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I. INTRODUCTION 

Purpose

The work reported herein was Initiated as the begin
ning of a long-range series of studies in this laboratory of 
permeation and diffusion In polymer films in both the dry and 
plasticized states. The first objective was the obtaining of 
equilibrium isotherms of a number of organic vapors in poly
vinyl acetate for the purpose of extend'ng studies of gas 
permeation and diffusion in polymer films containing known 
concentrations of organic vapor* The second*wars the obtaining 
of sorption-desorptlon kinetic data for the eluoidation of the 
meohanisms of the diffusion of the organio vapors themselves 
in polyvinyl acetate,

Baokground

The phenomena of solubility, diffusion, and permea
tion of gases and vapors in hleh uolymer3 constitute an area 
of research whioh has expanded considerably in the last two 
decades, largely as a result, of course, of the expanded com
mercial use of these materials. The significance of these 
studies, from an Industrial viewpoint, is, among other things, 
related to plastioization, dye infusion, and to the use of 
polymer films as protective devices. The early studies were 
primarily concerned with rubbers and cellulosics, reflecting 
their earlier advent and widespread use, oompared to the more 
reoent plastic materials and synthetic fibers.
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The last fifteen years, however, have seen the
growth of a considerable amount of such studies utilizing a 
number of synthetic high polymers the molecular ohains of 
which, in contrast to those of rubbers, can be considered 
completely linear. This class can be divided into two parts; 
the first consists of completely amorphous, linear polymers, 
the second oontains those linear polymers which ere partially 
crystalline. Polymers of styrene, vinyl acetate, the various 
acrylate and methacrylate esters nre examples of the first 
type while certain polyethyi!ui"s, and polyethylene teveph- 
thalate exemplify the second,’*' This thesis is primarily con
cerned with the first type*

General Characteristics of Diffusion in Linear 
Amorphous High Polymers* Early investigations of sorption 
and diffusion phenomena in linear amorphous polymers brought 
out e  number of salient features common to the class.

First, in contrast to the diffusion of the permanent 
gases, such as oxygen or hydrogen, in these media, the dif
fusion of organic vapors appeared to be markedly concen
tration dependent, the diffusion coefficient, D, increasing

2 3rapidly with concentration of organic impurity in the polymer. *' 
Seoond, diffusion coefficients for the organic diffueants were 
found to be muoh lower than those for the permanent gases.

Third, diffusion properties of organic vapors into 
and through the polymers were found to differ greatly above 
and below the glass transition temperature, Tg, for the poly
mer.4*5 The glass transition temperature is that point or
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temperature range where the amorphous polymer properties change 
from those of a highly viscous liquid to those of a glass 
as temperature deoreases, On a molecular level, this change 
is thought to correspond to the "freezing out" of motions 
large enough to allow the polymer to readjust, when a change 
in a thermodynamic variable suoh as temperature or composition
occurs to a state of minimum free energy in a "short” period

6of time. Above the glass transition temperature the dif
fusion coefficients of organic vapors in amorphous linear
polymers are dependent only on concentration; below it they

4are time-dependent as well. Whereas the former behavior 
can be accommodated by Fick’s Lew of Diffusion and Is thus 
termed Fiokian diffusion, the latter cannot and is corres
pondingly termed non-Flokian.

Measurement of Diffusion Coefficients

Traditionally diffusion coefficients of gases and 
vapors through solids have been determined by means of 
measurements of the fluxes of the diffusants through membranes 
of the solid materials as functions of time. when a gas- 
membrane system is in a state of constant pressure drop 
across the membrane and constant gas flow through the mem
brane, measurements of these two quantities plus film thick
ness suffice to determine the permeability coefficient. When 
a gas-membrane system is initially in the steady state and 
the pressure differential is suddenly changed, measurements 
of this change, the time lag before the rate of effluenoe
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changes, plus the membrane thickness, serve to determine the 
diffusion coefficient. Since the permeability coefficient 
Is the produot of the diffusion and solubility coefficients, 
these two types of experiment, with the same experimental 
apparatus often are thus enough to determine both diffusi- 
vities and solubilities. Such is true when the diffusion 
coefficient D is concentration dependent, but not when it is 
a function of time, since then the time lag measurements

7yield erroneous results.
Another method of determining, dlffuslvlties and solu

bilities for vapors Involves measurements of the absorption 
of vooor by films or slices of the solid suspended in a 
vapor medium as functions of time and vaoor pressure, the 
equilibrium amount absorbed giving the solubility coefficient 
and the rate of attainment of this amount relating to the 
diffusion coefficient,^-^ When diffusion coefficients are 
time-dependent, a combination, of the steady state permeability 
measurements and the equilibrium absorption measurements are 
required to yield "true" diffusion coefficients,

2. SCrank and coworkers in the late forties, * recog
nizing the convenient features of the sorption method of 
studying vapor diffusion, were able to develop methods for 
calculation of diffusion coefficients from rate-of-sorption 
experiments where diffusion was concentration dependent,

In oases where D is independent of concentration, 
Fiok's Second Law of Diffusion4 *9

do/ 2>t = (D 5 c/^x) / ~ d x  (1)
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can be simplified to
do/dt = D d o/dx (2)

where C is concentration of diffusant in the film, t is time 
and x is distance from the film surfaoe. For sorption into 
a film of thickness 1 the boundary conditions for (2) are 

c(0,t) = o(iPt) = cf
(3)

where and cf are initial and final diffusant concentra- 
ti on a In the f ' Im , 4 The sts -re equi val.-mt i: o assuming that
equilibrium of the diffusant at the film surface is attained 
instantaneously when the diffusant partial pressure at the 
film surfaoe is changed, but at the instant of this change 
no change in concentration occurs anywhere inside the film* 
Under these conditions it can be shown that the absorption
time curve obtained when the diffusant pressure is suddenly 
increased by a certain increment colnoldes with the desorption- 
time curve obtained when the pressure is dropped by the same

P  4-amount,J The diffusion coefficient is given' by

D = (TT/16)K3 = (TT/16) ( A W t/ A W  )o0/ t l / Z

(4)
Here K Is the slope of the initial straight line obtained 
by plotting the normalized weight change per unit film thick
ness against the square root of time. This equation holds 
until the oonoentration at the film oenter has begun to change* 

When diffusion is ooncentration-dependent the sorption 
and desorption curves obtained aB desoribed above do not ooin-



6

4,8cide. Furthermore the slope of the sorption or desorption-
square root of time plot, although still initially constant,
depends on the initial and final vapor concentrations. Crank

8and coworkers were able to show that, from a series of 
pairs of sorption-desorptlon time curves, all lower concen
trations being zero, but with Increasing upper concentrations, 
true diffusion coefficients and their concentration depen
dences could be calculated. In brief it was found that the 
average of the apparent diffusion coefficient calculated from 
the sorption-time curve and that calculated from the corres
ponding desorption-time curve was related quite closely to 
the true diffusion coefficient at the upper concentration.
The average apparent or so-called Integral diffusion coeffi
cient, D, was found to be given by

o
D = 1/c [ Ddo (5)

c=0
where D is the true diffusion coefficient at the concentra
tion G. That is, the integral diffusion coefficient is the 
appropriate average of the true diffusion coefficients over 
the particular concentration interval Involved.

Although several methods of calculating D from the 
sorption-desorptlon curves exist, the prooedure used in the 
experimental work on which part of this dissertation is based 
employs the following modification of (4), attributable to
Long.^

D = (TT/32) (Kg'* + k/ )  (6)

Here Ks and are the slopes of the sorption and desorption



7

lines respectively.
Subsequent Investigate Ion s have shown that dlffusivi-

tles of organic vapors in polymeric films are always increas-
2—5 10 11ing functions of concentration, ’ » at least when no

chemical reaction between film and vapor occurs. In this
situation, it is mathematically predictable as well as ex-

4
perimentally observable that KQ is larger than „ In 
addition It; is found experimentally that the integral diffu
sion coefficient con be related to nonoeritrati on, in low

4. IDconcentration ranges by
rtC

I) = D Q e (7)

where <A and D are constants characteristic of the vapor—0
polymer pair, D q is the limiting diffusion coefficient as 
concentration approaches zero. It should be noted that no 
bar is placed over D q since

lira u = jl), 
c —+o

4
finally combination of (5) and (7) yields

(A cD = D 0 (l+oto)e (8)
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II, EXPERIMENTAL

Lorptlon Apparatus

Equilibrium isotherms and sorption kinetio data 
were obtained utilizing fine quartz spiral springs (McBaln 
balances) suspended in columns as shown in Figure 1. (As a
result of the extremely slow rates of equilibrium attainment,
e.g, ten days, found in an exploratory run with ethyl bro- 

o
mide at 35 , three sets of glass apparatus were built and
housed in the same thermostat so that three sets cl d t a  could
be obtained simultaneously, This addition was later proved
somewhat unnecessary by the great increase in speed attendant

owith a rise in ambient temperature to 50 ,) The sample of 
polyvinyl acetate was hung from the hook on the end of the 
spring by means of fine copper wire or a drawn glass or 
quartz fiber. One of the three springs used was assembled 
from the two parts of a spring which had been used and broken 
in the laboratory at some previous time, in the following 
way. Each ooil was suspended by the hook, extended, and the 
last spiral at the broken end slipped over a knife blade to 
provide support and thermal isolation of the remainder of 
the coil. Using metal hooks and rods and a small, relatively 
cool, oxygen-gas flame it was possible to refashion the last 
spiral into a hook. The two repaired seotlons were then 
suspended one from the other to provide a completely ade
quate balance. This method of repair proved successful a 
number of times after breakage of springs.
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The seoond and third springs used were obtained from 
Microchemical Specialties Company, Berkeley, California and 
had a capacity of 50 milligrams plus a safety margin of another 
50 milligrams.

Calibration was effected by measuring extensions with 
a cathetometer when the spring was loaded with weighed pieces 
of wire, Sensitivities ranged from about 4,0 to 4,5 milli
meters per milligram and could be determined to within a root
mean square error of less than l/i>. The Gaertner catheto-

+meter used could do read to _ 0,05 millimeters corresponding
-5to weights of 1 x 10 grams.

