
- Firallyv, the parallel diffusion in PPBT has been con-
‘iﬁ sidered from the view points of fibrilar morphology and
) 1‘_ o
. crystal structure.
e
o Por a thorough understanding of the diffusicn processes
. in PPBYT, we must be abla to reoresent the mass flow by
CPAN
means of some equations based on different experimental
“u ) .
‘ﬁ» methods and theorctical concepts. The following pages of
NG
. background discussion will serve this end.
AN
.

e,
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3. Literature Survey

1. Pick's Laws. Apprcximately a century agc (in 18839)

Fick developed a ccntinuum approach toc the phenomenon of
diffusion which still provides the framework for discussion
of the principles.

Assume diffusion only in the +x direction, then consider
a2 thin layer of diffusant between x and x+dx. The number
of molecules of diffusant (of type j) per unit volume at any
time t is a function only of x. Let Cj(x,t) denote this
concentration. The diffusive flux Jj of molecules across a
perpendicular plane at x is the net number of moleculas of
j passing throuzh unit area of the plane in the vpositive x
direction in unit time.

At the molecular level diffusion 1s a statistical
caenomenon which can be related in a useful way to changes
in the chemical potential uj of the diffusant in the
diffusate. The chemical potential may be viewed as thne
statistical analcgy of the vpotential energy function in

classical mechanics. Thus the gradient of iy in a given

direction X, corresponds to the average force on a diffusanc

-4

molecule due to interactions with its molecular surroundings. ;}
"

dil !

- B : 1 B NS

fj’1 = X N_ ' (’l = ervz) (l) -}!

$a
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actor of l1/Avo

e}
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vy
t
O
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3
5
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17}
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YRR ccavert the usual units for chamical potentizal (J/mol) int
anergy per molacuiz2, 50 that £ is the x-ccomzonent oI force
cer molecule oI tvpe 3. This avorate Icrce C&uses a

. M \ =) y £
statistical drifs

H
'.1

S otne Jiffusanc with a sco=d a, given

RS PER B PR <

where w. 13 the nmcloeculuar mobilicty of species j. The net

. diffusive flux density is

=1
. N.ul = ., ==C.w.(3u,/3x IN, ~ 3
l.& 1734 33 e JA):'(J'JI ‘iL) o ()

. . : . . . 3
with Cj = nj/Nk relating the concentration £, 1n mol/m” to
* 4
, . . 3 , C o . . .
R that nj in molecules/m~. The chesmical notential 1is related
to the concentration through the familiar thermodynamical

relation

kil

~" o
- uy. = u. + RTIn(y.C. 4
JJ Ly ((Jb]) (4)

T from which the usual relaticn,
-

Jj,(l = "Dj,’:‘(.)cj/dxl) (5)

"L Xnown as Fick's first law is seen to follow as a restricted
., ':l\
. ] . s A . . .
< special case (when the activity coefficient y, is not
N 2

dependent on C, and when there is no thermal gradient and
J

no interphase boundary).
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J(x) = -Cw%% (omitting the subscript 3j). {(6)

e .

Ry

In the absence c¢f chemiczl reactions, etc. th2 conservation

o)

f ccomponent j mayv be expresszed: Accumulation rate =

influx rate - outilow rate

aC AlT(x) - J(x + 4dx) 1 3x

- 2o
= Cu 5+ 3 ﬂx(Cw) (7)

or for the conditions appropriate forxr Fick's first law, we

have Fick's second law

= (w.kT) ——j% , D. = ujkT (8)

[T

a. X-Ray Energys Aisporzive analysis. Thls mechod was

i . 4 -
developed by Barker, Revnolds and Malhotra, andwas succassfully

apolied =o I3 difZfusicn in Ag3Sn Amalgans.

%

The solution to the on-dimensional diffusion equation

>

fcr a scemi-infinite solid is {(Appendix )

.
P

—

ala

Ty

Clz,8) = C_orfcl

) {9)
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CS is the constant concentration on the surface, and Ci is

e initial internal concentration. The experimental

ccndition relevant to the present study is C, = 9, then
esuation (7) becomes
Cilx.,t) = Cserfc(x/yé::)
= Cs(l - erf{x//4D%)) {32
Zonszguently
F-l' \ 7/ \ /A
x/v4DT = erf \(CS - C,,CS; {9b)

-1 . ) : .
((Cs - C)/CS) denotes the inversae or antierrcr

(al

where er

function. It follows that

(W)
It
"®
to
e
T
D
[
[
|
}-
(@]
1
b
N
(@]
[\
©
O

(]

ied

t

I£ a diffusant weres app o the sample poundary for

a time interval t, then, by detecting several concentza-
tions at various distances from the boundary a plet of x vs.

-1 5 , . Coe
erf (1 - (C/CS)) would enable one to compute the difiusion

Fh

rCm tne =2Juation:

D = (slope)?/4t (10)

~

H na< . - O .
B, Pime lag (Permecation Method™ " ). From the instant

n

the diffusant is tfirst admitted to one side of a £ilm and
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orior to the establishment of a steady statz2, both thz rate
of flow and the concentration at any point within the film

als

vary with time. If the

in
th

rLI

iffusion cecefiiciznt is constant,
the film is initiallv completely fre=s of dififusant, and
iffusant iz contincally removed from the low concertration

stde, the amcunt of diffusant §, which passes thrcugh the
-

n, 2
% _ o, ,1_2 T (n" Py (11)
2° 5 L *
ACZb b-— o] ”2 n=l .n2

As t » =, the steadv state is approached and the
exponential terms become negligibly small, so that the

graph of Qt against t tends to the line

2 ;

Q‘_//A = (Dcz/b) {(t - b_/GD) (l‘a)
which has an intercept 1, on the t-axis, given by

2 -

T = b7 /6D. {12)
Therefore

D = b2/67. (13)
The mathematical details are shown in Appendix B.

c. Sorption and Desorntion Method.5 If the concen-

tration Just within the surface of a film exposed to

1

« 4 e
v Y .
A R

g

P

e

. b

(]
A
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L
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. 0
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» diffusant is maintained constant, then the amecunt of
-
7y diffusant Mt, taken up by the film of thickness b in 2 tixc
By
OA
t, 1s given by the equation
-:“‘-q.
‘.: 0 2 2
’ 8 1 D(2n+iY " 71° ¢t
.::l Mt./Mm = ] - -5 z = exp[- ( 4.2 - ] (11
= - n=0 (2n+1) b
e Aprendix C preovides the details.
o M_ is the equilibrium sorption attained thsoreticaily
' after infinite time. Assume t; is the time at M, M= 5,
N 2 e
. ) ,
[ the above aguation can be written as
’ ) ,
. 2 1 T 1,779 -
t, /b” = - —5= ;'Ln{1—6 - *9'(~f) ) {13
- 2 7D -
2o Thus, we have
a A 2 < -
e D = (.04919 b™/¢t, . (13
- 3
A
AT . - . 0
e The time &, can be found experimentally and thus D can be
.-‘- 'z
calculated. Another form of equation (14) 1is
p 2 L 1 x n i
. M /M = 4(De/b7) “(1/77 + 2 ] (-1) ierfc(nb/2(Dt) 7)) (17)
i - n=0
Y where
N . . i — —n2b2/4Dt
o ierf(nb/2(Dt) ?) = (1/v7)e
p ' : 5
b - {(ab/2(DL) Yericinb/2(Dt) Y) {13)
J-:":
Jl
\"
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The value of D can be deduced from an observation of the
initial gradient of a graph of Mt/Mw as a function of
(£/p%) %,

This kind of analysis has been used by Garrett and
Park (1967} (Garrett, 1353)° for kinetic and equilibrium
sorption measuraments. Others, for example Baughan,8 and
Carpenter and Twiss9 wera also working cn thesa2 kind of
methods.

The equations given above are for films. The same
approach has been applied to fibers and spherical particles.
For fibers the diffusion coefficient D was determined from

the slope of the linear relationship obtained when plotting

L . . . . .
(Mt/Mm)‘ against t using the following egquation

L
D = (nr2/16t)(Mt/Mm)2 (193

d. An Optical Method.lo This method was applied *:o

) .

diffusicn in which the diffusant made a visible border in
polymers. There are two known situations in which sharp

borders occur. The first is the most widely known. Namely

th

swelling of the polymer bv the diffusant creataes an advancing

zone between the swollen phase and the unswollen phase. To

gaet such an effect D .  The second

swollen i Dunswollen

situaticn occurs when there are colored travping sites which

change color or refractive index when a diffusant molecule




12
11 .

is trapped. J. J. Herxmans vroposed a mechanism in which
the boundary line indicates the abrupt change frem "a2ll
holes filled" to all holes empty. Figure (1) gives
diagramatic represantation to the situation.
.10 . . . .
Barker used this idea and derived an equation that is

very practicali. He assumed the shaded area in Figure 1l.b.

has approximately the area of a triangle, then frcm esguation

J =3, +7J,

He cbtained the equation
-D3C/3x = ny(df/dt) + (C_/2) (dg/dt) = DC_/:

Here, J is the amount of Jdiffusant entering the polymer in
unit time. Jl corresponds td the incrzased concentrazion of
fr=ze molecules, J2 repraesaents the £lux going into traps
between £ and £+df, and ng is the concentration of travs.

The concentration maintained just inside the suriace of the

"

Jiyme

H

is denoted by CS.

IZ C_ and n, are constants
o

D = (£ /2t)(no/CS + ) (21)

later on, Barker found from experiments for O2 diffusion in

polycaroponate that botter agreement i3 obtained by replacing

the % by 0.32.

PP Py
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B P | Scheaatic representation c¢f the concentrations of
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e. Othar Methods. Certain other methods can detect

concentrations at a part

[ 2

cular distance from a boundary,

- s - . . H : - 3~ - . N
fcr example certain refvactive index technigues, rzadiation

=
3]

Accoréing tc the =2quaticn

L 2
C(x,t) = (C_/{=Dt) “)exp(-x"/4Dt) (22)
=]
whlch reprasents th2 concantracizn prefilz2 at time t
subsequent to an initial highly localizod conceniracion on

3
interface. Or ploatting lcgCix,t) vs. x°, a

o)
Q
—
o)
=}
o

straight line havirg *the slcpe 1/!(4D%t}) should be obtained

3 nown.

[

f£rom which D may be calculated 12 %

2. Secme Other Tffachs Related to Ciffusion.
a. Relations Tz2tween D, 3, and 2. The difusive

transgort through homogeneous, nonsorous Dolvymer membranas
was qui.a gonerally treated as 1 the aembrane were idesal
so that th=2 flow could be described Ly Fick's laws based on
the concentration of the permeant. In such a case the
current density J through the membrane is the orcduct of

iant 2nd the diffusion co-

£

2 negative concentratisn 3

[

efficient ('ick's first law of diffusion)

J = -D3C/5x




In a planar membrane of uniicrm matarial grorcerties,
thie steady state concentration gradient is constant so that

the flux rcer unit area of the memprans is given by

(22}

()
it
i

o

[~.

(@]

[~

b
Il

lw}
2
I

O

)
~

o}

where the membrane has a thickness b which is uniform and

D is indepandant of C. Ths subscript 1 rzlates to the

upstream and the subkscript 2 to the dewnstream boundary of

In case cf an "ideal gas—-menmbrane pair" one nas the

[}
t 4
!
ke
'.-l
€]
2]
D
r—l

ationshin for an isothermil sorption process

O
1
]
el
(8}
=

which defines s and which is just Henrv's law if s, the

scrption coefficient, is a constant independent of Dressursa

p, then f£rom equaticn (23),
J = -DsAp/Ax = Ds(pl - pz)/b= -Pap/Ax (25)

30 that the constant permeability cocfficient is given by

aithough ther2 usurlly s zn 2Xtra constant factor *e

handle various mixtures of unit systems.
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Usually organic vapor dirffusion is concentration-dependent.

provides a reasonable apprcximatcion

concent - : in

ingy that experiment. If O is calculated

5
e

v

e

oY

for sorpticn and Dd from the gradien

.y i
Al Al
[

%(DS + Dd) is a better approximation to

T

c. Temperatura Zffect. Under lideal conditions,

diffusion follows the Arrhenius equation

-Ed/kT

D = Doe

over sufrficiently restrictad tempaerature ranges.
exsonential facrtor D, includes entropic t
-

d. Gas or Vapvor Pronerties that Affect

Usually, larger gas mani-culzs nead lairger holes in

.

for diffusion to proceced. Accordingly, the smaller t

3

molecules are, the smaller the activation eoneragy will o2 and

e, a A

){I{

ety




cenzagquently the larger the diffusivity will be. If the

e

ﬁ molacular size is large, the effects of moclecular shape and

n filaxibility beccme important. Branchad comzcecunds usually nhave

- much lower values of Ed than nonbranched compounds cf the

E sere siza.ld7lo

: 2. Natur=s of the Polvmer. From the hole theorv cf

E diZZusion, the rate of diffusion deoa2ads on (a) the number

| and size distribution of pre-existing holes, and (b) the ease
of nola formation. It is phvsically oobviocus that Iincreas=d
crvstallinity will reducs D. Also, if cross linking incr=ases,

T AT e

diZfusion will increase. It
both of these processes
entrogv
decreases in

with Barker's entropy correlation theory,

PR LY S S
- *"u-"’-“;\_ » "

constant decreases zand the activation energy of

is also relevant to menticn that

would ke expected to decrease the

Q

fod

of the polvmer and that the

D weculd be qualitatively consistent

18 according to which

ary 3trustural! change which reduces the confiigqurational entroov
2. of a ccmolax molecular system (thz polymer) will lead to
. . » . » *
an approximately equal increase in the activation entrcpy \S
for structurally centrolled rate processes. The additicn ot
plasticizer to a polymer decreases the cohesive forces between
the chaing, cosulting in an increase in segmental mobility. AN
L
o
- B . e . . . I
it 1s clo2ar =nat the rate of diffusion will increcase when -
Lo
L I S P e a
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f. Glass Transition Temperature. Most of the pclymers

shcw a sharp change of Arrhenius slope at their glass transi-

- L ey e e
i) e LT DT,

o F

s
o

Vi

pal

2 15 a

t-a

ticn temperaturszi., Ibows the

o«

Vo]

r2atly increased segmental mobility allowing for a larger

)
W

N

o} of activaticn, leading to the observed increases in both

. . 19 .
erergy and entropy of activat:ion. Often, below the glass

>

»

temperzture diffusion kbeccmes ancmalous. Sorotion curves may

shcw Non-Fickian character. D may show time and thickness

g. Fickian Characteristics. The mathematical solutiocn

mentioned in section I.3.2.c. (Sorpticn and Desorption Methcd)
in this thesis is based on Fick's law. Sorption curves having
characteristics expectad from the specified soluticns are

customarily callaed Fickian (or normal) type sorgtion. The
foliowing is a summary of important Fickian sorption featurszs
that have been made available by the mathematical studies of
Crank and asscciates.