The spring was suspended in a 4 inch diameter glass 
column from the ground glass Jointed oap, A second, larger 
joint was located a few inches below the cap joint. This 
arrangement of two Joints seemed the one most convenient in 
terms of ease of changing the height of the spring support 
hook, and suspending or removing film samples and springs 
safely, Bear of setting up strains in the large section, 
which was more difficult to fabricate, caused the placement 
of the inlet connection in the upper section of the column, 
which was small enough to be annealed in a muffle furnace.
This placement required that the inlet tube be cut every 
time the column was opened to change film samples,

A mercury manometer and stopcooks leading to the 
vapor reservoir and vacuum line were oonneoted to the column 
inlet. The vaouum line stopoook was a wide bore one to enable 
the fastest possible column evacuation ( see page 31 ), The 
stopoook on the vapor reservoir line was of the mercury seal
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variety. Prior to sealing off the dead-end side of the mano
meter, both sides were evacuated and the air driven out of 
the mercury by heating it to boiling in small sections of the 
manometer at a time,

Apiezon greases were used to seal the stopcocks, 
the particular grease used depending on the temperature of 
operation, Apiexon wax, instead of grease, was used to seal 
the column's 50/50 joint, by application at the exposed edge 
only. This change was necessitated by the difficulty of 
opening thi s joint wnen greased and after being under vacuum 
for long periods of time. Moderate heat sufficed to melt the 
wax and to allow the joint to be opened.

A water bath of the required dimensions was built 
from sheet brass and mounted in an insulated box built speci
ally for the purpose, A flat copper cooling coll was placed
on the bottom of the bath. The water temperature was oon-

+  °trolled with a Techne MK 111 Tempunit to _ 0,1 C, The lower 
end of the column was suspended in the bath. Its height, 
that of the spring suspension hook and the length of sample 
extension fibre or wire were adjusted, so that the polymer 
sample hung several centimeters below the water bath level 
but the lower spring hook remained far enough above the top 
of the water bath to be used as the extension referenoe mark. 

An air thermostat was built to encompass the water 
bath, column, manometer and all stopoooks. This consisted of 
a light wood frame in two sections covered with transparent 
plastic. Double glassed-in doors made up the front side.
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The sections were easily removable for repair work,etc.
Glass was used Instead of plastlo in the doors since through
these observations of spring height were made. Temperature
was controlled with a mercury-relay regulator, mercury ex-

+ 0pension switob, heater, and fan to _ 1 C. of the water bath 
temperature. The thermostat enclosed the whole glass system 
except the vapor reservoir bulb. The addition of the air 
thermostat was necessitated by the discovery that when the 
room temperature (and thus that of the vapor in the upper 
part o f  the oo'i.viaa) wus below the bath temperature the re
sultant vapor layer Inversion in the column was sufficiently 
unstable to produoe convection currents strong enough to 
cool the sample temperature, thus changing the amount and 
rate of sorption* Such currents were sometimes strong enough 
to jiggle the sample and soring up and down, making soring 
extension readings very inaccurate.

Vapor Source Preparation

Tne ethyl bromide and aoetonltrile used were from
o

Matheson, Coleman, and Bell with boiling points 38-40 and 
o80-8?. respectively.

Purification was accomplished by drying and fractional 
distillation of the liquids in the following manner. Sealed 
to the vapor reservoir bulb was a second bulb containing pre
viously ignited calcium oxide to be used as a dessioant. The

oliquid was introduced, cooled to -78 G, and the opening sealed 
off under vaouum, The bulb was warmed to room temperature 
and the liquid dried for several hours. The first third of
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the liquid was pumped off and the middle third allowed to
distill over to the vapor reservoir by cooling it. Both bulbs

owere then cooled to -78 C and the oonnection between them 
sealed off under evacuation. The cooling and evacuation dur
ing glass sealing operations were necessary to orevent the 
accumulation of thermal degradation products of the vapor 
in the vapor reservoir. (Decomposition of ethyl bromide, 
for Instance, yields hydrogen bromide, among other things, 
ijhloh ohemisorbs in polyvinyl acetate.)

The vapor rarerr;lr w-r; situated outside the air 
thermostat so that its temperature could be independently and 
easily controlled,,

Film Preparation

The polyvinyl acetate used was Vinao B-100 from the
Colton Chemical Division of the Air Reduction Co. The visco-

5 IEsity average molecular weight was estimated to be 1-2 x 10 .
The glass-transitlon for this molecular weight occurs at 

oabout 28-30 C.
Film samples were prepared by the technique of cast

ing on a mercury surface which yields clear, homogeneous,
6strain-free films of even and controlled thicknesses. Dry 

acetone was used to prepare solutions of the polymer of about 
7 grams per liter. These were filtered to remove slight traoes 
of insoluble particles. Chemically-oleaned and onoe-dis- 
tllled mercury was poured into a petri dish in a dessioator 
and a clean steel ring of diameter slightly less than that of 
the dish laid on the mercury surface. Polymer solution in
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the amount required to form 0 film of the desired thickness 
was pipetted onto the surfaoe inside the ring. Evaporation 
of the solution was effected by air drying or by passage of 
dry nitrogen through the dessioator, depending on the rela
tive humidity of the room, (When the acetone solution is wet 
the oast films have no strength).

After the film bad formed, the ring was lifted from 
the mercury surface and placed in an atmosphere saturated 
with water vapor for at least 1 day in order to leach the 
film of residual acetone, (The water vapor essentially plasti
cised the film thereby Increasing the rate of desorption of
the large acetone moleoule). The film, still on the steel

o
ring, was then vaouum dried at temperatures up to 60-70 C for
about one week to remove the water vapor* Leaching prior to
vaouum drying decreases the time required for the latter by

4- Ras much as a month, » After drying the films were stored 
in dessioators*

Film sections of known area were out from the rings 
in a dry box and weighed. From the weight, area, and the 
density of the polyvinyl acetate (determined here to be 1,18 
grams per cubic centimeter) the film thickness was calculated. 

It was found that the vapors used, even at low partial 
pressures, plasticized the films enough to cause their col
lapse when unsupported, making diffusion measurements impos
sible and increasing the times required for film-vapor equili
brium, Support was provided by threading through eaoh film 
sample around its edge a length of 38 gauge copper wire to 
form a loop or ring strong enough to prevent film collapse
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and yet light enough for the McBaln balance, This procedure 
was a satisfactory one In terms of the film area stabilization 
but a very delicate, tlme-oonsuming and frustrating one in 
that the film had to be handled with tweezers throughout the 
operation, the wire had poor compressive strength and thus 
made a bad "needle", and the film had little tear strength 
once a hole was formed. A much better procedure was finally 
evolved; this consisted of forming the requisite loop of 
wire beforehand, weighing it, and then laying It in the evapo
rating acetone solution in the steel ring. 'l'ha resultant 
film contained the loop completely imbedded in it, -fortunately 
amalgamation of the copper wire by the mercury surface did 
not occur, The leaching, drying and cutting processes were 
carried out as before, the weight of the sample being cor
rected for the wire loop*

Procedure

The film sample to be us-d wap hung on the spring 
in the column, the system sealed up and evacuated until the 
spring extension was constant, and the system leak-tested.

The desired quantity of vapor was admitted by care
fully controlled opening of the stopcock, ( Too rapid ad
mission caused the sample to bounce off the hook, the 
spring to bounce off its support, or even oaused the spring 
spirals to become entangled araoung themselves. At the same 
time, it was desirable that vapor admission be rapid compared 
to the sorption half time, so that the boundary condition
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o(0,t) = o(l,t) = (of. eqn. 5) obtained at zero time.
Spring extension was then measured as a function of time 
after vapor admission with a stopwatch or olock, depending 
on sorption rates, until equilibrium obtained,

The equilibrium spring extension and the partial 
pressure were determined, (The volume of the column was 
large enough so that sorption by the sample resulted in 
negligible change in the partial pncr.-sura,)

The system war, then evacuated -7 rapidiy as possible 
•-siivi tp'.’ iu*', exLctisiun versus time u.gain do ue/*o-3 nod. Desorption 
was followed until the original spring extension obtained.
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III. DISCUSSION OF EXPERIMENTAL RESULTS

Equilibrium Isotherms

Ideal behavior and the Flory Hudgins Parameter.
Ideal behavior for dilute solutions of vapors or gases In 
polyvinyl acetate Is considered here to involve a) obedience 
to Henry's Law, b) zero heat of mixing, and c) zero non- 
ideal e n t r o p y  of mixing. The first and second criteria are 
self-explanatory; the third ne> ds expansion.

For the solution of two low -nolecuL - o’ weight sub
stances the ideal, or statistical, entropy of mixing is given1
by -R (N InNj + Ng InN ) where N is the mole fraction of 1 2
the particular component. Because of the high molecular weight, 
the entropy of solution of polymers never approaches this 
quantity and the following expression offers closer approxi
mation to the statistical entropies of polymer solution,1

AS* = -R ln(.l-V ) + (1-1/* )V (9)1 2 2

Here is the relative partial molal configura
tional entropy of solvent in solution, Vo is the volume frac
tion of polymer in solution, and %  is the number of polymer 
ohain segments, of size equal to the solvent molecule size, 
in the polymer molecule. For high polymers l/jfc is negli
gible.

The sura of the relative partial molal free energy 
_ _*

of the solvent A F , and T A  S. will then be a measure of1 l
what will be termed the non-ideal relative partial molal free
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energy of the Bolvent A  F , Using P/PQ the partial pres
sure of the solvent, as its activity the following obtains 
from standard thermodynamio treatment,

ln(F/Po) = - a *^ /r t  = - AF-^/HT + A S*/H

= - af^/ht - m(i-v2) + v2 (10)

The i'lory-Huggins treatmert^ defines a character!stlo para
meter X  , by 1

A ?  -  Iff X .  V {•il'i

This quantity may contain an enthalpy and/or an entropy term.
Determination of X  ̂  as a function of temperature serves to 
fix values of A the relative partial molal enthalpy of
the solvent in solution, and thus by difference, the values 
of the non-ideal relative partial molal entropy, (Since any 
non-zero enthalpy indicates a non-ideal solution the sub
script n on A H ^ n is superfluous. It has been retained for 
emphasis however,) A more direct test of the presence or 
absence of a heat of mixing comes from the comparison of the 
sorption isotherms at different temperatures since from (10)

(mP/Po)/ U/ T ) v 2fPT = - A H ln/a (12)
where P^ is the total pressure on the system,

13Although a number of systems have been reported 
wherein A equals zero, none appears to have been found 
for whioh the non-ideal relative partial molal entropy 
is zero throughout an extensive range of concentration,
Flory attributes this to failure of the model for the statis
tical entropy oaloulations and to the possible existence of
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looal ordering due to first neighbor lnterractlons.
Ethyl Bromide. Equilibrium isotherms for ethyl

bromide in polyvinyl acetate at 30°, 40 , and 50°C, (Table 1)
are presented In Figure 2 in the form V vs, P/P . Up to1 o
about 0.2 relative pressure Henry’s Law is obeyed. Also there
appears to be no measurable heat of solution since all three 
isotherms coincide. The calculated Flory-Huggins parameters 
(Table 1) average ,55 and show no decided trend with tempera
ture either,, Ethyl bromjdo, tren. forms a moderately Ideal 
solution with the polymer.