{a) Both absorpticn and desorption curves are linear in
the initial stage. For absorption, the linear region extends
to over 60% or more of Mm, where (Mn/ Mo) is the amount of
vapor absorbed per gram of dry polymer until the sorption
aguilibrium is reached. Tor D(C) increasing with C the

absorption curve 1s linear almost up to the final sorption

2gquilibrium.
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-

(b) Abcova the linear portions both absorption and

jol)

esorption curxves are concave toward the abscissa axis,

rrzspective of the form of D(C)..

e

{c) When the initial concentration Ci and the final

concentration Cf are fixed, a series of absorption curves

th

cr £1lms of different thicknesses are suzerposable to a
single curve if each curve is replotted in the form of a re-
duced curve, i.e. (Mt/Mo) is plotted against t%/b. This also
applies to the corresponding series of desorption curves.

(d) The reduc=zd absorption curve so obtained alwavs
110; ibove the corresponding readuced desorption curve if D

is an increasing function of C between Ci and C Both

£
reduced curves coii.cide over the entire range cf t when D is
constant in this ~oncentration interval. The divergence of
the two curvas becomes more marked as D increases more
strongly with C in the concentration range considered.

{e) For absorptions from a fixed Ci to different Cf‘s,
the initial slope of the reduced curve becomes larger as the
concentration increment Cf-Ci becomes larger, provided that

D increases monotonocally with C in the range considered.

This also applies to the reduced desorption curves which
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Chapter II THECRIES

In this chapter a number of theories, which have been
considered in the analysis of the experiments, are outlined.
Although each of the theories discussed provides some
useful qualitative insights, a self-consistent combinaticn
of the theories (mainly the DiBenedetto-Paul theory and tha
dual sorption theory) has been adopted for quantitative
use with the data. It also should be mentioned that ther=s
is considerable overlap of the concepts in the various

theoretical modeis.

A. Molecular and Statistical Mechanical Models

2

2
1. Mclecular Model. DiBenedetto and Paul®™” assumed the

sorbed gas in an ordered region of a polymer is contaired
within a cell composed of four parallel segments containing
n structural units per segment. The activation energy for
diffusion is related to the variation in the average poten-
tial energy of a molecular interaction which acccmpanies a
volume change of An(w/4)r§, where rg is the diameter of
diffusant and X is defined in Fig. 2. First they applied

the Leonard-Jones 6-12(Mie) potential function
* * l *
s = clo/on? - 27708 (29)

to this system using a model in which a single cencer

d
|
3
3
+
b
|

iy

. iz w
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o Xa
intoracts with its neighboring chain of 21 centers
{zrbitrary) to give the total interaction enercy ¢c as
below

* 10 . * 12 * L5
0, = ¢ Lollo /p)TT = 2(p /o) 7] (30)
i=-19 -
- * * - i3
where ¢ and p are enarygy and distance parameters

raspectively; and p' is the distance between centers.

Figur= (2) gives

2 .2,.,2 . .
oy = o * i (A, 1= (0,x1,%£2,...) (3

pd
v

Y

where A 1s again the chain length oper center (twice the val

in ref. 20} and o

S
}-)

of

[a}

is the nearest neighbor distance.
0]

ibstitution into equation (30) gives

wi

* * 12 * NS
b = € IC( /03) = 2D(p /p4) 7] (32)
where
i=19
c=1+2 7§ {1+ iz(k/pé)z]—S
i=1
1=10 n A .
D=1 r2 JUL+ i%(0/en 73 -
. & 0 -
1=1 d
T
Now .
:1
« x 149 * 5/2 "
S S SN I R AL Rl B Y A0 Sl R E £ 4
> . i
wmere Vo= \(:é) is the 2ffective volume per center, which =
3
A'..;
)
;4
- '.’.'_'-., R ’_>.'-\.-__.. . ".._ ..n:’»_ '.'.‘."". -
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came from the assumption that each center is constrained to
. . . . * *2 .

move in plane perpendicular to the chain axis and v = \p . .

Diffusion is assumed to occur when an extra volume of

An(w/4)r§ added to the normal effective voiume nv.
nv_ = Kn(w/4)r2 + nv (34)
a ; . g .
The activation energy is given by
AEd = NA(A¢). {33) <

with A¢ equal to four times the change in Egq. 33 correspond- '
ing to the volume change. Egquation (33) is multiplied by
4 because of the interaction between fcur segments of this
nypothetical cell. The final result of DiBenedetto and Paul -

is R

* * ht

MEq = (4nNue /0) - o*{0.77[(%—;)ll/2 - 3 X
* "

- 2.32[(%;)5/2 - (%)5/2]} (36)
21,22 p

2. Statistical Mechanical Model. Pace and Datyner

used the same assumphtion as DiBenedetto and Paul. Sece
Figure (3). An average chain co-ordination number of 4 is
assumed rather than 6 as for crystalline closest packing of
rods. The diffusant moleccules may move either (a) by

sliding longitudinally down the x-axis parallel to the
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fig. 2 () Prorposed pclytier microstructure with

’

lccelly perzllel chains and 4 coordinatior.. (b)

Fcssitle motions of a spherical penetrant relative to

21
tnis local structure.
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> interstitial "channels" of a chain bundle or (b) by "jumping“
o at right angles to this direction when adjacent chains are

zuliiciently separated. One may readily show that process

vj: (a) 1s generally much faster than process {b)} and so the
= cenatrant prcceeds until a barrier {entanoglment, crvstallite,
etc.) is reached whose penetration requires more energy
[o. than chain separacion. Proccess (b) is then rate determining
. and gives rise to the observed activation energy orf diflusiocn
and jump freguency. Process (a) establishaes the root mean
5 syuare displacemen: (L) between jumps.

Pace and Datyner used a modifiesd form of the eguatiocn

' from DiBenedetto

£(z) = (=0 /32)00.77(0 /20 = 2.32007/2)) (

[¥]
~J

This =2quation is like equation (33) except for an extra
division by A, the spacing Ltetween atitractive centers, so
. that f(z) is the potential energy per unit length of a chain.

Neglecting the possibility of segmental "flips" and

bty

ot assuming that chain bending is distributed over a number o

Y]

backbone bends, one may show that the minimum eneray,
necessary to produce a sceparation, d, between adjacent chains
J

S, - ) . _ .

jo.” (neglecting any other elastic distortion of the environment)
'

L4

J

15 given to good approximation by

.2 2.2 .
z) + (B/2)(d7z/dx") " -i(n)adx {38)

c-
t
"
3
'4.
o)
-
n
b
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subject to
*
z=p +d at x =0
z =0 at x = *= (3%)
The second term in the integrand gives the intramolecular
(chain-bending) =nergy and x measures distance alcng the
caains. B is an effective chain-bending module ard is
estimated f£rom the »olymer backbone geometry and the shape
of the beond rotaticn potantial minima. By a suitable
linearizing appreximation, one may solve equation (38) to
give .
1/4 " 3/4 * 11
E = 523214 (&2 /*{0.077[(%—;- (p - 10d')
A
* * 10 *
o) -
- o (= )71 - 0.38[{=)"(p - 44")
g + d
x 5" 4,.3/4
) )
- o (— )y (40)
o) + d
*
d' =d+ oo -0 (41)

Pace and Datyner assume, both above and below T_,

)

that thermal expansion occurs bv a uniform average increase

in interchain spacing.

Therefore, neglecting expansion

*
along the chain one has (since p /o = 1.0)

‘n\ﬂn“‘“'

v »
.

Lot IR 4
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*

&? (@/eT) (o /p) = -%a
.“"
L, .

(d/dT)p = %p a
I‘
L Vinersa a, is the thermal ewxpansion of the polymer. Then thz
1h W . L.
‘ﬁ azpiarent activatlicn energy, AEapo’ as would be obtained

from the Arrhenius plot, is ccnstant.

- : AZ____ 1s given by

b 2pp

..

)

L E = AE( T, = (AE /T ) T, - /T 43
A app [( *1)/ (AEA(T ) T, YI/L/ /42) (43)

;}4 where Tl and T2 are the upper and lower temperaturs limizs

5

} of the interval.

. One may then write for the diffusion cecefficisnt D,,

- cf a simple penetrant of diameter d

s

)

b — T2, . m 2_-1 14
Dy = (1/6)L"Aexp(-AE/RT)jcm™ s (44)

-

1 wn2re A 1s given aperoximately by

;'

h

L Az (1A e 702 Em) Y 2ary

o

FR

w0

2 . -2 =1 vl
21 (G.5/dd')X(5.46 x 10 “)s (43) -
u

) o
1 < - . . >
n m 1s tne mass per L-J center (cdaitons), length units are 4
-2

- rti, and energy units J/mol, d eguails dv {taken from gas -

viscosity measurements).

"x]

or polymer chains, 3uch as those indicated in 7ig. «

r

". .’.J ﬂ‘.‘ ."'.‘_'. _'.’

. . 0] . . . * *
bulky side groups, d is given by d =d,_ - (p - o).
‘" vV C ::
N R
L o
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Fig. 4 Dizzgrametic view ¢ two hypotheticzl closely
racked relical polymer chnains that pcssess closely

IR

spaced, buliky side grours. he golid cylinders defin

tne erfective outer surface of the chain "cores"; the

dashed cylinders are defined by the average Leonard-
R . .

Jones narameterf>. There is considerable free space

e 2
within the structure.
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e Equation (40) is the minimum energy to separate two chains cy

N \\.. -

f?' an anmount d, as determined by their stiffness and mutual

" attraction, and neglects any disvlacement of compression of

‘F.".n

I -

o the environmert. It is thererore a lower bound for tha true

N

e activaticn energy. The expression contains no adjustable
. =2 . . . . C
- parameters but L™ in equation {44) is nct predictable within
the limits of the present theory.
v B. Free Volume Theorv

5% 23 . . .

Yo - Cohen and Turnbull treated diffusion as translation

;j“ 0f a molecule across the void within its cage. 1In other J
A ‘.L ’ |

words, diffusion is a result of redistribution of the tree
b . volume within the polymer and to some extent the difiusent
s is carried along as the cage moves.

The free volume of a given diffusant molecule is de-
< fined as the volume within its cage less the volume of th=z
\ mclecule. Let the total free volume Vf be divided into i
= small regions or packets; each molecule in the ith region

- nas an average free volume v,. N, is the number of diffusant ;

e

. \
b . . . . .
‘& nmolacules having free volume in the ith regien. i
> « -
o !
) In order to correct for overlap of free volume, a
v nunerical factor m is introduced to give

mol NV, o=V, (46)
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30 A

‘... = b} - - v . M . .
- The valuz cf m sheuld lie between % and 1. The averzge -
W free volums Ve is given by Ve = Vf/N and the distribution 9
§)

function 2(v') 1is

s A A X
{ A
vt T

. P(v') = (m/vf)exp(—mv'/vf). (473 %
N

*
bability of finding a holzs of volume v or larger

=
O
o]
H
O

¢
s ’ {,‘
X <3 -4
) .
’:v' * ,: x 3
e D(v ) = h P{v')dv' = exp{-av /vf) (43}
v

:i Cohen and Turnbull assumad a molecule moved trans-

PRSP

s e e o g ¥ 1}

N lationally across the void within its cage with gas

) kinatic wvelocity u. The distribution of this molecule to 3

AN the diffusion coefficient is b

- !
- X _ v

D{v) = za(v')u for v' > v (42 =

. where a(v') is roughly the diameter of the cage ané g is

o

ol 2 geome:rical factor. The averaqgz diffusion coeificient

f‘ -

is

0 .
0 * * N

D= j DIV)PF(v')dv' = ga uexp(-nv /v,) (50) <
v -

oo,

whare a equals approximately the molecular diameter.

: ; T s . - -
- It is then fur*her assunmed that the free volume v,. may .4
‘. i N I
) ' _‘E
N o2 cexpressed bv an approxXimate a2xpression "

, Ve = ij(T - TO) (51}
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wnare TO is the temperaturz at which the free volume

disappears o and v, are the mean valuzs c¢f the cozfiicient

cf thermal expansion and the molecular volumz over *hea

temperature range 0f interest, respectivel:

o

, Substitution

<

-

of aquaticon (51) into eguation (530) gives

w)
it

th
(3]
-

* * -
ga uexyp (-mv /avm(T - TO)) {

C. Barrer's Zone Theorv

Barrerzx pased his theory on the idea that a difusi

e

3

Pt

molecule moves to successive positions as segments of tha
surrounding polymer chains fluctuate in an activarted zone
Wwithin which the activation energy is distributed thrcugh

many deg

Y

ees of freedom. The exgressicn for the difiusicn

nt 1s

coetffici

(0]

5 fipax
D= (v/2))\! l P [(E/Rm) (l/(f'-l)!ﬁexp(-E/RT) (33)
L

=1

wiaere v is the thermal vibration frequency of the penetrant
molecule. A' is the jump distance, £' is the number of
degrzes of freedom involved in a particular movament, 'max
is the value of f' for which the expression in the sguare
bracket has a maximum, E is the total energy of 1 mole of .

the activated zones under consideration, and Pf is the 'ﬁ

orobability that the ' degrees of frecedom will co-operate

in a diffusion step. The complete expression in the square

) -~<.\t -.

'Xr,-xn -
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brackets is the probability that the eneruyv E is distributed

cver £' degrees of freedom.

L. Transition State Theorw (Absciute Rate Theory)
25

Eyring proposed a model that the molecule vibrating

within an energy well had a terndency occasionally to jump
over an energy barrier to the new 2nergv well, causing

diffusion to occur.

The expression for D is given by

* —AH*
D = gA'z(kT/h)eAS /Re AH* /RT

_—
193]
e

—

where AS* and AH* are activation entropy and acvivation
enthalpy respectively, A' is jump distance, k the Boltzmeann
constant, h Planck's constant, and ¢ represents a gecmetri-
cal parameter which reflects the dimensionality of the
diffusion process. For isotropic diffusicn in three
dimensions, g = 1/6.

The rate of jumping (kT/h)eAS*/Re_AH*/RT
by the product of the atrvempt freaguence kT/h and the
probability per attempt of hopping over the potential
barrier, e—‘ﬁc*/RT.

In more receant variants of the rate theory, the jumping

nrobability is enhanced by gquantum tunncling through the

barricers.




=Z. Dual €orrnticn Theorv

Wolf R. Vieth and Mary A. Amini26 fermulated the "dual
sczption theorv” to explain certain classges of negative and
gcsicive deviations from Henry's law which are fraguently
nbserved in sorption plots of penetrants in polvmers. The
dual modes are either that the penetrant molecule is
normally dissolved and fr=e to diffuse or that it is
irmobilized, as in a sink or well. It is the second prccess

which gives rise to deviations from normal behavior.

1. Negative Deviation From Henry's Law. The negative
daviaticons can be associacted with site binding énd low
sanetrant levels, where some of the penctrant molecules ara
immobilized on sites or in sinks in the matrix. This would
be charac:caristic of a glassy polvmer.

The over all concentration of sorbed vapor can be

wriltten as the sum of two t=2rms:

C = cd + s.1 (s

i

[92]

where Cd represents ordinary dissolution and S represents
sorption in the microcavities or holes (Sh), Vieth and
Amini explained the sorption behavior by using a model

bpased on tilenrxy's law and the Langmuir isotherm,

Cq = KgP (Henry's Law) (56)

R R
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S.rl = S%bp/(l + bp) (Langmuir Isotherm) (57)
Iy
witer2 S' = the hola saturation constant
b = the hcle affinity constant
At lcw pressures, where bp << 1, the sorption isotherm
tznds to lin=arity
C = (K, + b&!)»p 58)
(d n/;. ( ;
In *the limit of high pressures, where bp >> 1, the solu-
pility in the holes reaches the saturation limit, SA.
Therefore, the isotherm should once again become linsar
= 1 + s £ g
C K4P S (59)

Thus, a plot oI C versus p will have two linear regions

s

with a connecting nconlinear region. Vieth and Amini

applied these relaticns to diffusion. To analyze the

0.

dif€fusion process for dual mo

@ scrption, a mere complex

modal is necessary. A differential mass balance is per-

formed fcr penetrant diffusing across a flat £ilm. One

term {left term in equation 60) allows for the rate of

accunmulation by simple dissolution; the other

3,

(right term in

2cuation 50) £or the fact that the film 1s also entrapping

i

an amount of the penetrant and holding it. The result is a

medification of Fick's law.
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+C (60)

nh a’

For sorption of a gas in a glassy polymer the

aguilibrium partial pressure of the gas at any position irn
the £film is the same for both tyres ¢f sorption. By

equating the vressure from the two formulations, a relation-
siip is founcd between the concentrations of the bound and

tha freze species.

Sh = | Sﬂ /I" )(--J [r + (b/Kd)Cd] (61)

Substituting this expression for 3 into eguation (690)

oy

vields the diffusion equation for dual mode scrpiion.

9
3%C 5C St (b/% )
—E = —9 1 =+ L — (62)
8x2 aT (1 = (E/X.)C.;°
a \p.xd \_C‘/

At low pressures equation (61) reduces to a linear

relationship between S, and C,.

14 d
S‘1 = RC, (63)
. [0
wnare
R = bS/' /¥, (5
. \a
The diffszion riurion Can oo sed in oo onodiiLoed forn
of rick's law, wnore an oot oot Girfusivity i1s definoad.
2
D ¢ C (
eff. 2 7 it =)
' X
- - '4. ( - \_‘ ‘.' - ->l".r'-.'.‘ s _'.' b _'-‘ <Lt ,"'-\ _- e - ." 4 " '.' A ‘-' . B
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where D
e

The measurad i i SRl o i less than the

tree diffusion cocaffici ; i the attainment of

zorption equilibrium is slowed down by thz2 immecbilizaticn

ressure, the par
for diffusion is nonlinear. Numerical soclutions can be
quation by using finite difference technicues.
normal sorption processes cccurring in finite

taths of penetran%t, the dimensionless pressure decay, is

a simple Zunction of the sguare roct of dimens:

where 2L thickness of membrane

p)/(pi = Pg)

initial pressure
final pressure
decay is plotted versus the square

+ (52b/K,) /(L + bp) )7
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Viath and Amini found three numerical soluticns by varyirg

the sorption parameters, b, 8,), and X, over a wide range.
A -l

Zrxrrassed graphically all of the data weres correlated within

a narrow band. Therefore, £hz m=2an of the band was *aken

as the correlation.

the

~

rolymer network, swells to expose morza sites, increasing the
sorption level synergistically. Now, the site densityv is
not censtant when swelling occurs; it changes with the
axtent of sorption. A clustering phenomenon displays a
significant deviation from Henry's law, which pfadicts no
cluster formulaticn at all. A more detailed discussion of
this point is not appropriate in this thesis.

The rasult is

D

~J
<
—

eff {Dé/(l + /NI + (3lny/531nC)) T (

In this case, the true diffusion ccefficiznt is
modifiad by two factors; one Ior the secend nacde oI sororion
which reduces it, and another £for network swellinag, wnzich

increases it.

i

]

. Z2arker's Entronv Correlation Thqorvls

[«

The cantral poinc of the cheorv is that in 2 struc-
turally complex system undergoing a thermally accivatoed
- >'.~' -.'-’.“‘ _-. .b u\--( k.n‘.‘
‘i me :\.‘-_'h _—ﬁ'_p }) "'_a"ﬁ AT NS AN A DI
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! {2 process, any organizing inIluence which produces a
ot
Y . . . Lo - . . . N
- reductiocn —ASC in the cornfigurational entropy will be
. Ry 13 ’ * 13 . . >
accompanied by a correlated increass A{(£3 ) in the activation
P
- encropyv assoclatad with the rate prccess. Thus,
Tl
XY A(AS ) = =AS_ (71)
-
.“' +*
, AS - = AS. - AS .. 72)
N ““final initial A5 (
1
The experimental suorort for this thecry was obtained
‘ oy studying permeacion of various gases in a series of
e orisnted polyalkyl methacrylates. The c¢onclusions drawn
- were that in a ncncrys*talline polymer, when the configurz-
tional antrovpy Sc is reduced by an ordering process such 2s
;-\
-2 stretching, an additional amount of lcocal disorder must
occur in the neighborhood cof a diffusing molaecule belora a
b unit diffusional step can occur, so that the decrease in
i
- *h2 configurational entrocpy is egual to the incrzase in
- N . . - P . -
. the activation entropy Ior diffusion. It may be seen that
(N this theory is in at least qualitative agrecement with manv
D . . . .
) cther facts. For example, crystallization reduces the -
o A
~ - - 3
1y ccniigurationzl entropy so that one would expect a large “j
increase in the tivation entrovy and also 21 lar increase o
‘- in tho activation 2nerzy.  The comdecition becwoen zhose e
. two effccts appears to be such that without the entropy
" 7
. A
e o
’ e
W e
) "
b} "
1
o~
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correlaticn, the value of D would be much more strongly

rafuced than it actually is.
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In a given polymer system, it shoulid be coansidered

that electrical conduction may be dus to the movement of

any of the follcwing types of charge carrisrs: electrons,
holes, prcoctons, barz elemental ions, molsascular ions, and

sclilvated or hydrated ions. From the viewpoint cf diffusicn
expariments, ionic conduction snould playv the most imporianc

role in this sort of study. Barker's "Lccal Structure
LY . - s
Iyoothasis” provides 2 useful concept to approach the
problem. The idea is that the actual concentration of ions
raeded to provide a typical level of conductivity (o) 1is
wite small cemparad to the number of mers present in the
same volume and furthermore, that :the electric £field near a

given ion is very large, 30 that a measurement of - proves

a small volume fraction of the sample in regions that may

5o atypical due to zh2 presence of the ions.

The ionic conductivicz of polymers can originate either

LA,

Pl R e
3

L g U4

4

)

from 1ionically dissociable groups in the pure polymer or

from the dissociation of an ionic impurity in the polymer.

PN NS
AP

The latter case 1s much more common. Wataer plays an

AL |

*
The close collaboration of D. Y. Chen in this section
is gratefully acknowledged.
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;iv} important role in conduction in polymers according to
Aty
kL o _ . W28
R Barker and Sharbaugh's "Weak Electrolyte Model." The
‘?:4 amis=ing fonics Impurity will be only zmartially disscciated
o : . . , . l
i as a weak electrolyte into anicns and cazions cdue to the
Bt A
-l
- . . .
:}{ prasence of watar. The pure watsr itself wiil also provide
+ — ATy S L . .
... H and OH {cr d3u ) ions. These dissocilatad icnic sgecles
izf‘.‘ 1 1 e 5+ 4= -} - M [ IPEN -
) will move toward the elactrodes when an exusrnael :lectric
oy,
BE .. . . . . .
O field is appolied. Thes crocess jives an eiectrical con-
o

duction current.

One apvroach used to Zdeal with the problem of electri-

. cal current due to ionic dif<usion is tha2 concept of zn
. . . 29 . .o i a . !

o activaticn barrier. For a simple ioric =ciid composed .
L. cf atcmic icns, the diffusing ion wculd move either oy K
L
1 . . . .
. - exchange with adjacent vacancy or by being excitad to an )
p) . s L o . . - . .
ek interstitial position from which activated diZfusion becomeos
R) WL

5

< easier. For a general diffusion mechanism, ths number per ;
AN
_ﬁx unit volume of ions (n} in sites from whicn motion is :
, . — N -W/XT . . | .
-dCg possible is n = Ne , where N is the total number per

e .
:ﬁ' unit volume < ions, W is the Zormation energy of sitas. If

' 2
D) -
Qo the activation sarricers for jump itself is U and the ]
J

< frequency of vibraticn is v, the number of jumps per second %
iy N | : )
D for each of n potential diffusive centers in the absence of i
3 . . -U/kT . ; 3
v an applicd field is ve . Thus, the total jumps Jg Per A
"
o, . - (W+U) /KT .

N second 1is Jo = Nve )/ A'g. The effect of an applied

oA
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feld E is to raise the activation barvier in the direction
cf the field by eEA'/2, whers X' is the average £iffusion
jump distance, and :to lower the barrier in the opposite
direction by the same amecunt (Fig. 5). The factor g is a
term involving geometrical and entropic features of the

system. The net numbar of jumps per szcond in the direction

onzosad the f£ield is

Jg=9J_-73,
\ —W/kT . —- 1 \ ! 1 1
= X'gNve {exp (- {(U-eEA'/2) /KT)-exp (= (U+2EX'/2) /kT)
- IS d R P o)
= 2xtgnve” PG IXT on (eEA T /2K T)
= 2J,sinh(2EX'/2KT) (73)
The current density (3} duc to this diffusion process

{
is § = Jg = 2Nvagh'e” WHUY/XT 4oy (emat/2KT) (74)
wherz2 q is the charge per ion.

The implications Zrcm the above equation are:

(1) the conduction is non-ohmic at high values of the

(ii) j increases with temperature T.
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i Chapter III INSTRUMINTATION AiD EXPEIIMENTAL

£

e PROCEDURE

W

1]
o
,
e

—-Ray Energy Dispersiva Analysis

- 1. Instrumentation. X-ray analysis nhas kecome widely

accepted as a sowerful tocl Zor qualitative and guantita-

:; tive analysis of the distributicn of chemical elements

-, because it is nondestructive, is direct in sample preparation
techniques, can analyze nearly all of the elements of the

. periodic table, and is verv accurate. t is unigque among

aralytical instrumental methods in that it prcvides a con-

siderable amount of information quickly. Within minutes, - 4

- useful data concerning the atomic cemposition of the sample L
A -V\' "
- W
- cr the elements with atomic numbers from Na up can be :
generated.
13 ) 3 -
a. General Principles. When an Y-ray photon or
' electron beam from a source interacts with the inner shelils
. of an atom, an electron moves from one shell to a highar, 5
- ¢
. but unstable level. When this atom returns to its E
o stable position, an X~ray is released that is characteristic -
0 - j
of the particular elecment. These X-rays are sensed by a o
. 8¢
~ Si(Li) detector, amplificd, digiticed, and stored in memory {ﬂ
_ -

I use by 2 micropmrocessor. Such data are then reduced to

’
~ARL

answers that are meaninceful toe the overator.
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b. Spectrometer. There are two types of X-ray

spactrometers. One is wavelength-dispersiva, and the cther
one is energy-dispersive. The energy dispersive X-ray (EDX)
svstems are lower in cost, but may not provide sufficient
rzsoluticn or may not have the ability to handle high con-

. 30,31
cantraticans.” '~ *

The wavelength-disparsive X-ray (WDX)
scectrometer has betcer resolution, but it reeds tine to
scan the entire srectrum ¢f interest with the diffraction
crystal. The systems analysis time-tvpically between 50 s
and 3 min for a single sample with as many as eight measuread
elements is somewnat longer than more ccmpiicated instru-
ments, Also this kind of spectrcometer will be affectad by
the geometryv of the sample. So, the proper alignment be-
twaean the collimating slits, the diffracticn crystal, and
the direction should be established. The spectrcmeter used
in this experiment is of the EDX type. Figure {6) is a
scnematic diagram of the energy dispersive X-ray

2?7

Scectrometer.”” The detector is a semiconductor whici: can

b

-

stinguish cone chemical from another on an a@nergy seiactlon

casis. The typical S5i(Li) spectrometer is diagram2d in
- -~y 33,34 = . . . s
rigure (7). The Si(Li) detectcr is essentially a
reverso-bias diode which acts as a transducer; converting

the ecnergy of the X-ray photons to electron-hole pairs.