In view of this behavior, the cohesive energy den
sity GED of the polymer may be calculated. This is defined^ 
as the molar cohesion energy CE divided by molar volume. For 
normal liquids

CE = A H  - RT (13)v
’where A Hv is the experimentally determined molar heat of
vaporization, which of course is not determinable for high

14polymers., However, according to Sc at chard and Hildebrand ,
CED’s for two substances are equal when their heat of mixing

0
is zero. For ethyl bromide GED equals 79 cal/ml, at 30 C,
(A H v is 6600 oal/mole as calculated from Handbook vapor
pressure data and the liquid density is 1.44 g/ml).

This value for polyvinylaoetate is supported by Long’s 
13finding that benzene (CED = 75 oal/ml) mixes athermally

■with the polymer but that for acetone (CED = 90 cal/ml) A H .^
3̂ 5is -600 cal/mole» Moreover other extensive results  ̂ have 

given an average value of 77,6 cal/ml. These values are
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Table 1

Summary of Equilibrium Sorption Results for Ethyl bromide in
Polyvinyl Acetate

p / p 0

.0599

.0721

.136

.171

.248

.310

.206

.136

.0949

.127

.157

.0649

.213

.0549
,0761

W

.0159 

.0220 

. 0390 

.0480 

.0768 

.102 

.0608 

.0363

. 0255 

.0363 
,044-7 
.0167 
.0628

At 30 G

At 40 C ,

.0154

.0218

.0126

. 0 1 7 5

. 030 b

.372

.0583

.0759
,0468
.0284

.0203

.0285

.0349

.0134

.0484

At 50 G.
.0124
.0174

.57 

. 1-5 

.54 

.57 

.51 

.49 

.58 

.33 
Average

.59

.56

.57

.61
,55

Average

= .54

= .58

.50

.50
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P / P 0

.0980

.121

Table 1 (oont)

« A  XjL

At 50 C, (cont)
.0278 .0222 .52
.0353 .0279 .53

Average = .51

Avoivv/e -j l'or 11 ~ .55

At 30 v-̂  = 0.695 W ml,# Vg = 0.862 ml.
At 40° vx = 0.705 W ml., vg = 0.871 ml.
At 50° v, = 0.715 W ml., v = 0.878 ml.X ^
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oontradioted "by Meares1 value of 86 cal/ml, calculated from 
oalorimetrio heats of dilution of polymer solutions.^ How
ever in these experiments polymer concentrations were never 
greater than 60$>.

Acetonltrlle. Extensive equilibrium data were taken 
o 0for acetonitrile at 30 and 40 C, apart from the rune in which

kinetics were studied. In part, this was required by the low 
accuracy of such data taken in the combination rune. Equili
brium determinations of comparable accuracy are more dif
ficult In aoeI unitrile than In ethyl bromide because of the 
muoh lower saturation pressures of the former (e.g., 110 mmv 
vs 560 mm,).

Results (Table 2) are plotted in Figures 3 and 4 
and Immediately it is seen that the system is far from an 
ideal one. On the basis of the acetonltrlle CED of 136 cal/ 
ml. ( A H  = 7800, d = 0,772) non-ideality is expected. How
ever close Inspection reveals several dichotomies. First the

oaverage calculated values of at 30 and 40°C (Table 2)
are the same; that is, in suite of the large difference in
cohesive energy densities, no heat of mixing appears. Two
regions in the isotherms appear to be discernible, particularly

oin the one at 40 : an initial, small bump followed by a 
straight line.

The bump, if it is real, is reminisoent of a quasi- 
chemisorption. No explanation for this is available although 
it is tempting to speoulate on such things as lnterraction 
between residual hydroxyl groups in the polymer and the highly 
polar nitrlle group.
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Table 2

Summary of Equilibrium Sorption iiesults for Acetonltrlle in
Polyvinyl

w

Acetate

V1— _ _

, 2 6 0

i l t  .

. 0 4 7 3

o
30  G.

. 0 6 6 5 . 4 9

. 0  . '37 ,0y97 , 4 b>

.428 ,0937 . 124 .47

.0246 .0046 .0069 .09*

.0430 .0091 .0135 ,19*
,0837 .0146 .0215 .39
.117 .0218 .0317 .35
.172 .0300 .04-32 .46
.233 ,0418 .059 0 .49
.272 .0519 .0722 .45
,3?l5 , 0 6 1 9 . 0 9 5 2 .47
„374 . 0 7 7 3 .104 .47
.0298 ,0045 .0067 .51
.0526 .0073 .0109 ,59
.0881 .0127 .0198 .57
.128 .0210 ,0306 .50
.183 .0328 ,0470 .45
.221 .0400 .0566 .47

Average = .48
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Table 2 (cont)

r/p0 W Zi x_
0At 40 G.

.0369 .0073 .0109 .23

.0975 .0155 .0229 .50

.154 .0264 , 0383 .47

.230 a o . 0595 . 46

.oil ,0592 . 0821 .49

.286 .0555 .0773 .45

.259 .0483 .0679 .47
,211 .0392 .0559 .44
.179 .0318 , 0458 .45
.130 .0218 .0319 .46
.0599 .0118 .0175 .26
.0180 . 0036 .0054 .22
.0134 .0013 .0027 .61
,0360 .0064 .0096 .34
.0585 .0091 .0136 .56
.0983 .0146 .0216 .55
.0745 .0136 .0201 .33
.178 .0346 .0496 .37
.253 .0500 .0702 .42
.326 .0673 .0924 .42
.394 .0810 ,1090 .51
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Table 2 (oont)

P/Po W

At 40°G.

Vl

(oont)

X

.0724 .0091 .0136 .70

.160 .0264 . 0384 .f'l

.273 .0510 .0716 .47
, 06 G 5 . oyli .47

.444 .0974 ‘54 Cj> Cj .49

.304 .0565 .0786 .51

.401 .0828 .111 .50

.0102 .0018 .0028 .32

.0363 .0055 .0082 .51

.0479 .0073 .0109 .50

.0957 .0146 .0216 .53

.0733 .0100 .0149 .63
,0736 .0091 .0136 .72
.0809 .0127 .0188 .49
.0241 .004-6 .0069 .25
.0578 .0082 .0123 * CJl

 
CD

Average = .46 
Average ^  for both temperatures = .46 

* Excluded from averages 
At 30° C, = 1.295 W ml., vg = 0.862 ml/g
At 40 G. v = 1.315 W ml., Vg = 0.871 ml/g
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The ensuing straight line portion with zero heat, of 
solution is perhaps explanatory on the basis of the evidence-*-® 
that acetonltrlle exists as dipole pairs in the liquid, the 
energy of dissociation for which, has been estimated as 8 
kcal/mole, (It does not dimerlze in the gas phase as evi
denced by a deviation from ideality of less than 16fo at Batu

evration pressure and 30 C, calculated from its critical con
stants, \ Thus dipole pair’ re-formation in the polymer would 
be likely in which case the net change in interraotlon en
ergy for each molecule in the transfer from liquid to polymer 
would be much less positive than expected otherwise, btated 
another way, the vaporization of acetonltrlle to gas-phase 
dipole pairs would involve much less than the experimental 
heat of vaporization and the corresponding liquid CED would 
be lower,

An interesting parallel to this situation is pro-
13 —vided by prooanol data which yield a positive A H forIn

solutions in polyvinyl, acetate whereas the CED calculated
from Handbook data in the above manner is 147 cal/ml, Alco- 

17hols are known to be highly associated in solutions of 
carbon tetrachloride (CED =■ 75 cal/ml,) and methyl alcohol

IShas even been shown to associate appreciable in the gas phase.

Kinetic Results

Ideal Behavior, In Figure 5 are presented hypo
thetical ideal sorption and desorption curves for a vapor 
in an amorphous polymer above its glass temperature where
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the diffusion ooefficient is an increasing function of 
concentration. It will be noted that the plot of frac
tional weight change against the square root of time is 
initially linear, the line passing through the origin in 
each oase. In addition there is no Inflection point any
where in either curve in accordance with the requirements

4for r'iokian behavior, finally, the desorption curve lies 
below the sorption curve at all times as Is experimentally
observed In general fo^ organic vapors diffusing into noly-

10mers above their glass transl tion temperatures, That; this 
should be true is predictable from the mathematics of Fick- 
ian sorption when the diffusion coefficient is an increasing

Ofunction of concentration. This can be seen qualitatively 
for the comparison of the final approaches to equilibrium 
in the two cases. Here the concentrations of vapor at the 
film center have changed appreciably from their initial values, 
in one Instance rising, in the other dropping. Thus when 
diffusion rates are compared at concentration gradients of 
equal magnitude (the only rate-controlling variable when b = 
f(C)) it is seen that the desorption rate is the lower of 
the two because diffusion here is ocouring over an average 
concentration which is lower than that for the last stages 
of sorption,

Typloal Results, In Figure 6 are plotted typical
osorption-desorptlon data for ethyl bromide at 50 C, which 

illustrate one of the main experimental limitations, the 
inability to admit or evacuate the vapor in the column rapidly 
enough in terms of the sorption half-time. The sorption
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curve is initially sigmoidal indicating a slow sorption 
rate at the beginning while the pressure is low, changing 
to a very fast rate as the pressure reaches its final value, 
and finally subsiding to what may be termed the normal rate, 
The slow initial rate is easily understandable in terms of 
the low ambient pressure. The change to the very fast sub
sequent rate with a final subsiding may be understood as the 
sorption process "catching up with itself", figure 7 shows 
the concentrati on grad ion to of sorbed vapor in a film for a
number of cases where the diffusion coefficients are con-

0oontration dependent to differing extents. It will be noted 
that as the oonoentration dependence increases, a "front" of 
advancing vapor tends to form behind which the concentration 
gradient tends to vanish. That is, diffusion of vapor into 
polymer somewhat plasticized by vapor already present is quite 
rapid, whereas advancement of the "front" into dry polymer 
is slower and thus under steady-state conditions tends to 
be over-all rate determining. Therefore the initial sorption 
of a small amount of vapor in the surface layers of the film, 
allows a rapid second stage process terminated by the arrival 
at the "front", after which sorption proceeds in a normal 
fashion,

Desorption studies, of oourse, are potentially sus
ceptible to the same difficulty but generally seemed to ex
hibit one of another cause instead. The desorption curve 
in Figure 6 appears to show an initial extremely rapid rise, 
a leveling off, a desoent and finally a settling down to the
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o) d D/3c = 0
b) dD/dc = f (C)
c) a D/dc =



normal behavior. This roller ooaster pattern originated in 
the movement of the spring in the vapor breeze set up by 
evacuation. Since the outlet was at the top of the column, 
evacuation caused an upward draft which lifted the spring 
and sample slightly. This lift abated as the pressure dropped 
and the spring returned to its proper extension.

With both sorption and desorption the Initial ab
normal data -were ignored in the calculation of slopes. 
Generally, data up to GO or 70 percent of the process were 
usable for1 orloui.a tions, after welch curvature we t in, its 
appearance coming' sooner for desorption than for sorption.