1 Bl -

The electron-hole pairs arc swept out of the detector by the

. ¥F
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V K
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) P v s . q
N arpiisd bias voltage and the total charge produced in the 3
s K
_IE current pulse is directly proportional to the energy of the s
, X-ray that was absorbed in the deteczor. The Si(Li) dicde '
-t -]
Ve -~ . . ~ . . o~ . . - )
)I and the f£ield eff=ct transistor (FET), which is the first :
.~ .
:C} axrlifier stage, are cryogenically mounted to red:~: the
L
. elactronic noise of the devices. The detector has good 1
Y-
}"-:l X ~ -
H{, corerational performance at the beiling point of nitrogen, '
L
3 !
‘;ﬁ, -230°C, but the FET must be warmed 70°C above this for .
- optimal performance, necessitating the heater resistor. ~
:; The amplifier increases the signal level from the FET
> and also reduces noise. Befcore the signal goes- to the .
imultichannel analyzer, it enters the base line restorer X
‘:1 which maintains a base line between pulses. The base liine .
= - 193
N restorer output is passed to an analog-to-digital converter
(ADC) . Each time an X-ray pulse is processed by the ADC a ,
3 :
number is generated that represents the channel to ke in- v
) . '
) .
"" cre ad h B 1 3 i o ] +
" cremented by one, thereby resulting in an intensity versus "4
D‘ -
. energy distribution. A magnetic core memory accumulates .
} 3
‘x . . . « Y
&9 the number of times each energy interval is detected and ]
b -
}; the information is displayed on a cathode ray tube (CRT). ;
W 4
. c. NAoplicaticns. The applications include scanning 2
X , : . . .
o clectron microscepes, electron microprobes, transmission .
. zlectron microscopes and ¥-ray rCluorascence analysis. The
. s
. one used in this experiment is the scanning clectron
2
et

=
;LYY




L4
s 8

. 35 . . - X
microscope. Figure (8) shows the interface betwe=n the

szanning alectron microscope and enzrgy dispersive

1}

vectrometers. The SEM has a very small electron beam.
FYcr this reason the regions of the sample examined can be as

ameter.,

$a-

small as 1-2 uym in d

1

System Periformance. Because the width of the band

d.
zass filter and the fact that only cne X-rav zan be
processed at a time, the output count rate is less than the
input count rate. To correct for this difference, the
svstem uses a special livetime clock that runs only during
the time the amplifier is able to accept another pulse for
processing. When an X-ray is detected, the amplifier be-
comes busy, and the livetime clock is turneé ofi. The
svstem 1s dead during this period, and so this vrocessing

led deadtime. Realtime, the normal time measure-

(=]

time is ca
ment, is the sum of the livetime plus the deadtime, if th
deadtime loss 1s over 20%, the livetime correction is nc

longer able to work accurately.

Th=2 spe

O

ified resolution Zor the2 system was 153 eV full

(i

{

rn

width at half maximum ({(FWHM) at 5.89 eV. The reason for
using this is that the theoretical shape of the curve can

be predicted. Usually the faster the amplificer can process

counts, the poorer its resolution.

O |

v
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possible means of introducing diffusant

Most of these failed because

aling with such small thin
fibers

fine {10 um-4C um

Many mertihcds were

et e 0

censidarad
into the samplea.
of the severe difficulty in
films (1%

in diametar).

CESaC i e M ) e "l a0 §

mathods tried is shown (Fig. 9.a.).

.etc. were dissclved

Salts such as NacCi, Fe(NO3)

3,. -

in water to act as diffusants. The advantage of this

arrangement is that the surface tension of the soluticn

the balance pressures (inside tube and outside tube)

a pernendicular surface to introduce diffusant into the

fiber. Furthermore, the evaporation of water is insig-

nificant. The disadvantage is that the experiment is still

complicated by surface diffusion. After a certain time of

diffusin the sample was glued on the carbkon mount using
g, P g G

carbon paste {colloidal graphite). The reason £or using

carbon was to avoid peak overlaps between the specimen and

specimen holder. The elactron microscope only allows

conductive specimens to be detected. Therefore, the specimen

L]
was coated with carbon about 100 A thick. In this orocedure,

the sample was exposed in a vacuum. We assume that the

water vaporsized in this step and that diffusion was

quenched.
The first aessential problem here is that during the coating

rrocedure the sample was heated up to about 100°C for 10
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Fig. (2.a) Method of intrsducing diffusant
into PPBT fiber.
QUALITATIVE SLENENT IDENTIFICATIIW
SAAPLE ID:EXEC(2-P) DATA LABEL
ELEMENTS IDENTIFIZD
S Ka :
LU KA
P KA
18 Kh
FEAR LISTING .
ENERGY AREA  EL. add LINE
1 1,996 1197 ¥ UA
2 2.303 48001 § WA
3 8.030 1355 LU HA
4 3.609 349 ZN KA
Fig. (9.b) Computer output of gqualitative
analysis method.
e N S e S e e T e i e e b




)

or the process to finish. Anocother precplem is that

th

' minutas
< the specimen is sxposed to a large electric field. Con-
segquently, this step will cause a severe error in detsrmining
the diffusion rate of mobile diffusant.

o The ccated IZIiber was scanned by the electren peznm from
an edge along the auis at each distance. If diffusion did
occur, the excited X-ray could be analvzed to detcrminz the
diffusicn rate.

PPBT fiber 25022-42-4 was examined by EDAX using the

"
®

e qualitative identificaticn program. The computsr output is
shown (Fiz. 9.b.).
This fiker was made from polvynacsghericacid (PP3R)

. solution. The residcal acid correszonds to the peak of *the

element P. The peaks < Cu and IZr are due to the chamber

matarials.

pee

doped 2PR ber was examired at the same

3]

X Onz Fe(NO,), ¥
9 <

(r

glace sixz times. tne resulis shecw a 25% deviation. Figure
(10) gives the computer output of the semiquantitative
analysis method.

o Tho prcoosed explanations are: 1. the rough surfaces
cause errors in the take off angla (35° here). 2. The

1nhomoygcencous

cructure inside o7, 3. The sensitiviity of

w

ZDAX 1s not high enough for the available samples.
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Accordingly, we shcould regquire betiter samples and higher
5 concentrations of diffusants befcrz the EDAX method can be
£ully succassful.
Fig. (ll} demonstraztes the inhomcgznecus surfaca and

residual PPA solution for PP3T firers.

Figure {(12) shows the typically rough surface of a Pp2

+3

;ﬁ Zilm under low magnification in the electren nicrocscaoze.
o
o
o - Ve e . | . L -
S B. Weighing Methcd with the Cahn Elactrobalance
B
[ 1. Instrumentation. The Cahn Elactrcbalance (Model-RG) is
. . . 36 . .
. based con the nulilbalance principle, which is generally

accepted as being the most accurate and reliabls methed of

e
Ak measurement. When the lowest dial range {1 mg) is chosen,
S
S the resolution can be as small as 0.2 ug.
J a. Theory of Operztion. Figure (13) is the schematic
45 diagram for the oparating system. When the sample weight
-7 changes, the keam tends to deflect momentarily. The Zlavw ’
-
movas with it, changi-g th= light to the ohotcoctube and the
>
b shototube current. This is amplified in a two-stage servo
A amzlificer and the amplified current is applied to a ceoil
s
SN
attached to the beam, which is in a magnetic field. The i
T i
200 current in the coils acts like a d.c. motor, exerting a
-
‘!‘ - N \ . . . 1
W force on the beam to restore it to the original balance )
%, :
. position. Thus the change in clectromagnetic force is cqual
)
"~ ]
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to the change in sample weight. The beam is always in
% dvnamic equilibrium, with the sum of the moments on it =2gual
o zero. The roztering Zorc2 i3 poweriul and £fast so thac
. th2 beam appears +isuallv o be locked in place. By means
o 0Z accurate potantiometers, an accurataly calibrated wvolczssz

is subtractad from the voltage across the coil. A dial on

- the potent:ometer reads directly in milligrams, corraz2<s=2ond-
- inz tc the amount of voltage being subtracted in thes circuis,

Tha ancess of coil voltage over r=2farance voltage 1s then

x JT

’

L]

IS

v
s

=
s

. available for the recorder.

4

In crder to return the beam to exactly the original

°y

% |

cositicn after a weight change, a slicht offset of the beanm
' is required to cause the addzd current in the coil, The
racio of the offset which would occur withcut £feedback to

hat which occurs wi he serv erati is called the
that which th th rvo op ting lled th

.
.
i

- . . . . . . 24
: s2rvo 100p gain, G. It is a dimensionlcss guantity in excass Byt

. of 1000. This factor reduces the power supply changes and

sp2ed up response time.

- Figurz2 (l4; and (15) show the circuits of the serve o

)

molifier and control units resvectively. The force induced

T

[
|
i,

Iy tha phototube current igs liniced by the slit opening.

o - - .
i Cptimum adjustnent of the SLIT sotantiometers 27 occurs R
.j_ :q"

when the maximum up and down forces arc equal. Due to this Sy

s

feedback system, drastic changes in tube characteristics
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. with time will have no effe on balance perfornance within
S . . .
AN its range., When the beam is in balance, the current is z=2ro.
N
- Weight added to the sample pan will causce a ncgiti-ze currant.
N ‘rQ‘_
‘ . 03 . Pow
{* On the other hand, remcving weight from the sample pan will
X - cause a regjative current. The maximum current is :23mA,

L)

naximum vecltage about *9 volts, correspendincliy, the refer-

O ence voltaye supplies across the mass notaenticmetars RI% is
'333 made + and - by means of resistors R30 and R31l, so that the
\ C

, mass-referasnce-voltage can equal coil-vcliage over the

sa

1 . ‘ - .

R useful range. Zero net weight ccrresponds to 0.5 on the
3

N dial, - max»ximum output corrasponds to 0, and + maximum to

2

1.0. The voltage output at a dial setting of 0.5 is changed

)

o - . . .

y by means of R32 to compzansate for wvariations in pan and

T 9AN

S co s . - <
o stirrup weights, etc; it is basically a zero control, ané 1is
b
s called "set £," because that is what you do with it. The
o

) voltage at a given weight is adjusced by means of R2Z, in
-

2: saries with the torcue motor coil. The more resistance,

A

. for the same current, the more voltage. This is similar to
R : .

ot the Calibrate controls on other Electrobalances, but is
-
O called SET 9/10 here.

ad

- The excess of coil voltage over reference voltage is :
b agplied through R33 to a step voltage divider, used to

2 establish the recorded range. The actual voltage per
D "::

oA

\o

.':ﬂ

)

X

SR L e R e R e e ey
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milligram is determined by adjusting R23 (Calibrzte Pe- S
X corder) on any recorder range. .;}
To reduce the stray forces, from vikrations, ezc., the Sk
’ cuiput volitage can be applied Lo a ilow-nass fllter, depand- -
[+ ing on raccrder characteristics. IZ more filtering iz
. k
necessary, add more capacitance in parallel with the one in =3
‘] he balance. Addizional capacitors should b2 of M-_zr, and oo
snouid se added in increments ¢f 5 or 10 ¢F tc be signifi- e
cant. s
B
- Some other signzal can be intrcduced to the recorder, e
by connecting its + lead to x pcsitive of the recorder :3
range switch, and its - lead to z, and turning switch o x. ‘
v b. Svstem Periormance. There is a residual mechanical
- z2ro shift as & “unction of -zmvarature, 2ven at 9.5000. At
. . . . . 5. =
no locad it i3 zbout -0.5 ug,/°C; that is, the balance readin —
. -_‘.4
will go down that much as the tzmporature increases. Tha ¢L
b N
: effect 0f load is in the opposi:te direction, 30 that some- S
) h
whara between the half-ané full-rated-load the eflective -
| (S
. . i (SR
3 temperature coefficient will be zarc. The electromagnetic 0
. system is temnerature compensated, so that th2 MASS dial and
recorder calibrations are independent of temperature. This
- cumpensation i1s fulln effective for a range of about 10°C

around ambient.

- . N N '1 -
ol %&S\}Rh\; \:;.‘;.“\L_A{\ ‘\.Au&_._gn__&'ﬁ:



Minimum reccmmended recorcer ranges are indicated by
the small pointers on the pack 0o the mass dizl rangse kncb.
They are chosen so that tha2 minimum incr=ase ~f mass dial
+ing will be 12 on the finest recorder range. If the

1

suprly for the mass dial will permit resadings to 13 on thsa

o]

racordaer for 2 ranges below the minimum reccminended, at Zulil

szal2 on the mass dial (0 or 13). If the mass dial happens

0 pe closa to 5,

[{7]

ven finsr rangas can be employed.
The instruction manual #3124-1 for 4£270-1 Cahn e2lactrc-
balance model RG has the details c¢i fine polints- of operaticn,

cneral apolications, and oparating oroceduras atc.

V9]
Gl

The information, such as operaticn in a vacuum,
tnermomolecular flew and aerodvnamic =2rffects, is ~very usefal
for the person working in this %ind cf area.

In the experiments cof apsorotion carried out here,

(1)

nignh precision was needed so thatc the long-term zero driift
and cumulative zero driZt became serious prorlems.  The
palance needs 18 hours to warm up and longer may even be

seoser.  In many installations the blank will show a daily

24-hour cycle, superimposed on a steady driit, even after

re

cts are elininated. The daily cycl

211 temperature eff

o
o
G/

mav obe as large as 10 micrograms peak-to-peak at no lead,

)
o
o
£

15 micrograms at full lcad. The stoady drift rate mav
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or

(1)

be as large as +0.1 microgram/hour. The explanation
this is that it may be due to level shifts in the buildinzT.

Other factors will cause drift, tos. Periodic blasts of

H

cold air Zrom an air cornditicrer mav cause rericdic errors.

Turning room lights on and off pay produce a shifit of as

walking in front of it may s2iit -i%t one or two tenins of a
microgram. The supply voltag: change of & 155 will cause

2
wu
oy
',‘-
ti
(f

a few tenths of a microgran

2. Exserimental Procedure. PPRT films 23555-25-6 were

cut to 3.5 ¢cm leng. The weight was ~7 mg. Eacg sample was
put in one small specimen centeiner. ‘Then, they were trans-
ferred to the desiccator for 18 hours drving. The
desiccator was set up as in Figure {i6).

After the samples had been drizd, the vacuum was re-

the desiccator. So, the mcisture o the air was abscrbed.
Then, thosc dried samples were placed in the electrobkalance

for measurement.

g
5
¢

During measurcnents, the mass dial was adjusted to
value wherc the recorder went to the zero position, and it
was locked at that moment. The recorder was in the highest

sensitivity range. (2 ranges below the minimum recommended.)

[ I
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The full scale (100%) positicn of receorder was down =

.11 mg at the 5 mV-set. Drifting and nois2 becama z 2ig

Q

- Al P .o 4 ™ - = - ~—
problam but w2 had no chioica. The reasons for Ariftin,
have been discussad in the sectizn on 3ystam Periormanca.

rf

Ncise was caused frcm the =1 rical circuits. Obviously

v
9]

we were dealing with the instrument near its margin ol

cacability. There was one othz2r important factor which hac

r
Q

he considerad: the receorder iid not reccri the mass

D
—
~J

change from instant that the diffusion began. Figur
is based on a curve traced from the recorder. Points wer=z

chosen on the curve and plottaed as relative mass increase

L
-

vs t? in Figure (18). The curve is clearly non-linzar in
2 initial region. If we assume the reccrder has a time

than the curve is naturally based on (Mt - My )/
' . 0
0) . Hence consider

to,

(Mw-_Mto) vs (¢t - t

M, =M )/ M, =M ) = T /M) - MDY - e ]

c
o

)
(2 + 1) 'exp[-D(2m-+l)272t/b2]

1]
r_.l

|
—
@
~

s
t
—

~1§

M, /M
& ° m=0

{Sce equation (14))

According to above equations, we can fit the experimental

curwve bv chanaing t. and D. The best £it is shown on

- . e LY P PR SR . LN .
LT, AN P . PR BN -
. R ) L A oo
. n ~ - - - - ~ I I T T
T DA U W T U BTN O W Y WL, WU A U SO, e SN W P SR U0 W
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= MASS INCREASE OF 7.16 mg
= Co(NCz), DOPED PPBT .
q 28555-25-6 FILM DUE
0.01 TC HpO SCRPTION —
AM vs. t AT
27°C AND 79% RH
ol . v . A L ,
0 9 18 27 36 45 54

¢ [min]

Fi.. 17 Redrawn plot of & curve from sirip chart
reccréer. The noise from circuits macs the curve

Tecome & tand. Tre snmocth curve here wes drawn

throuc.h the center of the band
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OF Co(NO3z), DOPED PPBT
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- AT 27°C AND 79% RH

'y

it
x
1
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21 step curve-drawing

Tr» Microcemputer with a 72

C. Sorsztion Method with =
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aartz

Spring in an Evacuable C

o

=

This methed is a

measurements. {20) il

cemponents for this system.

under thermal control.
cause a mass change cf sample

a talescope. Figure {(21) sho

graphic detail.

o~
-

tharmal scurce contains a 50

-y

PR

co oller model 49 (or 50),

f_\
=

tempera indicator (model

variator. Six thermccouples

o c¢alibrate the temparature

system. The curves shown on

temperatures and will be disc

it is easy to sec the time ne

Q

¢ least 30 min. The vapor s

It connects with a vapor

s5o0urce

sorption
lustrates the essential

The chamber is evacuable and

+

~

r
-

source o]

which can be measurad througa

ws the main parts in more

iots

—— o

dep the vacuum system. The

2 heater, a temperature

a 10 switch OMEGA's digital

175), a centrifugal £an, and

attached to the system allow

the

th

o]

Fny

¥ rent parts

2

Figure (23) and (24) show

ussed below. From Figure
eded to recach steady-state is

is a removabie tube
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connected to the chamber through a three-way stopcock. The
vacuum system is composed cf a combination of a mercury
diffusion pump and a mechanical punp.

In order to demonstrate the reliability of this set
up PET (Poly-ethylene Terephthalate) £ilm was chosen because
extensive reliable data for H20 diffusion in this polymer
wera available. The sample was 10.15 cm long, 1.97 cm wide
and 80 um thick. Obviously the edge effect is insignificanct.

(52e Appendix D). Figure (25) gives sorption and desorpt:on

A curves of PET at 36°C. Figure (25) gives the curves for
sorption at three different temperatures. Diffusion co-

efficients wer2 calculated based on the initial gradients o

Ht

the curves. The slopes were quite linear upto MM~ 60%.
[
Fﬂ This 15 called Fickian behavior. Figure (27) is an Arrhenius
plot of H,O0 diffusion in PET. The result shows good agree-
- 2

ment with literature values.

N The activation energy 10.4 kcal/mol (43.5 kJ/mol} is
P
th2 same as is given in the literature. Tha deviaticn Of
2"
iﬁ diffusicn coefficients are within 10%. These results demon-

strate that the system is reliable. That is not to say thac

problems were not still there. For example the tiny weight

L,
-

r

,:;/-

of the PPBT samples was beyond the sensity of our original
guartz spring, then a new quartz spring with 10 mg maximum

load and 47.5 ug/mm sensitivity came to replace the old one,

A & 2 AN
1

o,r,
‘ ¢
falel

£
400t

P

A

¥ ¢
il
e lr

v

1-.{‘\

L N 0 >
DAVRRL TGN LEN G




B e

e

AMy /AM g (%]

10C

90

80

70

SCORPTICN

\\

=

DESCRPTION

OF PET FILM DUE
H,0 SCRPTION AND
DESORPTION &M

AMo
AT 36°C

RELATIVE MASS CHANGEZ

T0O

Vs, ti/2




e e [P
[ RV WA Vs W Y “ h' '._'.“

73

100 T : 1 - ‘ -

80 ~—

76 -
= 80 ]
8 .
= 8C- —
< [471x3C7%:m?/s]
~
E — ——
g 4C

20— —

ELATIVE MA3S INCREASE
PET FILM CUE
50 - . HoO SCRPTICN _

A
.

- . ) Ah’:)
10+ / : AT 42°C, 36°C ANC 265°C—

j ‘ :
ol ! ! ! ! !
e 1 2 3 4 5 6 T ;

Tig. 26 N

A -l.-"\.(( o‘ L -'.~,“~;' >
PR R e S



RAD-A162 766  STUDY OF TRANSPORT PROPERTIES AND STRUCTURE OF
EXTENDED-CHAIN POLYMERS: D__(U> VIRGINIA UNIV
CHARLOTTESVILLE DEPT OF MATERIALS SCIENCE

UNCLASSIFIED R E BARKER ET AL SEP 85

F/G 11/9




P

NI

0

"#;J{_t;j - ;"‘- -

A

{0

—— gt

e
-

»

o

.
».

T

CC

f

o g o

N A

-

LK s

4

o

4,
.

L P oy~

Ao rady,

2024

b e o P
i ot

& Nt P e .
e ST R P R o ———

v L B2s 2.5

i 5
- 0

s 5 1

== (2

IL2s flig e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A
»

R aRSRNEIN ) Pu sy b Aty o a gy acn s

M ORGP IS IR e




- 31 32 33 34

A
‘4
Sy
\
g
P
N y
;\. 1 1 1 H ] 1 1 T l T y— T 79 's
AN <
b i
8 | ;
3 THESE %
- 1.0+ EXPERIMENTS -
‘ i - ?:_
“ 3
Y i
o 0er ] u

)] 7
L ] 4
b o LITERATURE ]
‘ (o]

S
. 0.3+ | A
n o
. (i
8 3
- 07l ARRHENIUS PLOT OF b,
‘ DIFFUSION COEFFICIENTS N
k- o OF HpO0 IN PET
) i > '.
5 3
- oeb—r—v 1.1 N 3
' 4 3
: 0% 7[k] — A
3 Fig. 27 "

[
(4
3 -

-
+

. ()
&
-
"
PR




il
X

Y

i

A
LA

LR
R
ey
“ 30 n
L e
- which was 200 mg maximum load and 9.73 mg/cm sensitivity. v
2 The new spring is so fine that it is almost impossible to
o handle. To my knowledge, the manufacturing company can not _%
LR
2 . . . P
meke any iiner quartz springs than this. F?
Ly l“_,-
. - N o
: One protecting column was added to the system to i,
) oo
protect the spring from being hit by air or vapor £flow, or "]
‘:‘ ;“:“
h being sucked into the wvacuum system. The sclubility of roe
N diffusant in PPBT came out to be so low that the thermal DL
expansionr of the chamber had to be considered in some Jl
. . . ; . = . 4o
experiments. The sample used in this method is 28335-25-3 ,$F
"
PPBT film with weight 9.658 mg, length ~5.2 cm, width ~6 mm, iﬁ
e o3
and thickness 20 um. (E
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Chapter IV RESULTS AND DISCUSSION
2. The Bilact of Microcavities on Diffusion
I have previously mentioned that the PP3T film avail-
able for these experiments is still very rouvugh. The
surface contained erupted wvoldsz which can be seen at high
magnification in the electron microscope. According to a
. . . 37 . ,
report frcom the University cf Massachuseths, they rezfarred

to the microvecids inside PPRT fibers and films as needle-
like in shape. Perhaps Jootball-like would be an altarna-
tive description. The Average Void Sizes obtained by Debye
analysis of small angle X-ray scattering is 163-t 10 R
along the extrusion direction and 135 + 11 ; perpendicular
to the extrusion direction. This correlates to ~13 monomers
(12.35 5 each) along the extrusion direction and ~11
monomers {still based on length 12.35 ;) pervendicular to
the extrusion direction. These microvoids will act as deep
trapping sites in diffusion. hen penetrants are sorbkbed
into voids, they become virtually immobilized. Naturally,
the observed diffusion rate will decrease.

Figure (28) shows three curves for sorption rates

measured by the electrobalance. The changing of room con-

ditions and the different time delays for transferring

samples from the desiccator to the electrobalance correspond
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to the main reason for tha curve shift. Another factor is
tha drifting of the electrcbalance, which has been mentioned

10—10 2.

before. After calibration, the D value is 6.0 x cm”/

sec (see Figure (29)) and solubility is 1.28 x 10_3.

Compare these values to the data from the guartz spring

-10 3

method which has D = 1.79 x 10 cmz/sec and s = 5.23 x 10 ~.

(See Figure (20), (31)) The results are dramazically
different. One is forced to inguire "What causes this
differasnce?" There are some important differences in the
way the experiments were done. The experiment with the
electrobalance occurred in air with 70% humidity. On the
other hand, the experiment in which the guartz spring was
used is in wvacuum initially and then has almost 1003
humidity. But these factors would not be expected to make
any big difference in the measured diffusion rates for

normal rubbery polymers or other homogensous polymer systems.

Due to the fact that PPBT has lots of microcavities, a

"dual sorption theory"26 was introduced which enabled us to

.t i -
‘I"v"v._ . g = Iy

resolve the conflict. First, we assume, when the sample

.

is measured in air, that the microvoids have been filled

e « o .
bty 4,4y
o

with air. Water will not be trapped in these voids. Then,

we apply equation (66) from chapter II,

= D/1 + R
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. «A—i0 2, .. . - . -
Ny DefF =1.79 x 10 cm”/sec that is the value from the -

P : - -10 _2, e N

) zulartz spring and B = 6.0 x 10 cm /sec which is the ’

X

ralue from electrchalance. "

We can get

Ny

.":_-. -,
. - LY s -
b R = 2.35, where R = sbﬁ/ g .
- ) R
‘:t then : ¢
bs! = 2.35K
h d

;; In this cuse, the prassure is 1ow sc aguation {33) is used. I
. - K + bs. o
C = (K3 Sy) P %

. '
X _ .
- = (K, + 2.35)p .
- d - .
v
o k.
k = 3.35de &4
f‘u 4
A : = an -3 . . s - N
3 winere C = 5.23 x 10 which is the solubility cf 4,0 in ¥237T A
. < A
O using the method of quartz spring. Therefore, .

1" - 3 -
- de = 1.56 x 10

'ﬂ' According to our assumption that water won't be trapged
1
inside the microvoids bv using the clectrobalance. The
o . .
T solubility will follow Henry's law. So, the value can be

. calculated by putting 0.7p (because of 705 R.H. 1in room)
. ir-o above equation.
‘\.

-t w v a
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K% (0.7p) = 1.03 x 10

Now, ccmparing this value to the experimzntal resulk,

1.28 x 10-3 from tha elecrtrobalance, the resulos arz in
r2asonable agreement with each other. A little bit higher
value from =2lectrobalance implies that the microca'iﬁies

till trarped scre small guantity of watar.