Both of the above errors can be minimized by use of 
thioker films since the half time for both processes is 
inversely proportional to the film thickness. That such was 
not done for much of the work reported here was due to the 
fact that only late in the project was film production rou
tine enough to insure a supply of film samples of requisite 
thicknesses. Nevertheless the experimental results obtained 
did not seem seriously impaired by these errors since, as 
will shortly be seen, they were found to be generally in 
harmony with other published work.

The final large inaccuracy lay in the sensitivity 
and accuracy of weight of sorbed vapor determinations. Owing 
to geometric limitations of the system and the thinness of 
the available film samples, these were often so light that 
ability to determine small percentage changes aoourately 
was impaired. Also increasing skill in adjustment and use 
of the cathetoraeter resulted only near the end of the work
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In attaining the sensitivity and reproducibility In read
ings attributed to the Instrument,

Finally, some doubt appears to exist concerning the 
intrinsic ability to determine diffusion coefficients for
organic vapors in polymers in the regions just above their

19glass temperatures by the sorption method. Since the
glass temperature is really a temperature range, "glassy" 
effects actually might influence rate processes for several
degrees «bove the nominal glass tempera ture (e.g., as high

0  2 0as 40 f‘ or polyvinyl •. /a cr re rooordi c-- to one estimate,
o 2150 according to another ), Thus the instantaneous attain

ment of thermodynamic equilibrium of the polyraer-vapor so
lution fox* each change in vapox1 concentration might not 
occur, and sorption would then be non-Fickian to some degree, 
Hov:ever a comparison of results obtained near Tg with those 
at much higher temperatures (see page 79) shows no indication 
that the former are greatly suspect,

Dependence of Dlffusivltles on Concentration. In 
■figure 8 are plotted the logarithms of the integral diffusion 
coefficients for ethyl bromide against equilibrium weight 
sorbed per weight of polymer (Table 3) (of, eqn, 7), The 
data for esoh of the three temperatures fit a straight line 
relationship with D increasing with concentration as ex
pected, Line slopes (Kyj) and intercepts have been calcu
lated by the least squares method and are listed in Table 3, 
Figure 9 oontains a similar plot for the less numerous aoe- 
tonitrile data. The line slope and intercept are also con
tained in Table 4,
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Table 3

Summary of Diffusion Results for Ethyl bromide in
Polyviny] Acetate

L & > W y„x D x 1018 cm^/sec

At 30'J0

.0999

.070]

.171

. 21 i.o 

.310 

.206 

.136

. 091-9

.127

.197

.061*9

.213

.051*9

.0761

0199

01:VO

01,9 0 

07 69 
102 
0606 
0 36 3

,0239 

, 0 ?  i ■■ 3 

.01)97 
,0167 

.0626

.0151*

.0216

.0110

,0333

• 0 .9 3 .

.0706

.09.22 

.0292- 

l o i a o  D0 = - 1 2 . 3 0 ,  C\ w

1.01
1.01

1 ..

9  . 9  O

1 .0 7

1*.5«
8 .99
3 .6 3  

1*1*, v

At li.0 °C.
.0160
.0230

.031)1

I t : .  3

1 6 . 7

2 9 . 2

.0119 9 .3 9

. 0l(l|.2 58.2
lop.io D0 = -11.29, <*w = 38,

03

v = 55

At 50°G.
.0138
.0195

65.1*
8 6 .1*
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Table 3 (cont)

P/Pr W Vx D x 10^ om*Vsec

At 50°G. (cont)
.0980 .0278 ,02l|.7 100.7
. 121  .0353 . 0 2 b k  1 2 5 . 0

i o  io = - I O . 4 6 , 0\ w = 36,  o(v =

Summary of Dirfusion Results for Acetonitrile In 
Polyvinyl Acetate at 30°G

p / p 0 w Vi D x lO ""^

. 080)4. .0137 .0201 8 .9

. 1 9 0 . 03.37 .0581 22

.267 .0891 .0687 37

.119 .0209 .0 309 6 . 0

.220 .0500 .09 bo 29

.128 .02 .7 .0330 9 .8

.230 .0833 .0611 21

.153 . 0 2 6 )4. .0352 7 .8

.123 .0218 .0319 8.8

. 0868 .0188 • 0 (V) i—1 r— 11

.098-7 .0188 .0218 5.2
l ° £ ; i o  = —10.8-8, o(w = 8.8, = 38-
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Long has suggested a linear relationship between
log and molar volume of the organic liquid (discussed
further on) and Figure 10 is such a graph of hie data for 

o30 C and the ethyl bromide and acetonitrile points from 
this work. Agreement seems quite good.

Long has also suggested that a relationship exists
between the line slope c k v for the plot of log^Q D vs 
concentration In volume fraction units, and the Flory Hug
gins parameter. (For the calculation of 3t i? neces-

J
] 0s« ry  ms.vu;'i<; ue>I unie add I t l v l t y ' '  ' ,  i n  wh i c h  r  = (Vj/dj )/'

(Wq/dT + l/dg)). His plot of c( v against at 40°C. is
reproduced in Figure 11 and on It is superimposed the ethyl

obromide point at 40 from this work. Agreement is again 
good.

oThe value of v for acetonitrile at 30 calculated
from Figure 9 seems somewhat questionable. Calculations
for acetone, benzene, and propanol, from Long's data, and
ethyl bromide from data taken here, show that <?{ does not
change drastically v;lth temperature. On this basis and the
non-variance of <X for acetonitrile with temoerature, itv
might be expected that the location of a point for this vapor

o oat 30 on Figure 11 would be near the 40 line. That It
would not fall near the line may be due, in part at least,
to the growth in seriousness of the experimental error con
nected with the problem of inlet and evaouation times re
sulting from the muoh faster diffusion rate of aoetonltrile 
relative to ethyl bromide. It is likely, however, that part 
of the discrepancy is attributable to non-additivity of vo-
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luraes In this vapor-polymer system due to the widely dif
ferent cohesive energy densities. In this connection it is

ointeresting to note that an of 18 for methanol at 40 
may he calculated from Long’s data, which value falls far 
below the line in Figure 1 1 , The cohesive energy density 
for methanol (195 oal/ml.) is much higher than that for the 
polymer also.

Activation Parameters for. Diffusion. In Figure 12 
are plotted the logarithms of the t^ue diffusion coefficients 
f ov* e t hy L bromide a gains fc the v e  •'•im-ocal of absolute tem
perature for volume fractions of the vapor ecual to zero,
.03, and ,06. Those for zero concentration are simply the 
limiting values taken from Figure 8 . The true diffusion co
efficients for the .03 and .06 volume fractions were cal
culated from (8 ), using the values of oL in Tp.ble 5. The
activation energies for diffusion at the three concentrations

22were calculated from the equation*0

In D/ (1 /T ) = - AE^/B (13)
1

and are listed in Table 5. The value of 41 kcal/mole for 
the dry polymer compares well with the extrapolation of other 
results obtained at higher temperatures as will be seen 
shortly.

22In terms of the theory of absolute reaction rates 
the diffusion ooeffloient is given by

I) = e X 2 (kl/h) e4'S‘'R e C14)
where e is the Naperlan logarithm base, \ is the length of 
the unit diffusion step, and AS* the aotlvation entropy.
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Table 5

Various Parameters Relevant to tlie Concentration and 
Temperature Dependences of the Diffusion of Three Vapors

in Polyvinyl Acetate

Acetone benzene b'thyl Bromide
\  (30°) 63 L\l[ 03

(n-0°) 5f:: 5b 53
C \Y (300) ],3 ;,(J
Ah1" (Vi = 0} Tl.u 3u.v 31
Ab* (Vx =.03) 39 35.0 i|-l
AS* (Vx =.06) —  35.9 29
AS* (Vi = 0) 80.5 55.0 75
AS* (Vi =.03) 78 57.7 59
AS* (Vi =.06) —  oO.8 57

Vj-> (cc/cc) .0030 .002li. .007o
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The other symbols have their usual significance. Assuming 
a path length allows the calculation of A S + , A value of 
30 & has been chosen in line with discussion in the next 
section; although this is a risky assumption, a large varia
tion in \ has a small effect on A S* beoause of the form of

± o(14). Values for A S at 40 C and the various concentrations
have been calculated in this way and are listed in Table 5,

■k *The calculation of A  & and A S  at the different
conoentrations has also been done, in the ways described
above, for benzene and acetone from graphs presented in Long’s 

4 10papers; * and these are listed in Table 5, It is to be
noted that in oontrast to the behavior of these two vapors,
ethyl bromide vapor appears to cause a marked decrease in

43both activation energy and activation entropy. Long has 
concluded that when vapor introduction into the polymer 
changes the diffusion activation parameters it does so pri
marily by changing the free volume fraction of the system.
An Increase in this quantity would be expected to lower the

19diffusion zone size .
Following this suggestion an attempt has been made 

to determine the effect of vapor introduction on the free 
volume fraction of the diffusion system for the vapors ace
tone, benzene, and ethyl bromide. Free volumes for these in 
their liquid states have been calculated by the following 
equation44

A S y = R lnVy/vf (15)
Here is the entropy of vaporization, Vy is the volume
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of one mole of vapor under its vapor pressure, and vf is 
the free volume of one mole of liquid. The free volume frac
tion V̂ . of the liquid is then given by

Vf “ 7--- - - — 7 " = vf/VM (16)(vf + VM )

where is the molar volume of the liquid. In Table 5
are listed the free volume fractions in these organio liquids 

oat 40 C, If volume additivity of polymer and vapor is as
sumed again, it is seen that ethyl oromide introduction would 
appear to increase the free volume fraction in the polyraer- 
vapor system to a muoh larger extent than would introduction 
of the other two. Long’s theory appears to be buttressed by 
these data, therefore.



THEORY OF LIMITING DIFFUR I OR IN LINEAR, 
AMORPHOUS HIGH .POLYMERS
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IV. THEORY OP LIMITING DIFFUSION IN LINEAR 
AMORPHOUS HIGH POLYMERS

Introduction

What follows is an attempt to extend the development 
of a unified picture of limiting diffusivities in linear amor
phous polymers above their glass transitions, based primarily

10 6 on contributions by F, A. Long and P. Meares, and utilizing
2 atheir data plus those of G, Ya, Ryskin *' (Tables 6 and 7). 

These contributions were made in the framework of the Eyring 
hole theory of d i f f u s i o n ^  which holds as its main article 
of faith that diffusion processes in the liquid or solid state 
are aotivated ones in whioh the unit step is the formation 
of a hole in the medium adjacent to the diffusing partiole, 
which then "Jumps" into the hole.

Diffusion in ordinary liquids is generally accompanied
22by activation energies of roughly 5-10 koal, whereas dif

fusion in polyraerio substances often involves activation 
energies in the neighborhood of 40-50 kcal. At one time it 
was thought that suoh high energies were due to bond breaking, 
but at present it is felt that the unit diffusion step re
quires the aotivation of a considerable volume or zone in the
polymer, the aotual aotivation energy density still remaining 

19fairly small. Both polymerlo diffusion and viscous flow 
are considered at present to be prooesses wherein movement
ooours by motion of ohaln segments rather than whole maoro-

6,2 2  moleoules. *
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Table 6
Activation Data for Diffusion of Gases 

in Polyvinyl Acetate at 300 °K

Ga s A n 1 (kca l/mole) AS (e .u. /mole)
He S  •h - —6 . 2

H 2 7.3 *~1 • 7
17 (3 h* * 'y 0 • O
0., , ! / ; .>  13*7

Kr 19.1-!- 2.1 j.. 0

CH4 1 9 . 3  21}.. 6

Table 7

Activation Data for Diffusion of Vapors in 
Six Linear Amorphous Polymers 
above Their Glass Transitions

Vapor A 3 ( kc a 1 /mo 1 e ) A S  (e . u . /mole )
In polyvinyl acetate. (T. = 303 °K)

Hs.O 13. b 20
c h 3oh 20.5 34
GaHa0H 28.5 53
n-C3H70H 31.0 55
r>-G4He0H 35.9 68
2-G4H90H 36.0 67
3~c 4h 0oh 36.2 67



51

Table 7 (cont.)

Vapor
CHgCOCHa

A E *  (kcal/mole) A (e . u

c6h6
C8HbN
cyolo GqVu

G-ioCl.

32.0
38.0
3 5 .0

3t'.o
31 • 7
3  o  J ;

60

75

67
75
ol 
7 8

GaHeCl
Ca-’i'cBr
CaHBI

In  p o l y s t y r e n e .  (T

CitgOil

CgOeOii 
Gilo Cl a

31.9
3 5 .0

3 6 . 5

361 °K)
1 7 .5

21.0
Z)\ . 0 

2 o. 0

60
63

71

28

35
39

In polyethyl methacrylate

Il2 0
CHa0H
C3H60H
cqh6
CbHbN

(T = 
10.1 
15.7 
20.2 
27.6 
27.1

313 °K)

9.2
17

27

k o

39

./mole)
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Table 7 (cont.)

Vapor A  E (kcal/mole) A. S (e. u .
!(.. In polymethyl acrylate (T.r = 260 °K)

Ha0 12 J_|. 17
Cli3OII 17.0 27
Ce II6 Oil 23.9 Wl-
'O1 L6 ii.5

7. In polynia iky 1 methacrylate (T. = 363 K)

Oil 3 OH 21.6 29
GaHe0ir 28.7 4-1

6 . In polybutyl methacrylate (T = 283 °K)
Cira 0H 1 2 . 0  17
GgligOi.' lJj .O 20

/mole)
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Effeot of Molecular Size on Diffusion
If diffusion Involves hole formation it would be

natural to expect some sort of relationship between the size
of the diffusing entity and the hole size as it influenced
the activation energy. Eor diffusion in normal liquids
simple relationships of this kind do not exist although the
t e n d e n c J . e s  a r e  n o t i c e a b l e .  The r e a s o n s  f o r  t h i s  a r e  d i s -

22c u s s e d  e l s e w h e r e .  S i m p l e  r e l a t i o n s h i p s  do n o t  e x i s t  in
genera.],  f o r  r u b b e r s ,  o r  p a r t i a l l y  c r y s t a l l i n e  p o l y m e r s  a s

i •’'»will be discussed b-low, however noug showed that for dif
fusion of organic vapors in polyvinyl acetate above T , the 
logarithm of the limiting diffusion coefficient decreased in 
proportion to the increase in the molar volume of the organio
liquid, the latter being a measure of the size of the lndi-

6vldual organio molecule. Shortly thereafter Meares, in an 
extensive study of diffusion and permeability of permanent 
monatomic and diatomic gases in polyvinyl acetate showed the 
a c t i v a t i o n  e n e r g i e s  t o  be directly p r o p o r t i o n a l  to collision 
c r o s s - s e c t i o n a l  areas b u t  that such a p l o t  against the col
l i s i o n  v o lu m e s  was curvilinear, from this it was concluded 
that the size of the diffusant controlled the hole cross- 
sectional area but that the hole length was constant. Since 
the hole seemed roughly to be a cylinder of constant length 
but varying oross-seotional area, and since the volume of the 
hole might be proportional to the ratio of the activation 
energy and the cohesive energy density, the following expres
sion for the hole length was proposed
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L = E /[(CED) N (CSA0 )] (17)

CED, N, and CSAQ stand for cohesive energy density, Avo- 
gadro's number, and collision oross-sectlonal area respec
tively, Using a oohesive energy density for polyvinyl ace
tate of 90 oal/ml,, hole lengths of £4 to 28 A were calculated,
the average being 27 A with no discernible trend in length be
tween hydrogen and methane.

In light of these findings it seemed natural to look 
for a c o r r e l a t i o n  between permanent gas diffusion and that 
of the larger organic molecules. In Figure 13 are plotted

Sdiffusion activation energies for the seven permanent gases,
25and seventeen vapors against their liquid molar volumes aer 

calculated from liquid densities given in the Handbook of 
Chemistry and Physios, Although the organic vapor data fit 
a smooth ourve, it is not linear; the permanent gas points 
scatter quite badly.

In Figure 14 Meares* plot of activation energy vs 
collision cross-sectional area for the gases (Table 8 ) is re
produced, On it are superposed similar points for the organio 
vapors wherever values of collision areas are known (Table 8 ), 
It will be seen that, although there is appreciable scatter, 
the points do fall evenly about the extrapolated line. The 
scatter is undoubtedly due to the difficulties involved in 
determining oollision diameter. This successful super
position lndioates that limiting diffusion of all speoies, 
at least up to the size of benzene and ethyl bromide, involves 
a single mechanism, whether or not the details of it as de-
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Table 8

M o l e c u l a r S i z e  Data

M o le cu le D i f f u s i o n V]v- (ml) Pa r a c h o r GSAp " True"
o ^

CSAc (A2 )
o 0 

(a ) CSAc (.

He 3 . 7 3 a 27 1 9 .2  * 5 .93

3g 5 . :  oa

1 ;uv4

3C)

•i ’

8 9 . 1 *

89 *
8 .9 0

8 . ' '' '*

0 S 1 0 .3 ° L.. '■ ' \>3-. 0 * 1 1 .9

A 1 0 . 3 8 29 93 .9* i l l .

Kr 13 .  b a 39 5 9 . 8 * 1 5 . 1

c h 4 13 .  l a 22 69 1J|..0

c o a 1 5 . 0 b —

Hg 0 6 . 3—7 .5 18 46  .7 1 0 . 6 9 .5

GK301i 2 0 d [(.2 89 1 6 . 0 18 .0

Ca HgOii 19—2 tV 8 - 98 128. 20 .0 1 9 .5

11—G5.;7 Gil 3 2 d 7 0 Iu3 2_lj. « ;/

n— C4Ii901i J • . ■ 98. 201 210 . 0

2—G 4H0 Oil 2 9 -3 3 ° 92 201 26 .6

3—C* He OH ----- 92 201 2 8 . 8

c h 3c o g h 3 17e* * 76
*

162 21+.6

C6H6 2 i+ .5 - 2 5 .5 g * * 91 206  * 2 8 . 8 2 6 . 0

cbh bn ----- 81 187 2 7 . 2 28-.0

c y c l o  C6PIl a 33-i+Oe f  ** 93 332 8-0 . 0

CHa C l a ----- 68- 18-3* 2 2 . 7 22.0
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Table 8 (cont.)

Molecule Diffusion
° p . t  CSAc (A )

VM (ml) Parachor CSAp 

L A  )

CHC13 20.5® * * 80
*

183 2 6 .8

CC14 29 - 3 3 d 97 2 2 0 ^ 3 0 . 2

C2 !IbC1 --- 70 157 2 8 .3

CaIIaBr --- 76 • n * 168 2 5 .3

I' ■ : i3 u- -- • h i f 1 9, !

"*CSA calculated In c through g by Kelvin* s equation, p 2 5 0 ,

S. Chapman and T. G. Cowling, Mathematica1 Theory of Non —
Uniform. G a s e s . The U n i v e r s i t y  P r e s s ,  C am b r id g e ,  U n g lan d ,

1939.

%
o b s e r v e d ;  o t h e r s  c a l c u l a t e d .

* * ^ a i r  asauraed = 1 / 5  f>oa +

R e f .  b , ii . l ;  ° l i e f . . ' o ;  G P .  A. S c h w a r t z  a n d  J .  Z. Grow,

J .  Chem . P h y s . 1_0 CijO ( 1 9 5 1 ) ;  ® I n t .  G r i t .  T a b l e s  d a t a

f o r  d i f f u s i o n  i n t o  C0a p l u s  above  v a l u e  f o r  CSA of  C0a ;

N. A .  Goryunova and E. V . K u v s i x i n s k i i . Z h u r .  Tekii. P i z  . 16 

18-21 (198-8), Cham Abstr. h£_ 9957a (1951); f G.A. McD. 
Cummings and A. R. Ubbelohde, J Chem. Soc. 1953 3751;

^ C. R. Wilke and C. Y. Lee, Ind. and Eng. Chem. 1253 (1955).
(S’ls for 0a and Iia from Ref. 28.
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veloped here are oorreot*
If the activation energies for the gases and vapors

are plotted against the two thirds power of the molar volume
(a measure of molecular oross-seotional area) a straight line
is obtained; however, as with the plot against the first
power of volume, the permanent gases are not well correlated
by this procedure. That they are not is perhaps due to the
fact that the densities taken correspond to states of widely
differing internal pressure.

To o v e r c o m e  t h e s e  discrepancies the use of the para-
20chor has been suggested. Parachors are calculated by means 

of the equation^ 6

p « M S 1 / 4 / (dx - dT ) (18)

where P is the parachor, M the molecular weight, the liquid
surface tension, dq the liquid density, and dv the density
of the vapor in equilibrium with the liquid. Parachors are
measures of molecular volumes for temperatures at which the
liquid surface tensions are equal. The molecular volume for

27non-metallic liquids at zero degrees Kelvin is given by
v = 0 . 346 P (19)o

The paraohor values used were literature values or ones 
calculated by the method of summations using atomic paraohor 
values. From them oross-seotional areas were calculated for 
the molecules assuming spherical shape, by means of (19) and 
the assumptions that

—3vQ = 4 n  r (20)
OSAp = TT r2 (2 1 )
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where CSAp denotes the molecular oross-seotional area de
rived from the paraohor and r Is some sort of effective mole
cular radius*

Table 8 lists the paraohors and the oross-seotional 
areas derived from them. Figure 15 is a plot of diffusion 
aotlvation energy against paraohor oross-sectional area for 
the gases and vapors in polyvinyl acetate. For comparison 
the line for activation energy against collision cross-sec
tional areas Is included. The agreement is quite satisfactory, 
even more so than appears at first sight. Experimentally-
determined molecular diameters have values dependent on the

28method of measurement; values obtained from gaseous dif
fusion studies frequently differ from those from gas visco
sity determinations under the same conditions for example.
In addition diameters from gaseous diffusion studies vary 
with temperature due to the "sponginess* of the molecules, 
the higher temperature corresponding to the lower diameter; 
it is thus not surprising that oollislon diameters calcu
lated from high temperature measurements would be smaller 
than those supposed to be effective at absolute zero. Finally 
as pointed out by Jeans, the average radius calculated from 
any kind of volume measurement will not, in principle even, 
be quite the same as that obtained from an experiment such 
as diffusion study whloh "sees" molecular silhouettes, and 
then only in a oomplioated fashion.