Fron the above damonstration, tha water sorbed bv

microvoids at 25°C is aprreximatelv 2.57 x 10 °. That
o i -2 4 D
corresocnds to 3.34 x 10 mg. If the water were in thes

. . . - - 3
igquid phase, the volume should be 3.54 x 190 cm”.

-

Cividing by the sample volume {6.24 x 10 cm”) viel
volume ratio 5.67 X 10_3. Cbviously, the watar is noc
saturated in the voids unless the vaper pressurs is very
nigh. Conssquently, the voids volumz should be much biggar

than this amount. That is voids volume > 5.57 « 10

(0.367 v/o).

B. Activation Energv Relates to Rotaticn Energy of Chzin

pPPBT film is anisotropic in structure. Theras,
. . - 2 B
Hsu et al. of the University of Massachuscetts™ analyzed the

Wide angle cloctren diifraction paciern and oroposed two

ORI R A ARt ._‘.‘_.<
PR PR -“CJ\. ‘f.*.gl 4 b,
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Cell I Mcneclinic Celil II Monoclinic

[] Q
a' = 5.83 A a = 7.10 A
(=] [»]
b’ = 3.54 A b = 6.55 A7
9 o
c!' = 12.35 A c = 12.25 :

Y = 96° Yy = 63°

z =1 z = 2

The propcsed arrangement of PPBT in its crystal structurs is
shown as Figure (32). How does this relate to diffusion?
According to the molzacular model proposed by DiBanedetto

20 . . .- . . ,
and Paul the activation energy for diffusicn is related
tc the variatiocn in the average potential energy of
mclecular intaraction which accompanies a volum2 change of

2
An(=/4)r_.

g

. 22 . . C s .

Pace and Dazvner, following this idea, proposed a
statistical mechanical mcdel in wnich the activaticn energy
is related to the bending enargy and Van dsr Waals snergy
for producing a separation d between tha surfaces of
adjacent chains wnere d is the diameter of the diffusant.
Both theories point out that the activation cnergy for
diffusion is the energy necessary to prcduce and effactlive

volume large enough to accommedatz the diffusant. Now, we

are dealing with a polymer which has flat rigid chain
segnents. (Se2 Pilgure {33)). It disolays thoe gossibilicy
2f rotation on the %wo single bonds. Accerding to the
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(2) Mecrnzniszm o2 rotating csne chain sazment

water molecule,

(b) Mechanism of 'rotating two chain segments to
accomocate benzene molecule,
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‘ raport o 5. E. Mark, et al. of the University of o
~'4? :‘.
{ﬁ Cincinnatti, that the ring groups freely rotate to 20° from S
(. -
tha crigin. The activation energy is 2 kcal/mol. If it g
B .
W . : - {
il rotates tc 90°, the rotation energy is 6 kcal/mol. The ~
e activation energy for HZO diffusion in PPET is 6 kcal/mol 4
‘v
nd that fcr benzene diffusicn is 12 kcal/mol. (Sze Figure =
R !
AN " . . . . . . . 0!
K] (1), (34)). This implies a diffusion mechanism as suggeszad C
N e
- in Figure (33). HZO needs only one chain seagment to rotate b
*
"y d 4
93° for it to pass throucgh; however, benzene needs bcth 3
N &
;’ chain segments to rotate 90° for it to get thrcugh. If one i
.D" '.L'
. ramemsars the discussion in the previous section of how v
microcavities affect diffusion, 1t can be seen that tha
) . . . , .
y. activation energies measured are not the true values. The <
-
2] 2ffoctive diffusivity DefF = D/1 + R will change with R. Rt
If R decreases when temperature incresases, the measured -
L,
o8 e — . : . N
' eflective acztivation energy will be higher than it N
X, '\
A ~ . . “
Y suppcsed to be. Generally, this is the tendency that S
A_ . .
dlnb/d(1/T) higher than dlnK,/d(1/T). Consequently, this >
-‘ ‘.-
% will cause an abnormal high negative enthalpv of solution. .
[} _
- Figure (35) and (36) show the evidence for this. R
1
y C. Internretation of Coefficients ;{
.’{ ;
¥ The sample of PPBT has a very rough surface, uneven P
w
. . . . o ¢
y thickness, voids, and impurities. Rough surface and uneven ]
R
¥ ,‘)-.
'S
- ’
X )
/ 5y

» LT S A ,‘-'-'-.,‘.P‘ R e
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thickness can even be seen by the naked eyes. Voids hava
been studled by using small angle X-rav scattering patterns.

That voids exist in substantial amounts also has be=2n

4.

supported Dy previous discussicn in this thesis. The

=

probable imourities in PPBT are residual methane sulfcnic
acid (or PPA which has been found in ZDAX in this thesis)
and other impuritias which could be introduced in the
synthesis proceduras. QAll these effects will shift ti.e
diffusion character significantly £rom the theoretical pra=-

.

dictions of well dimensicned pure samples. Table I gives
the coefficients of water, benzene, and =chanol. The lack
of encugh experimental data on sthanol is because tha
solubility of ethanol is too low to be detected at high
temperature. The temperature-dependence of the soclubility
coefficient includes the heat of condensation and the heat
of mixing. In our case, the Lan< wuir isotherm of soluction
in pre-existing cavities also exists. The abnormal enthalpy
O solvation is mainly attributed to the sgb guantity which
is the hole filling term in § = (Kd + bsﬁ)p as discussed in
chapter 1I. The order of solubility coefficients in terms
of mole numbers is water > benzene > ethanol. In contrast,
the diffusion coefficients at room temperature have the
order as =2thanol » benzene - water. 1If we recall that

2

Does = D/ (1 + (bSA/Kd)) and § = (Kd + bsé)p, it is obvious

Pab ot AR Rl

v B,

i3 '—I<I‘
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Ed(kCal/mole)

1.71x10" 10

(25°C)

D(cmz/sec)

Hs(kCal/mole) -9 (high T)
=32 (low T)

Do(cmz/sec) 4.28x107°
-3
S (mg/mg) 6.93x10
(25°C)

(24+1.4mmHg)

-----
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12

2.8%10
(24°C)

-23

7.99x107 >

(24°C)
(94 +4mmHg)

Table I

--------
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Ethanol

1.1x107°
(24°C)

1.49x107°

(24°C)
(55+1mmHg)

Diffusion Data of PPBT (28555-25-6) Film.
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*j that the nigher the bS, value the higher the S valiuz, but B
e the lower Deff value. 1If we further assume that Sﬁ is the :
k]
-
" same for these three species, it will implv that the forces "
J?‘ between polymer surface and diffusants are in the order -
?; water > benzene > ethanol. Figures (37)-{43) are diffusicn -
curves for the three vapor species studied. The solid
3 > B
1?: curves represent theoretical wvalues. All data diszplav a -
3 .
. negative daviation in the long time region. This is the ;}
behavior of a concentration dervendent diffusion rate. Again, o
) "
) , . . . 3 :
IWG microcavities are responsible as will be demonstratad below. ﬁ
N X
) - . - . -
; The flux of penetrant is only due to mobile molecules, not 8
0, . .
trapped ones, therefore .
= J = -D(C)3C/3x S
, ,
= -2, (C)3C,/38x 7%
X 179 l/“A (73) !
[) e
<, where C is the overall concentration, the suffix 1 refers =
._"' Je
< to mobile molecules. We find D(C) = D,;(C)5C,/3C. If the &
O immeobilized molecules are sorbked according to a Langmuir N
'\‘ o
] ',

model and the mobile molecules according to Henry's law,

P
.

.
i
“r

1

A then r
[ '
- C, = Cy/(a + BC 76) 2
2 = G/ BCy) (
l. N l‘
(] ":
n nara C2 dencutas zhe sTznczntraticn 2f immobile molecules. =)
‘ L‘
] \' d
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Dol = Dl(C)a/(l - &C)

This simple model leads tc a diffusicn coeiiizcient wihlch

increases with concentration. Trus , the dcred matar_zis
acting as traps inside PPBT give thz same effect. This

Figure (44) displays the sorprion anc dasorstisn

curves c©f H,0 in PPBT. The curves are sigmcid 1in shape

k)
o)
Pl

il=2 the dasorption curve crosses the sorphtion curve twice

beiore eguilibrium is reached. This sort ©f benavicr which

is describad as anomalcus or "noa~Fickian" has been re-

portad, fcr ins:tancz, in the sorvction of w~ater by cellulese
=y 3 -, 40 . .
(Newns, 1936},  Keratin (Xing, 1943) ana vinyl alcchnel
1

{Long and Thomnson, 1955).

The water remaining inside PP3T in the desorption
" . = . -3 ;
vrocedure is 1.02 x 10 ma/mg.
. Zffoct on D i Deoning Salt

As mentioned in chapter II (part G) relative to ionic

conductivity, water will enhance the dissociation of ionic
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Druriciss inco anions and cations, and consecuentlv incraaze

it
}
o

~
‘-

the conductivity. Will any impuritizs in polymers affac:

-

diZfusion? Yes, this is demonstratzd by measursments on tha

‘g

scrotion charactaristic cof PPAT films scaked for 2 davs
1 molar salit solutions of tahree nitrates (Fe(NO3)3,
CO(NO3)2, Ni(NO3)2) and two chlorides (Caclz, Licl). DE=2T
samples were immersed in 1 molar salt solutions for two
cavys and rinsed in distilled water before being drizd. Tha
dried samples were measured by the electrovalance. From
the rates at which the weight increased, diffusion co-
efficients weres determined {Figure (45). {46)). A plot of
logD ve the charge to radius ration g/r came out tc be a
stralight line (Figure (47)). This mav be described by the

following equaticn

logD = 0.214q/r - 9.592 (78)

where g the electric charge of cation

r = crystal ionic radius

2.56 x 10”10

The constant -9.592 corresponds to D
cm”/sec. This value is very close to the diffusion co-
efficient of water in pure PPBT using the quartz spring. It
3uggests that the ions are mainly in microcavirties.

Let us consider any rate constant K can be expressed

28 an Arrhenius equation X = Ae-E/RT, then 1nK = lnA - E/RT
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compare this to =aquatiocn (78), we £ind that if water acts

on another negative charge -g  then -?qw/r corrzlatas to

to the rszaction between water and cations. Also, the

diffusion rate is directly proporticnad to the =2lac+rical

potential fields of cations. Cne experinent done Dv
42 . . o . :
Takamactsu about sorption gphencmena in Maticn “embrancs

is described: during the neutralization process which

+

. -+ . .
in SO3 H site, tha coefficiants D of

several cations were determined and logD was rela

caticns replaced H

(ns
0
L

linearlv to g/a, where a is the separation distance batwean
centars of charge of the cation and anion. This observa-

tion might have the same resason as ours.

-

E. Possible Irteraction cf Dopad Salt with Polvmer

Therz is a very important matter Zor organomatallic

43

chemistry, called tha "sixteen and =2ighteen electren-rule.”
According to this rule, stable organometallic compounds of
the transition metals will have a total 18 valence electrons
about the metal; in other words, they will have the

"cffective atomic number" (EAN) of the next higher inert

gas. Molecules having only 16 valence electrons can often >
e jast s stable as 13", In genecal, croanic covulames o -
o
_‘i

the transition metals are formed with those metals in low
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cxidation states, since it is only in that condition cthat <

che metal will have populated orbitals of 7 symmetrv and a .

* 1

low z to allow metal to ligond 7 electronic flow,. Thus, 2

2+ .0 4

the prefarrad oxidation states ara Fe

'...-:~

fortunately, thes= are not the ones in our case. But,

0l

possible reactions will hapren, if reduction of metal icns ,
-

occurs. .
Dlffusicn rates were measured reveatedly. (Figure N
(43)-(20}), Tables II-V). Since the room conditions changed N,
and due to the limited sensitivity of instrument, it is 4
still not possible to make tinal ccrclusions. Howaver, it N
. . e s o
is obvious that the diffusicn rates decrzased to some 2axtent. i
¢
The sample weicht decreased somewhat and in some cases, -f
]

even appeared to beccme lower than that of the originali dry -3
sample. %
|5 r‘
FY

0

F. Discussion on .leronolc3s and Anisotrownic Characcoar. ﬁ
—_ [ : 3 -, ; - ie vy .~ — by

If diffusion 1n PPBT 1s a prccess oI mass LIansporc »
e
along the interchain channals, then the diffusion rate o)
L , . -

should be sensitive to the morphology of the polymer. It .

is then necessary to analvze the relation between moarzhology
and diffusion.
. e 2 P
According to Zdwin L. Thomas et al.,” the PPBT f{iber
can be peeled and mildly sonicated inte thinner and thinner

ribbonlik2 fibrils. Each of these fibrils appears to
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.."-‘ ™ ’\I GLS
- a .
- Fe (NO4) - $H,0
P 1,'-
- 1st day 2.23z107°
K {79% R.H.) (26°2)
. . sA=3
2nd dav 2.36x%10
: (793 R.H.} (26°C)
£
. 3rd dav A,
s (70% R.H.)

‘.".