In Table 7 are listed activation energies for dif
fusion of a number of vapors in five other linear amorphous

25polymers above their glass transition temperatures. These
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results are plotted against paraohor cross-sectional areas 
In Figures 16-18, Although the data are scarcer, It seems 
clear that In all oases the results can be correlated in 
the same way aB for polyvinyl acetate.

Hole Lengths of the Unit Diffusion Prooesses

In order to use (17) to calculate hole lengths, poly
mer cohesive energy densities must be known. In line with 
the discussion concerning ethyl bromide isotherms, a value 
of 77,4 cal/ml will be used for polyvinyl acetate (of, p. 1 9 ), 

Experimental values of cohesive energy density for 
the other polymers do not seem to be available but they have
been oaloulated using a modification of the group contrl-

29bution method as discussed by Bunn, This method utilizes 
the oonoept that molar cohesive energies are additive sum
mations of group contributions. Using the group contribution

29terms derived for normal liquids, cohesive energies per
mole of chain units were calculated and are listed in Table
9, From these, the chain unit molecular weights, and the 
polymer densities, values for che polymer cohesive energy 
densities can be calculated, by meanB of

0E D (Oalo.) " 0E (d/M> (22)

It will be noticed that the calculated values for polysty
rene and polyvinyl aoetate are appreciably lower than experi
mental values. However it is also known that molar oohesive
energies themselves depend on densities, increasing as the

29latter inorease, Sinoe the group contribution terms are
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Table 9
Polymer Cohesive Energy Densities

Polymer and 
Chain Unit

Cji/ncle 
of Units

hi 60

uco0

354-0

1. Vinyl acetate 
-CHa-CH-OOCCH3

2. Styrene 
— CB̂ -CH—C6H6

3. Ethyl methacrylate 
CH3~CB-CH-COOC2H5

i|- Methyl acrylate
-ch2-ch-cooch3 1+1 Go

5. Methyl methacrylate 
CH3-CH~CH-COOCH3 i+660

6. Butyl methacrylate 
CH3—CH—CH—COOC4He 6900

Ref. 35, experimental values;
nology; D. E. Strain, R. r.

Unit 
Mol. «vt,

101

114-

oc

100

l k 2

Polymer
Density

1.16s

C.

1.05‘

1 .1 1 (

“I -Il.lg

1.16'

1.05
determined here;

03
CED 

calcula ted

56 .k

11 . 1

• 0

55-9

>7. k

51.0

C ED 
assigned

7 7 .6

7h

76

77

76

7i|
encyclopedia of Chemical Tech-

lennelly, and H. R. Dittmar, Ind. and Eng. Chem.
382 (1939);  ̂G. Natta and E. Baccaredda, Macrom. Chem. k  13k (1950)



65

derived for liquids whose densities are mostly less than 
unity whereas the seven polymers have densities between 1.05 
and 1.18 g/oo, the calculated values for the other four poly
mers are probably also too low by an equivalent amount. For 
the purpose of further caloula.tion therefore these four have 
been assigned values lying in the range between polystyrene 
and polyvinyl aoetate. These are listed in the last column 
of Table 9 along with the experimental values for polystyrene 
and polyvinyl acetate.

In choosing molecular cross-sectional areas for hole 
length calculations the following procedure has been used. 
First, it was assumed that diffusion cross-sectional area, 
rather than that from the paraohor, controlled hole size for 
all moleoules. Second, in view of the large scatter of points 
in Figure 14 but the small scatter in Figure 15, the effective 
cross-sectional areas for the large molecules are probably 
more accurately fixed by the corresponding values of the dif
fusion activation energy In polyvinyl acetate rather than by 
direct determination from gaseous interdiffusion studies. 
Therefore "true" collision areas for the vapors have been taken 
as those defined by the line in Figure 14 and the correspond
ing activation energies. These values were determined for the 
vapors used with the other five polymers, and are listed in 
Table 8 also.

Using these values and (17) average hole lengths have 
been calculated for diffusion in the six polymers and are 
listed in Table 1 0 . They are seen to lie within a moderately

Onarrow range, bounded by 18 A. for polybutyl methacrylate and
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Tab l e  10

Average Diffusion Hole  L e n g t h s  and 

Po ly m er  S i de  Group P a r a c h o r s

Po ly m er  L P a r a o h o r  P a r a c h o r
L a r g e  S i d e  Group b o t h  G r o u p 3

V i  it ly i  g c 9 1 a z  & 31 98 ' I

Pie t h y  1 a c r y l a t e 30 98 96

S t y r e n e 23 167 167

Methy l  m e t h a c r y l a t e 33 98 137

E t h y l  m e t h a c r y l a t e 23 137 176

B u t y l  m e t h a c r y l a t e 18 210 25 k
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33 for polymethyl methacrylate.

It is of interest to compare the diffusion processes 
under equivalent conditions (i.e., same diffusing specie) in 
the various polymers, A correlation has already been noted 
between the paraohor of the side group attaohed to the chain 
and the diffusivity for diffusion of hydrogen and water vapor 
in a variety of polymers, the diffusivity increasing with the 
parachor.1̂ 0 Two alternatives exist here: one is to plot the
diffusion activation energy per unit cross-sectional area 
against some function of the p--rachor, the other is to plot 
this quantity normalized in terms of the cohesive energy den
sity (i.e., plot the hole length) against some function of 
the paraohor. The latter course has been chosen although it 
makes little difference which choice is made since the cohesive 
energy densities for the six polymers differ by 6 °jo at most.
Side group parachors, listed in Table 10, were calculated rela
tive to hydrogen as zero (i.e., the polyethylene chain is

27taken as the comparison base). Atomic parachors were used 
for the calculations. Hole lengths are plotted against the 
parachor of the side group (or the sum of the parachors of 
the two side groups in the cases of the methacrylates) in 
Figure 19. A correlation appears to exist, the length de
creasing with size of the pendant group.

It should be stated at this point that although a 
relationship is evident here, the scatter of points does not 
permit pin-pointing its exaot form. One may plot aotlvation 
energy per unit diffusion cross-seotional area instead of 
hole length against some function of the paraohor. And the
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function may be the paraohor of the large side group, the 
sum for both groups ( as in figure 19 ) or the two-thirds 
power of either of these alternatives, (This last was tried 
in light of the success in correlating aotivatlon energies 
for different vapors in the same polymer by this means,) The 
soatter is such that no one combination appears much better 
than any other.

It is interesting to note however that, not only is 
this relation harmonious with the increase in diffusion co
efficients with pendant group purachor noted elsewhere,*^® but 
also the pendant group size in the latter study varies between 
zero (polyethylene) and the sizes enoountered here so that the 
appearance of activation data for this work may be useful in 
extending the sort of correlation discussed here.

It is also of Interest to compare the effect of in
creasing side group size with the effect of introduction of 
sorbed vapor on the diffusion process. It has already been 
noted ( page 47) that both activation energy and entropy 
appear to decrease in a roughly linear fashion with increase 
of vapor concentration, when this change causes an increase 
in the free volume fraotion of the diffusion matrix. In the 
case of the polymer ohain side group, size Increase has been 
seen to produce similar changes in both aotlvation parameters 
also, (Figure 18 shows AE* to do so and in the next section 
but one it will be shown that T A S* is proportional to and 
smaller than i E *  ), Suoh a size inorease probably increases 
the polymer free volume fraction through a deorease in pack
ing efficiency.
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The probability that the introduction of a vapor suoh 
as ethyl bromide effeots the diffusion zone in roughly the 
same way as an increase in side group size, is strengthened 
by the faot that a plot of A  S*  vs AE*/T for the different 
concentrations of ethyl bromide yields essentially the same 
slope as in Figure 20. In summary, it is probably correct 
to conclude that, In terms of the zone theory, the primary 
effect in these cases is to lower the average zone size.

Limitations of the LodeI to Linear 
Amorphous Polymers

As an Illustration of the limitation to linear amor
phous polymers of the methods and correlations used above, 
the behavior of polyethylene will now be discussed. Table 11 
lists activation energies for the diffusion of several gases 
in Qrex polyethylene, a non-cross-llnked polymer which is 80 'p  

crystalline. These were estimated from published data in 
graphical form. The amorphous regions of polyethylene are well 
above the glass transition'1' at room temperature so that, ex
cept for the orystallinity, this polymer is expected to be 
like the linear amorphous polymers discussed so far in its 
diffusion characteristics. However a graph of activation 
energy vs. oolllsion oross-seotional area does not show the 
linear relationship found with the six polymers disoussed so 
far. Nevertheless the usual calculation of hole length has
been performed, using a value of 64 cal/ml for the oohesive

32energy density of polyethylene and the results are listed
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T a b l e  11

DHTusion of Oases in Grax iolyethvleiie

°9 ♦ °Ga s CSA (A ) A E  (kcal/mole) L (A)
He 3 . 7 3  2 . 1 2  H-I-.7

oa 1 0 . 3  3 . 7 6  9 . 5

Ka 1 1 . 1  5 . 0 7  9 . 5

C0S 1 5 . 1  3 . 7o 6 . 3



In Table 11 also. The results range from 6 A for carbon 
dioxide to 15 A for helium, a very large percentage spread 
oompared to that found In polyvinyl acetate for example. 
Furthermore, extrapolation of Figure 19 to zero paraohor

Oleads to the prediction that hole lengths of perhaps 40 A 
should ooour in amorphous polyethylene.

The discrepancies here are at least partially explain
able on the basis of the orystalllnity of the polymer. It 
has been estimated from sorption data that the average length 
of polymer chain between crystalline regions in polyethylene 
which is 60fo crystalline is 15- 4 methylene units, corres
ponding to a maximum average distance between crystallites

o TCQof about 20 A, Since diffusion takes plaoe only in the 
amorphous regions, this means that the upper limit on hole 
length is 2 0 A here, and less than that in the 80'^-orystalline 
polymer. In addition, since the polymer chains are "tied 
down" at each end (where they enter the crystalline regions), 
it is not surprising that hole length varies with its width.