) -3

. dth 2da, 2.16x10

3 {(71% R.H.) (26°C)
45

".N

A
'x,‘

P
p -f:

X - =2

i 30th <davy 1.19¢10 ¢
. (753 R.H.) (26°C)
i

S

"

. Taole
- Socrprion Coeificioents o
- PPBT Film After Scveral

CO(NO3)2’7H20

-
- -3

3.67x19
(26°C)

. ~=2
4.84x2¢
{(27°C)
-2
1.64x10
~ 5
[
A

4.33x107°3
(26°C)

11

DC)."/'S

o
=
~J

Ni(NO,).*6H.C
372797,
4.22%107 7
(25°C)
4.43%107 7
(25°C)
25°0)
3.459:x10°°
Dy
123°0)

3,21%10 3

{26°C)

 #H20 in Nitrate Downed
(before correcticn).

ey yv v -




Fe(;03;3o9H23 Ni(a 3) -6H20 caCl

CO{NOs)z'BHzO LiCl

~
7

. a3 1t a=3

1st day  2.48x167° 4.51x107° 5.312207° 2.125:1077 2. 2z273
| (79% R.H.)  (25°7) (26°C) (25°C) (26°C) (25°C)

o]
o
jon)
3%}
<
18]
.
(W)
QO
v
}...l
(@)

-2

5.32x1C 7 4.035
3
s

10 ~ ~ ‘
R.H.)  (26°2) (27°C) {26° ]

—
~ o
O

> - - - - 3 :
< 3rd dav % 5.71x1077 3.59x137° " S '
S (79% R.H.) (28°C) (23°C) ‘
N >
AR}
"
S
\',__ s

- 4th dav 2.24x15 N 5, A, A
(71% R.H.)  (25°C)

AP .

v . .
30eh dav 2.84x%107°3 5.13x107°0 4.23u1070 - . :
{(75% R.i.) (26°2) (26°C) (25°2C)

v'_‘-
Table ITT

- Sorotisn Coefficionts of -0 Diffusion .
. TIr JarT Derad TonT wilaon o var Soyoral "
.-, Bays (atcer Corraction).
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] Fe Cco Ni

-5 - -G .
1.56x10 1.05x10 1.65%10

. 4 »_ - -
N
3
[o%
L
fu
W

G

3rd 1.15x19°

Q)

o)
]

e

S > - o>
L

R

- -

-Q
' 4th day 1.72x310 ~ N N

‘.,.,.-
r o

S1.3
B ]

. 30th day 9x10” L0 6.4x10 10 9.7x10

bris S

™
2 Table TV

i Diffuasion Coeificicents icm /s
Doped PPBT Film After Several Days.
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) Fe co Ni

CRW ] +
el

N

SN Pure dry Sampla
N before dcped €.36 7.1 6.85

(mg)

(-1

-~ 1st dav 3
doped 6.201 7.16 6.90 y
) (ng) i
o )
R -
Lo s ;
X 2nd day |
b -, doved 6.38 7.16 6.90 p

(g}
N 3rd day

doped ~ 7..6 6.88
' {mg)

Aol ;
N 4th day :
4 doved 6.86 n n ;
(rg) )
- 30th day 5
-4 doped 6.82 7.11 6.34 .
" (mg) F
:.) v
- N
N Table V >

weicht (mg) of PPBT Film Measured Before and
. After Doping for Several Days of Drying.
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ceneiszt of smeller "micrelibrils" of lateral dimensions
[+
varving £rom 50 to 80 A. (FPigure (51)). A schematic of th

Zach micrefibril coasis
crystallites (50 x 500
less orderad matrix. The veriodicity of the banding -rariss
from 1083 to 20092 R. At present, thay still &o not Xnow
whether the bands that appear ars dus to the fragmentaticn

of the fibers du: the

n

V9]

ample preparation, or cn the

4]

i
p

81

centrary, are characteristic of the as-spun fibers.

Basaed o

o]

above, Barker proposed that micrcovoids might

crofibrils as suggested by Figure {53.a.).

3
'.J.

exist between

¥l

Then the parallel diffusion will be much larger than

(

=]
transverse diffusion. If the veoids are only a few A width,
the longitudinal diffusion, parallel to the axis of micro-
ibrils, and the activation energy for a jump X is approxi-

mately oropor<ticnal to a quantum v of the order,

From equation D, = JL7. we have,

ol
w
o0}
th
H
r
0]
t

approximation

= ., (RT) /0
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Figure 52 Schematic of the fibrillar structure of the ribbon-like frag-
ments obtained after peeling and mild sonication of PBT fibers,
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igure (53. t.) Froncsed mechanism of Par
difusicn wlTh resaticn o

crain segnents.
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Insert some assumed values to 2bcve equaticn, (Ssze appendix

* o -]
c ~ 4.8 3, = 1012 sec *

it gives the result D, =~ 2 X 107° cm2/s or the order

~10_5 cmz/s at temperature 300°X. If the micrecvoid i1s much
bigger than a few angstroms; diffusion rate will approach
to gas diffusion in air, for example, water vapor is

D ~ 0.239 cmz/s at 3°C.

The microvoids might not exist if, insteadhof voids,
the interwvals were filled with less orderzad matrix. In
this case, D, could be only a few times greater than D,.
Actually the present available PPBT samples were demon-
stratad to have lots of microvoids of large sizes:

o

)
(162 £ 13 A 135 11 A for heat treated film and 49.1 #*

1+

3 0

Q
3.5 A x 34.7 £ 2.5

m

for heat treated fiber) as mentioned
in section one in this chapter. Despite this fact, it is
still interesting to extend the theoretical approach.

To simplify the question, we assume the PPBT is 100%
crystalline. Then diffusion occurs only when the diffusant
can penetrate into the crystal. Under this assumption, the
approacn in section 2. of this chapter can be applied to

the calculation of the ratio D, /D, . The proposed parallel

o

v
I
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-
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diZfusicn mechanism is dis

s |

o]

laved in Figurza (53.b.). Recall
from eguations {44) and (43), tha A value should be the

saxe for both cases. Thus

=2, 2 m
b, /b, =1L, /L "exp(-(AE, =~ AE,)/RT)

- 4 —
L, is between 3.5 and 6.1 A and L, is nall oI the value
° .
12.35 A, because the rcotating segment will e =2ithzar the
phenvl group or the benzobisthiazole group.
- o - o

Assume L, is 3.5 A, L, 1is 6.18 4,

if AE,, - AE, = -4 kcal/mol,

then D, /D_ ~ 2.67 x 103.

il

If AE,, - AE, = 0 kcal/mol,
then D, /D, ~ 3.1.

From above, it is easy to see that D, /DL is mainly
dependaent on the difference between AE, and AE,.

Before ending this chapter, I would like to point out

rr

that the viscosity-diameter of a diffusant is usually
large. For example, O2 has a d-value 3.5 3.21 Therefore,
it is imzncssible to accommodate a diffusant without further
bending after rotation. The discussion in section 2. of
this chapter was based on molecular shape. Also, the

wrotonatad PRPET will have som

v

tilt angl=2 on itz chain
segment3, which is not shown on our Figure (53.b.) and our

Jdiscuszsion has not dealt with that fcr the purvose of

s 5
£

‘.
LA
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. simplicity. Finally, in th=2 case of steric nindrance

e Q

n

.Q& cetween chain segments, the arrangement micht not parallel

as Figure (53.b.) and (23) as shown. If

this is the case,
*I
V- the model presented here would reguire only slight modifica-
s
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Chapter V CONCLUEZICN

-
¢t
FJ.
w

4o’

f“

v

roposed that the existence of microcavities
PPRT, lead to the measured diffusicn rates which were
smaller than the true values. The evidence for the micro-
veid model are: 1. There is an abnormally high heat of
sorption (solution). 2. There is a lower water solubility
when =2xposed to water in air than when exposed aZter being
in a vacuum. 3. The diffusion rates are concentratiodon
devendent. These phenomencon fully consistent with the dual
sorption theory.

The e2xpected high activation energies were not found.
This is thought to be due to the rotatisn or partial rota-
tion of chain segments on the mer. Statistical mecnanical
model of Pace etc. is a poweriul tool for predicting activa-
tion energy with its direct calculation using non-adjustable
varameters. It would be worthwhile to make detailed
theoretical calculations if enough precise data were avail-
able.

The sigmoid shape of sorption and desorpticn curves
and negative value of logDO in the case of water diffusion
are typical of polymers below their glass transition tempera-
Zure. Actually the PPBET is in crystalline state.

The diffusion rates of H,0 in salt doped PPBT arc

“inzarly prevortional o g/r. This eoffect is consistent
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with the idsa that the cations act as traping sites by

tn

attracting water with an electriczl field.
The evidence that doping salt is depositsd mainly in

microvoids are: 1. D at g/r = O has the value close to

vacuum chamber. 2, The sorption coefiiciants <f H
Co(N03)2 and in Ni(NO3}2 doped PPBT ars apprcximatelr
to the ralue measured of pure PPRBRT in the wvacuum

chamber method. Intzsractions between doping salt and PPET
are not conclusive but significant changes in the diffusion
curves and sclubilities ar2 cbvious after a long time with

the salt in polvmer.
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APPENDIX A, ERROR FUNCTICN SOLUTION TO

e

Ehhe ‘

LA

DIFFUSION EQUATION

p .
v Bty

The egquation of linear flow mass is

D32c/3x’ = ac/st (79)

Ccnsider the expression

C =t “c {82)
a Since
o 3/2. -x%/4Dt ., 2, . 5/2. -x-/4Dt
L 3C/s3t = - (1/2t Je + {x7/4Dt je
;i
and
2.,..2 3/2, -x%/4Dt . .2, 2.5/2, -x>/4Dt
e a"C/ax” = -(1/2D¢ ye O + (x7/4D7 ¢ Ye :
- q
! It follows that equation (80) is a particular solution of .
-“L“ :
3 eugation (79). .
‘..‘ ' ) . -
:#{ Clearly, further solutions of equatcion (79) are X
obtained by differentialing, or in some cases by intergrat- ?
R
ing, equation (8C) with respect to either x or t. So, that .
equation (79) is satisfied by
1.
- X oy _ 2, , X/2(Dt) * 2
- [T /4Dtyy = 2p* / e™% ar
o 0 0
‘-:'
.-
2
]
5

. P [ TS I R
doml alonl sl i lp IR NP P I




L are ad nr - A i i

X The notation

-
X <

erf x = (2//M [ e % ac
0
will always be uszd here, so we have Jjus= shown that
A erf(x/2/Dt)

whnare A is an arbitrary constant, is a solution of
equation (79).
2 2 , .
Because D37C/3x" = 3C/3t is a second order partial

differential equaticn in x, the solution can be expressed
Clx,t) = A erf(x/2yDt) + 1x + m (32

Ncw, the boundary conditions are introduced to the

equation as below:

C(x,t) = Cs’ x =0 for zll t,
Cix,t) = Ci’ Xx >0, t =0.

According to the boundary conditions above, when t = 0,
x= 0, C(x,t) 1is a constant. So, the constant 1 should be

equal to zero, then equation (81} becomes

[§]
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~
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]
o3
o
~
|81
~
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K erf(0) = 0, erf (o) =1

§ . ) . . e s .
: by applving the boundary corditions o eguation {82), we

Therefore

i

2.0 - ;A =
1 Ci{x,t) (Ci Cs)erf(x/_VD_) + CS

i

C; erf(x/2/Dt) + Cs(l - ert{x/2,Dt)

—_—

c(x/2/Dt)

th

n = C. erf(x/2/Tt) + C_ er
f i s
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o
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|
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APPENDIX B THE SOLUTION TG DIFFUSION
EQUATION WITH INHOMOGENEOUS

BOUNDARY CONDITICHNS

s s , 4
The boundary conditions are as below:

C(x,t) =¢C at x 0, all £t > 0

C(x,t) = C at x b, all t > 0 {83)

Ci{x,t) =¢C at 0 < Xx < b, at £t =0

whera b is the thickness of polymer membrane, Cl and C,
are the concentrations of gases just inside the polymer

surfaces and C, 1s the initial concentraticon of diffusant,

0

assumed uniformly distributed.

(0]

In order to solve the equation, one new concentration

variable U(x,t) is introduced, i.e.

Ulx,t) = C(x,t) + Q(x)

N(x) is a first order linear function of %, because the

equation 32Qh<)/8x2 = 0 must be satisfied for our purpose of

solving the equation. It is defined as Q2(x) = ax + B.

NMow, the new boundary conditions are set as:

e

.-
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N

s
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U(x,t) = 0, at x = 0 for all ¢
5
.
U(x,t) = 0, at x = b for t = 0 (84)
- U(x,t) = Cqy R(x), at 0 < x < b, at £t =0

rfick's second law becomes:

l~.)

2
3U(x,t) /3 = D370, 8)/,x ) + (a S{x) /3Ty

2 2
= D(37U(x,t)/5x™}

Here U(x,2) = C(x,L) + Q(x) must satisfy the boundary

condition (34). That is

at x =b, C, + ab + B = €, then o = (Cl - C2)/b

U(xrb) = C(Xrt) + ((C1 ~ C )/b)x - C
1 2 1
i.e.
Cl,zd = Ulx,2) = € - (T, - C,)/b)x (85}

We begin our attack on the problom by attempting to

Hh

the

fird solutions oI =zhe diffusicn ceaquation that are o

snoacial form

<t
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Ufx,=) = X(x)T(t) (36)
kY
»
We impose *the reguirements
X(0) = 0, X(b) =0
v ir order that these "product solutions" will also satisZy
: the boundary conditions
. Uo,t) = U(b,t) =0 ' (87)
¥
If the diffusion eguation has a solution of the form
- (36), then we must have
X(X)T'(t) = DX"(x)T(%t)
W or upen dividing through by DX (x)T(t)
X"(x)/X(x) = -T'(t)/DT(t)
; Tha2 left hand side of this equation is indapendent of t
4 wialle the right is independent of x. Therefore, both
: nempers must be equal to a constant, which we denote by
-1, thus
v
X" () /¥(x) = =-T'(£)/DT(t) = =)
.J
’ and so the function X and T must be solutions of the
- ordinary differential equations
: o
‘. <
a7
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‘ “
! 7
‘ o
f Y
i ;
P 3%
< 3
; X" + Ax = 0, T' + ADT = 0 ]
L ::.
~
T P -.
respectively. Conversely, if X and T are soluticns cf the P
" corrasponding ecuations for the same valuaz of A, then the 4
" [h
. product U({x,t) = X(x)T(t) is a solution of the diffusion 3
ec.ation because -

- <

K U, (x,t) = DU, (x,£) = X(x)T'(£) - DX"(x)T(k) N

X () (-ADT{L)) = D(=iX(x))T(t) "

st Y
Tha reguirements for X, namely _l
1% -
-f_
. X" + AX = 0, X(0) =0, X(h) =0 -1
f T
) . .« 13 '—v>
constitute an eigen value problem. The eigen values are 2
: )
X 2 "
. = (n7/b) n=1,2,3,... T
n O
" ;". 3
WS . R - . . . pe
The corresponding eigenfunctions (non trivial solutions) ol
.. are
P.
Y
o xn = s1n(nt%/b) n=1,2,3,...
for A = )\, we have T' + ) t = 0. A solution is
: n n
)
&)
T (t) = exp(-i _Dt)
~ 2 h) :
= exp(-nT"3°Dt/u7) B
5
« o
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Each of the precduct functions

2 2, .. .
Un(x,t) = axp{-n nth/b yusin(n x/b), n

1,2,3,...

on and satisfies the

'..a.

is a soluiticn cof +the dirffusion

1]

guaz
boundary conditions (7). If the constant Cn are such that

the series

(e}
ulx,t) = ] C U (x,t)
n=1 "
oc
= T C_exp(-n®72Dt/b%)sin (nyx/b) (38)
n:l sd

ccnverges and can pbe differentiated termwise a suificient
number of times with respect to x and t, then this series
also represents a solution of the differential equaticn
that satisfies the homogeneous boundary conditions (87).

However, the constants Cn must be chosen, if »ossible,
in such a wav that the series (88) satisfies the non-

homogeneous boundary condition
U(x,2) = £(x), 0 < x <b ’

Taus, we reqguire that

3

U({x,0)

chnsin(nﬁx/b)

([N

n

]

£ (%) 0 < x < b
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3
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u* the C must be the nth coerfilcient in zhe Tourizrsine -

n .

saries for f, that is -

b

C, = (2/b) £ (x)sin(anx/b)dx {89) £
0 -

n
(Y]
p]
D
a3}
3
]
(@}
+
be]
]

1 P UCy = Cy)/o)x -

can be used to find C,- p

From a2guation (89), we have .
b j'-"

= / - { -C 1) sin (nwy dx R

c (2,b)£(co C; + ((C; = C.)/b)x)sin(n7x/b)dx :

b
(2/0) J{Cy = Cy)sin(nmx/b)dx
0

. L B
1 A A A

b
(2/b) [ ({C; - C,)/b)xsin(n7x/b)dx. 3
0

<+

«

e

rrom tables, we find

LEPCRN
> ta’a

X

fsinx dx = -cosx + C

(Y g 0 e § "

/xsinx dx = sinx - xcosx + C. ]

o

i Y

Then we have Er

@]
Il

b -
- ~ - . J1 l ;:..
(2/mr)(a_0 Cl)cos(n“x/o). R
0 Y

| D &

- (nmxX/b)cos(nix/b) | ) :
‘0 o

8]

+

(2(¢; - C2)/(nw)2)(sin(n7x/b)§
"o
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anl n n

Cn = (2/“")(C2(”l) —Cl)-+(2co/nﬁ)(l-(—l) V.

n2 second term akove exists, only £or n odd. So we can

daine it as 4C./(?n + 1), n =10,1.2,.... Then U is the
0

’i. form

‘ « n -

U(x,t) = (2/7) Z ((—l)'(CZ-Cl)/n)sin(nwx/b)exp(-((nw)“/

e n=1
o
E » 2 [>4]

3 b®)Dt) + (4Cy/7) } (sin(((2n+1)/b)=x)/
7 '.." n= O
B 2.2, 2
K- (2n+ LYjexp(-((2n+ 1) a7 /b7)Dt)
N

‘ Therafore
N {zx = = { - Jopid

:. CizZ, < Cl + (\C:2 Cl)/”‘

- @ 2 /p*
Y + (2/m) 3 ((-l)ncz-Cl)/n)sin(nnx/b)e-((n”) /b7)Dt

n=1

-:" 0o

. + (4c,/m) Y (sin((2n + 1)/b) x)/(2n + 1)
-_ : n=0

exp(-(2n + 1)212/b%)Dt) (90)

S

. The guanctity of gas molecules through the membrane to the

A downstream of the chamber per second is then

5 dg/dt = DA(ﬁC/Sx)Y_O where Q is the total amount of diifusant
- -~

7

o collected in the downstream reservoir, D is the diffusion
L)

.? cocfficient and A is the eiffective cross section of the
! ~asnrane normal o th flow directicn ¢,

vy
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The total amocunt of gas ccllacit=d dcwnstream up to
ime t is
t
Qt = ADé(BC/JX)X::Odt
t ) L2
Q./AD = [((C,=Cy)/BY+(1/b) § ((-1)7c,-c,)e” (R7/B)7DE
= J 2 1 L 2 71
0 n=1
2 2n+1)2/5%) %) Dt
+ (ac /) § o~ ({2RELY/DTINTIDE) 40
n=9
\ far e 2 = n 2
= {{C,-C,)/bit - (22/D77) ) (((-1) CZ-Cl)/n
- = n=1
2 5 @
(1- ={nz/b)"Dt) _ (4C0b/b7r ) z
n=()
2 2 2
2 - % +
(17(2n+ 1) %) (1~ ¢~ ({(20#+1) 777) /o7) D, (91)

Experimental condizions in this work are that both C0 and
Cl are zero, l.e. the membrane is initially evacuated to
zero concentration and the concentration at the face
throuch which diffusing gas molecule emerges is maintained

effectively at zero concentration.

fore zcguatlon (2l) secomes

2,./2D = (C,/b)t - (25/D-2) ) (—1)“c2/n2
i B n=1
2, o 5 2, .2
2 () 2
+ (26/D77) | ((-1)Pcy/n®)e P (T TED
n=1
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X Since -
L 0
S n, 2 2 n
Y (-=1)7/n” = n7/12 2
n=1 o
K -~ A3
A R
3 2 2 2 R
Q. /xC b = DE/BY + {(2/°7} (=7/12} :

=) . 2‘,_ =
> - (2/7) ] ((-1)P/n%)e P AT/B) e

X n=1 -
‘ - ~v-
W 2s t approaches =, the exponential term approacnss zerc, %
5 and a linsar approximation results, -
-'\

- Q /A = (C,D/b) (£ = b°/6D) 3

o Tha intercepnt of the line Q,/A vs t wizh the t axis is -
[

.. called the "time lag."

l- \-
P >
) Thereiore N

. w
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L o2 .
D =15 / ot
f' If Cy and 7, have nonvanishing values, the relation is e
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B APPENDIX C MASS UPTAXT FCOFR UNIDORM
T,
8 SURFACZ CONCEIHTPATICH
L The boundary conditions are below:
s
z Clx,t) = Cqyr at x = 0, all t > 0
: Clx,t) = Cyr at x = b, all ©t > 0 (92}
. C(x,t) = CO’ at 0 < x < b, all £t =0
The only difference of these boundary conditions to
. 2quation (83) of Apvendix 3 is Cl(x,t) = C, at x = b. 8o,
- the equacion (90) of Appendix B can be directly appliad tc
her2 by changing C, to Cl'
-
N We can obtain
i n
' C(x,t) = ¢y ¢ (2/7) % (((-1)"C, - o )/n)sin(nix/b)
L - 4L
n=1
. . 2,20, »
. o~ ({n7) /b + (4C,y/7) )
n=0
- 2 1 1) %72 /2
. -{(2n+1) "«7/ £ -
(sin{ 1* )7./(~hvl))e( ((2n+1) "w=/b7)Dt) Lo
: &
The second term in above ecuation can exist only n is odd iy
X numper. The cquation changes to
N RS
y N
:n:
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C(x,5) = Cy; + (4/m)(Cy = Cy) ) (sin((2n+l)/x)=x)/{2n-.
' n=0

exp (= ( (2n+1) 272 /%) BE)
by changing n to 2n+l in the second term and combining with

the third term. After rearrangement, the eguaticn beccmes

(C - Cy)/(Cy = Cy) =1 - (4/m) E (L/(2n + 1))

exp(-((2n + l)2ﬂ2/b2)Dt)sin((2n + 1) /b)ax (23)

-

we derine it as the amount of diffusant has diffused into

the film at time t, and Q as the amount of diifusant at
infinite time. "
b o
Because Q = [C(x,t)dx, =
0 o
equation (93) can be simply integrated on each side to Jat C?J
ﬁj
2 2,2 2 Ly
Q,/ (€ =Cy) = 1= (4/m) ] (1/(2n+1))exo (= ((2n+1)"/b7) 77 Dt) o
0 RN
b
[sin ((2n+1) /b) mxdx (94)
0
b
Solve !sin((2n+l1)/b)rx dx,
0

we can get 2b/(2n +1)7
pyz this back to equation (94), we obtained

o g 29 2
(B/(2n+1)Y s ) oun(=Ni{2n+1) "7} /b7V L.
0

Ne-1 3%
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APPENDIX D CORRECTICN OF EDGE EFFECTS

For a semi-infinite solid (h > 0) the boundary ccn

ditions become

(»
1l

Ci’ 0 < x<ew, £t £ 0

17}
O

(C - Ci)/(Cm - Ci) =1 - erf(x/Zvat)

147

(95)

and the weight of moisture which enters or leaves through

an area A in time t 1is

-AD_{3C/3x) _,dt

Py

3
1l
O (T

Eguation (95) and (96) give

m = ~.A(Cm Ci)l x,;ﬂ

(97)

In the early stages of the process of interaction of the

different sides might be neglected and equation (97) can

pe applicd to each side independently. Thus the teotzal

welaht of entering moisture is

|2 %,

=

A
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(]

e D, D, D are cthe diffusivities in the x, v, 2,
X Yy z
directions.

Because Ci = 9, Wy = oghnl, the mass uptake will be

M= {(W - Wd)/wd) x 1C) = (m/Nd) x 100

= (4Cmf;’h)(VDx + (h/l)wﬁ; + (h/n)/Dz)vt/F
Cm/pg is the maximum moisture content as in ths =2quicion

shown below.

M= ((Wm - wd)/wd) x 1C0

= ({m_/hnl)/(W,/hnl)) x 100
= C./rg
S0,
M= (41 /0Ty D

T + (271D, + (h/m) VD) T

For the linear part in the beginning of a diffusion curve,

1% can be expressed as

2
)

(4Mq/h)/t7ﬂf5

then

o}
1l

DK(I + (h/l)/Dy/DX + (h/n)/Dz7Dx)2 (98)
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. T the material is hcmogzneous, Dx =D =D

o '-
i . 4
) oy
: =
D =D (1l + (n/1} + (h/n)} (53)
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K APPENDIX E ESTIMATION OF DPARAMETERS I
) } !
&' We assume 10 centers per moncmer unit in PPBT, then :
« Gl o * o 3
:}ﬁ A 2quals 1.235 A. For p we choose 4.8 A which is the h
o ° o ) !
:ﬁ_ avaerage ¢f 6.1 A and 3.5 A (two transverse distances between X
- cnains). According to Small's46 suggzstion that the ,
2 cohesive energy density should be an additive property for .
o molacules, similar to the molar refrac<ion or the parachcr. J
L . .
N §“0Z PPBT can be estimated as below: _
.‘ '—
Fjj Molecular weight for PPBET monomer: 267 ;
ﬁf Density: 1.6 N
1 phenylene (p) 658
X
- 1 phenylene (m) 653 '
- 2 C N 820 N
2 Ring, 5-membered 110 |
3
A 2 Sulfide 450 .
L e 3146 3
'o.' s
e § =dIG/M = 1.6 x 3146/267 = 18.9
6% = 335.4 cal/em® = 14873/cm’ ]
S * ;:
o' m = 267/10 = 26.7 dalton .
ﬁ: Insert above valucs into eguation :
l. L] ‘
::.' * 2 % . * )
.. o = :"m +/(3.88(density) s )
) J
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e sbtain ¢ = 16450/rmile, -
.
Because a molecule ordinarily vibratass zapout its f

feae s Cos - A12 1
y 2zuiiitrivm position at a frequency of 10" to 10 3 "3
- . . . i2 =1 , H
X vibrations per second, we assume v, = 10 sec ~. Then &
:
N *x % - '
x =co /n? = 1645 x 4.8 x 1075/(1.235 x 10782 o
o~ u:_
b - 11 R
X = 5,177 x 10 Jcm/mole N
e -
- L
2,2 o 3
D = vy (RT)"/x at 300°K =
BN 12 2 11,2 i
K = 107°(8.314 x 300)°/(5.177 x 1077) e
§ 3
-5 2 =
= 2.32 x 10 cm /s .
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UNIVERSITY OF VIRGINIA
School of Engineering and Applied Science

The University of Virginia‘s School of Engineering and Applied Science has an undergraduate enroliment
of approximately 1,450 students with a graduate enroliment of approximately 500. There are 125 faculty
members, a majority of whom conduct research in addition to teaching.

Research is anintegral part of the educational program and interests parallel academic specialties. These
range from the classical engineering departments of Chemical, Civil, Electrical, and Mechanical and
Aerospace to departments of Biomedical Engineering, Engineering Science and Systems, Materials
Science, Nuclear Engineering and Engineering Physics, and Applied Mathematics and Computer Science.
In addition to these departments, there are interdepartmental groups in the areas of Automatic Controls and
Applied Mechanics. All departments offer the doctorate; the Biomedical and Materials Science
Departments grant only graduate degrees.

The School of Engineering and Applied Science is an integral part of the University (approximately 1,600
full-time facuity with a total enroliment of about 16,000 full-time students), which also has professional
schools of Architecture, Law, Medicine, Commerce, Business Administration, and Education. In addition,
the College of Arts and Sciences houses departments of Mathematics, Physics, Chemistry and others
relevant to the engineering research program. This University community provides opportunities for
interdisciplinary work in pursuit of the basic goals of education, research, and public service.
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