Activation Entropies for Diffusion

Having values for activation energy and hole length, 
and assuming that hole length and path length are identical, 
the calculation of activation entropy by (14) is possible, 
Meares found that a plot of activation entropy so calculated 
versus activation energy for diffusion of the gases in poly
vinyl acetate was linear, a type of relationship which had

19 T*been found to exist for other types of rate prooesses. In
33addition it has been reoently noted that for diffusion of
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water and organio vapors In the six polymers under discussion 
here the ratio of the activation entropy to activation energy

_3is roughly constant, varying between 1. 6 and 2 , 2 x 10 
-1deg , depending on the polymer. A slight trend to higher 

ratios with increase in moleoular size was noted for poly
vinyl acetate but its reality was questioned.

In Tables 6 and 7 are listed activation entropies
calculated from Meares’ and Ryskln's data using the path lengths
calculated herein. In these calculations temperature enters;
for Meares1 data 27°G. was used in accord w1 1b his oaiou-

olatlon and for Ryskln’s polyvinyl acetate data 55 G, was
used since his activation energies were calculated for that
temperature. Tor the rest, no temperatures were listed for
the activation energies calculated. Therefore temperatures 

o30 higher than the glass temperatures of the polymers have
been arbitrarily chosen for use in the calculations in light

o °of the fact that 55 C, is 30 higher than the polyvinyl ace
tate glass temperature,

19Following Barrer's procedure,' which yields better 
correlations, activation entropies are plotted against acti
vation energies divided by the absolute temperatures in Figure 
20. The data for the vapor diffusion all seem to fit a single 
straight line while the rare gas data for polyvinyl aoetate 
fit another line, parallel to the first but of lower intercept. 
The reason for the separate gas line is not known but pro
bably lies either in the difference between ambient tempera
tures of Meares’ and Ryskln’s work on polyvinyl aoetate, or in
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the fact that Meares used the time lag method of measurement 
whereas Ryskin's data were taken by the sorption method,, Some 
such explanation is likely because of the correlation of the 
higher line of so much data for so many polymers.

The equations for the two lines are

i tA S  = -11 + 0 . 7 3  A E /T (23)
and

-tA S  = - 2 0 + 0.64 All /T (24)
These equations are to be compared with

A S *  = -4.6 + 0.65 Aii*/T (25)
which Barrer gives for diffusion in elastomers. The differ
ence in slopes is probably not significant. The negative resi
dual entropies can be understood in terms of the zone theory 

19of diffusion. The unit diffusion step in the substances 
under discussion seems to require the activation of consider
able volume or zone surrounding the diffusion path, as evi
denced by the high activation energies encountered and the 
absence of bond breakage. The loosening up of the polymer 
element is accompanied by an entropy of disordering (positive), 
but since the activation energy must be distributed in one of 
a limited number of ways in order to produce a fruitful loosen
ing, a negative entropy term associated with this restricted 
distribution is introduced. In addition, a second type of 
ordering is required; not only must each bond or group have 
the proper energy in excess of the thermal energy, but the 
movement of all the segments must be synchronized in order 
for the hole to open. Now a particle of zero size requires
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a hole of zero size and the activation energy is correspond
ingly nill, That is, diffusion of the hypothetical zero-size 
particle requires no structural loosening but requires the 
existence of average conditions in the zone. The energy of 
the zone must be the average thermal energy and this re
striction produces a negative entropy term. In addition this 
average thermal energy must be distributed properly over the 
degrees of freedom of the zone. These two ordering processes 
may spawn decreases in entropy great enough to account for 
the e xper imoi1ta 1 va.Lues .

The greater negative residual entropy for diffusion 
in the linear polymers compared to that for elastomers can 
perhaps be partially attributed to a difference in average

19zone sizes. Diffusion path lengths in rubbers are estimated 
at 5-10 A; If so, zone sizes might be considerably smaller 
than those in the linear polymers.

The Temperature Dependence of Activation Energy

25Ryskia-" measured rates of diffusion in a number of 
instances over vjide temperature ranges. Table 12 lists acti
vation energies for methanol, ethanol, and benzene in poly
vinyl aoetate for temperatures up to 155°G# Those for ethanol 
were the published values; those for methanol and benzene were 
estimated here from a graph of log D vs l/T in the paper and 
are thus subjeot to some error. Figure 21 is a plot of aoti- 
vation energy per unit oross-seotional area of the vapor 
molecule against temperature for these data. Also included
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Table 12

Temperature Dependence of Diffusion Activation Energies
in Polyvinyl Acetate

£
Average T (°G) A E  (kcal/mol8 )

Ethanol
(liyshin: Table 11) 2°.0

100 23.0

135 13 * b

Benzene
(estimated from

Ryskin graph) 5 5 35
105 27
135 21
155 15

M e t h a n o l

(estimated from
iiyskin graph) 1+5 15

75 17
1 1 0 11+
130 12
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oIs the point for ethyl bromide at 40 (this work), Finally*

oa value for methanol at 40 taken from Long's work is graphed
for comparison,

A roughly linear increase in aotivation energy with
decrease in temperature is noted, the change equaling 1 , 0

kcal/A between 25° and 135°C. On this basis and in view of
the general scatter of points the ethyl bromide activation 

oenergy at 40 appears In reasonable agreement with the rest 
of the data.

The fact that the single line aupenrs to correlate 
the data for the vapors of differing size indioates that the 
essential feature of the diffusion model - activation energy 
proportional to hole cross-seotional area - holds over a 
considerable temperature range, to a first approximation at 
least. The deviation of the methanol points from the line 
may very well be due simply to errors in the calculation 
prooedure, which explanation is supported by the fact that 
the ethanol and benzene points lie together whereas, on the 
basis of molecular size, ethanol would be likely to fall be
tween the two sets if any deviation from the theory is real.

The following proposed explanation of the drop in 
activation energy with temperature inorease is predicated on 
the assumption that the methanol deviation is not real, and 
that aotivation energy drops linearly with temperature roughly. 
The drop is explainable on the basis of three phenomena: 1)
drop in cohesive energy density, 2 ) drop in collision di
ameter 3) effect of the number of degrees of freedom in the 
zone on the temperature coefficient of activation energy*
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First, cohesive energy density is susceptible to 
change with temperature through specific volume ohange in 
the polymer, Aooording to Bunn,^^ molar cohesive energy is 
related to molar volume by

(CE1 - CE2 )/CE2 = 1,73 (VMg - VM )/VMi (26)

for hydrocarbons and probably for other non-ionic substances,
A similar equation has been derived here for esters on the
basis of the changes in heat of vaporization and specific
g r a v i t y  w i t h  t e m p e r a t u r e  f o r  e t h y l  acetate. Vapor  p r e s s u r e

data for the former came from the Handbook of Chemistry and
Physics and the International Critical Tables, Heats were
calculated by means of the Clausius-Clapeyron equation from 

o o-40 to +90 C, and were found to deorease linearly with tem
perature, the line slope being -12,1 cal/deg. Densities were

o
calculated from data in the latter source as 0,9602 at -30

oand 0,8182 at 90 C. Using this data the following obtains 
for ethyl acetate:

CE - CS VHo - VM
1________1 = 1,15    i (27)

CEg VMl

Equation (29) is dimensionless and therefore is equivalent to 

®1 ® 2 V 2 V 1= 1.15   (28)
e 2 V 1

where e and v are oohesion energies and volumes per gram.
On the basis of a cohesive energy density of 77.6 cal/ml and 
a speolfio volume of 0,862 ml/g, the cohesive energy per gram
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for polyvinyl aoetate equals 69.9 calories at 25°C. Using 
a coefficient of volume expansion oC equal to 2.62 x lO- 4

-1 ° 0 “4 _i o ,deg from 0 to 25 and 6.94 x 10 deg above 25 the
ospeoifio volume at 135 G. may be calculated using the expres

sion
Vg -  Vi = K V 0 (Tg -  I g  ( 2 9 )

where v0 is the specific volume at 0 °C. (vG is calculated
by setting Vg = .862 ml/g, T = 25 °, v, = vQ and 0C = 2.32 x

-4 c
10 .) At 135 C. v = .927 ml/g.

Assuming (28) is applicable to polyvinyl aoetate
and using the above data, ©2.35° = 64.3 cal/g. Therefore the

ocohesive energy density e/v at 135 is 69,4 cal/ml. Thus 
CED2/CED-|_ = 69.4/77.6 = 0.893 so that there is a drop of about 
11% in the cohesive energy density over the 1 1 0 ° temperature 
rise,

A seoond cause for activation energy decrease lies 
in the dependence of collision diameter on temperature. If 
it is assumed that the dependence is roughly the same for
diffusion in condensed phases as in gases, Sutherland's for-

, 28 mu la

< r l = <f» A  + °/T > AO)f

may be utilized. Both rr2 and G are empirioal constants, (TU“ tf)
being the "hard core" diameter of the molecule, and C also 
depending on molecular size. Unfortunately few data are 
available for large molecules and the use of methyl chloride 
as a representative one has been necessitated. Using C =
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oq o n 2 24 5 4 / °  Tx = 298 K and Tg = 408°K, 4 Q 8 / 29Q = 0.84.
That is, there appears to be a 15 - Z O f o drop in oollision
oross-seotional areas for organic molecules over the tem-

operature range 25 to 135 C, This will effect a corresponding
decrease in activation energy.

If the two contribution discussed so far are combined
it is seen that a decrease in activation energy of roughly

o25/i (or ,44 kcal/A over the. 110 range is predicted since 

*3 | M 2 I1C^ ) = (.84>(.W )-.75 (31)
( LiCjD ĵ  ) (Cd A-^ )

assuming L is constant. 'There remains a further drop of $ 3 j o

(or .58 koal/A to be explained.
It will be arbitrarily assumed now that this residual

drop can be acoounted for solely in terms of the zone theory
19of diffusion. According to Barrer the decrease in acti

vation energy with temperature, after compensating for changes 
in hole size etc,, is related to the number of aotivated
degrees of freedom f in the zone by

' Z A E * / ?  T = -(f - 1)R (32)
as long as f is large.

On a per-angstrora basis, fi / T is therefore as-
o 2 0sumed to be equal to the .58 kcal/A drop divided by 110 ;

that is ^AE*/dT *= 5,3 oal/deg -A Using this value (32)
beoomes

o  2 . .f - 1 = 2,7 per A (33)
This simplifies to

f = 2.7 per A 2 (34)
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for molecules of even moderate size. For example, for CH^,
a gusing 13 A as its cross-sectional area, f from (34) is cal

culated to be 35. Thus f - 1 is little different from f for

This procedure for calculating f gives value's in line
igwith corresponding results for diffusion in rubbers. Barrer

calculates maximum values of 30 - 40 and minimum values of
about 20 for diffusion of CH. in various elastomers.4

Finally, although the actual magnitudes of f are in
douot due to the unoe r t a i n t i es in the assignment of a value
to ^ A. E* /  b  T in (32), the conclusion that the f is directly
proportional to molecular cross-seotlonal area is probably on
safer ground. No change in GED, whether or not it can be
calculated correctly from (28) will produce a divergence in
activation energy per square angstrom for the different dif-
fusants. Furthermore, since C in (30) has been assumed equal
for methanol, ethanol and benzene, a decision that the drop

xin collision diameter with temperature does not affect A E  

would simply cause a uniform change in 3 A E / b r£ for all 
species.

This probable linearity of f with C S A  is of great 
interest. First, it ties in very well with the linearity 
of hole size and aotivation energy: the oross-seotional area 
of the zone is proportional to the cross-seotlonal area of 
the hole. Additionally, since the volume of disordered poly
mer is proportional to hole size, it is natural that the 
activation entropy be linearly related to activation energy* 
Finally, the linear dependence of f on CSA appears so far to
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be unique for diffusion in condensed systems; calculated
values of f for diffusion of hydrocarbons in rubber seem to

42show no growth trend with increasing molecular 3 ize, In 
view of the similarities in the diffusion behavior of the six 
polymers notes previously, it seems likely that such linearity 
of f extends to them and is a characteristic property of linear 
amorphous polymers as a class. At present there exist insuf
ficient data to test this likelihood.

Uncertainties Concerning the Diffusion model

Beside the questions caused by the lack of complete
ness of experimental data such as cohesive energy densities 
or dependence of activation energy on temperature for the 
other polymers, there are other, more fundamental uncertain
ties which arise.

An Alternative to the Use of Cohesive Energy Density.
The first is whether the cohesive energy density is 

the proper quantity by which to calculate hole volumes.
Studies of change in diffusivities with pressure for several 
inorganic systems has shown that in general for these

A  V* = 4(3 A H* (35)
where A V  is the diffusion activation volume and p the 
isothermal compressibility,36 The latter quantity has been 
determined for very few polymers and the former for none.

A third funotlon deserving of attention is the in
ternal pressure Pĵ  defined by

P = (* JE/feV)T «  T*/(J (36)
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where E and oC are the internal energy and thermal expansion
37coefficient, respectively. The approximation is quite good 

as long as the external pressure is reasonably low. The in
ternal pressure is a measure of the cohesive energy but a

] 4simple quantitative relationship appears not to exist, '
If P^ is the quantity against which the work of hole for
mation occurs and if this work is essentially equal to the 
activation energy then

v
=  f2

j (dii/dVj.j, (iy (37)
V 1

where Vg - =AV*, If P^ is essentially constant over the
range of volume expansion encountered in hole formation and
if (-36) holds in this range then

A E *  = OK/fiV)T AV* = T(cA/£) V (38)
Extensive studies of both and |3 seem to have been under-

38taken only for polystyrene. The compressibility is 2,20 x 
10 cm^/dyne at 25°C, and apparently is essentially invari
ant with temperature, Unfortun?tely matters are complicated 
by the existence of two coefficients of expansion - i 
corresponding to an instantaneous expansion, and d \ corres- 
ponding to the total or equilibrium expansion. Each is actually 
constant through the glass transition. However, the slow part 
of the equilibrium expansion, corresponding to ^  ooours
by an activated rate prooess with an activation energy of 
about 12 kcal.3 9 The volume change given by ^  g ~ **1 ooours 
more and more rapidly with increase in temperature, and from 
the point of view of maorosoopio measurements beoomes essential-
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ly instantaneous at the glass transition. In the normal 
methods of determination of expansion ooefficients, tempera
ture is raised fast enough to hide completely the slow pro- 
oess up to Tg at whioh region the slow process becomes fast 
enough to cause such measurements to yield the equilibrium 
expansion coefficients, Thus the measured ̂  changes markedly 
ana the temperature at which the change occurs is, by defini
tion, T ,* g

If <X 1 ( = 2,3 x 10 ^°C, "*■) is the proper coefficient 
to use in (38), then the activation volume for methanol In 
polystyrene at 110°G,, using A E* = 17,5 kcal/raole, is calcu
lated from (38) to be 184 cm^/mole. This compares fairly

'Zwell with the value of 2 2 0 om /mole calculated from the pro
duct of L and CSA, On the other hand if eK  g  ( = 4.3 x 10 
C, should be used in (38) to calculate activation volumes

ip ,above T then A V  = 97 om^/mole. 1'lnolly If (39) is used 
6 3 /the activation volume is calculated to be 65 cm /mole,
A tentative preference in regard to the two values 

of activation volume calculated from (38) may be formed by 
noting that a) activation energy is substantially higher 
above Tg than it is below generally, and b) the "slow" re
laxation process has become rather fast by this point, as 
evinoed by the change in observed , When the magnitude 
of the characteristic time for this relaxation decreases to 
the magnitude of the time length the hole is open, then this 
process will influence the diffusion mechanism. If this
occurs at T_ then should control diffusion below the tran-e> 1
sition and 0 ^  2 above it. On this assumption activation volumes
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P  PAVg and A V X respectively, for diffusion in polystyrene
above and below Tg have been oalculated from the available

25data^ and are listed in Table 13. It was assumed that the
o oactivation energies were for T + 30 and T - 30 respectively,& g

Table 13

Diffusion Activation Volumes in Polystyrene Calculated 
from {40) using below Tg and ** 2 above Tg

Vapor A (keal) A V 2f (ml) (kcal) A V* (ml) a v */a v

CHjjOH 17.5 98 9.7 118 1 . 2 2

CgHgCH 21.0 116 9,8 119 1.03
c h 2c i 2 24,0 132 10 122 .93
GgHgar 26.0 143 12 146 1,0 2

Av, = 1,05

From these limited results it appears that hole volumes are 
roughly equal above and below Tg and that only the mechanisms 
of volume appregation differ. This equality points to the
use of <^2 above T_ as the wiser choice.

An approach similar to this one has been taken by 
Brandt4^ who has noted the constancy of the ratio ( ^ g / ^ i ) /  
(A Eg / A E *  ) at 1,23 to 1.28 for methanol diffusion in poly
methyl methaorylate, polyethyl methaorylate, polybutyl metha- 
orylate, and polystyrene. As long as ^ is constant above and 
below Tg this ratio is equal to the ratio of hole volumes 
when these are calculated by (38),
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In spite of the apparent suooess of this model a 
breakdown ooours when it is applied to molecules of greatly 
differing size. In Table 14 are listed activation energy 
ratios for diffusion in polyvinyl acetate calculated from
Meares* and Ryskin's data. Using expansion coefficient

34 _4_ _i _4 — 1values of 6*94 x 10 °C. and 2.32 x 10 °C, for above
a n d  b e l o w  Tg r e s p e c t i v e l y  t h e  l i s t e d  v a l u e s  f o r  (<*£>/<*!)/ ( A  E g /

AE^ ) w e r e  c a l c u l a t e d .  I t  i s  s e e n  t h a t  t h e  v a l u e s  f o r  t h e

p e r m a n e n t  g a s e s  s c a t t e r  a b o u t  2 , 2 6  b u t  t h a t  a s h a r p  d r o p  o c c u r s  

f o r  t h e  v a p o r s .  I n  l i g h t  of this the d r o p  i n  r a t i o  f o r  p o l y 

s t y r e n e  b e t w e e n  m e t h a n o l  a n d  t h e  l a r g e r  m o l e c u l e s  now s e e m s  

s i g n i  f i c a n t »

The limitation of this model expresses Itself in 
another way. Whereas a  plot of AE*, against CSA for the

CZ ^
g a s e s  i s  l i n e a r  in h a r m o n y  w i t h  t h e  l i n e a r i t y  of vs CSA
( F i g u r e  1 3 )  t h e  w a t e r  a n d  m e t h a n o l  p o i n t s  w o u l d  fall far off 
the l i n e  i n  c o n t r a s t  t o  t h e i r  b e h a v i o r  a b o v e  T g .

I n  s u m ma r y ,  t i l s  c h o i c e  o f  m o d e l  b y  w h i c h  a c t i v a t i o n  

v o l u m e s ,  a n d  t h u s  h o l e  l e n g t h s ,  a r e  c a l c u l a t e d  c a n  s t i l l  n o t  

b e  made  w i t h  c e r t a i n t y .  F o r  p o l y s t y r e n e  L may b e  9 ,  1 1 ,  2 2  

o r  2 6  a n g s t r o m s  d e p e n d i n g  o n  t h e  m o d e l  c h o s e n .

Hole Lengths vs Path Lengths. The second uncertainty 
lies in the calculation of diffusion path lengths. Even if 
the hole length calculations eventually prove to be correct, 
there will still be no sound justification for setting 
equal to L. To say that the average diffusion act requires 
a hole of certain dimensions does not automatically mean that
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Table II4.

A c t i v a t i o n  Volume R a t i o s  f o r  D i f f u s i o n  i n  T o l . w i n y l  A c e t a t e

a cove and below T

. l 1  i 1 o  cl L- * 6g A.6c3 6 )

He 5 - 3 3  J-l.lb 1 . 2 9  2 . 3 2

Ha 7 . 5 0  5 . 1 ?  l . i+5 2 . 0 6

Me 8 .  ).|.6 7 . 3 6  1 . 1 5  2 . 6 0

03 1 1 . 0 9  1 . 3 1  2 . 2 8

A 1 6 . 9 0  1 1 . 3 6  1 . 1 \S  2 . 0 6

Kr 19 .6  l 6 .b 1 . 3 6  2 . 2 8

IIsjO 1 3 . 6  o .U 2 . 1 b 1 . 3 8

CHa 0H 2 0 . 3  7 . 6  2 . 7 0  1 . 1 1
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the diffusant travels this distance on the average each time, 
Meares presents arguments for this equality of lengths for 
the permanent gases; vjhether or not they are valid for these 
species, they seem less likely to be so as the molecular size 
increases,

. F u t u r e  Work

In terms o f  the d i f f u s i o n  m o d e l s  d i s c u s s e d  here, 
t h e r e  a r e  s e v e r a l  k i n d s  o f  s t u d i e s  t h e  e x t e n s i o n s  o f  w h i c h  

w o u l d  - p r o v i d e  u s e f u l  i n i  o r m a t i o n ,  E x a m p l e s  a r e  l i s t e d ,

1) Diffusion parameters of t h e  p e r m a n e n t  g a s e s  i n  t h e  

polymers other than polyvinyl acetate above and below 
their glass transitions.

2 )  E x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  o o n e s i v e  e n e r g y  

d e n s i t y  f o r  t h e  p o l y m e r s  o t h e r  t h a n  p o l y v i n y l  a c e t a t e  

a n d  p o l y s t y r e n e ,

3)  D i f f u s i o n  h o l e  l e n g t h  d e t e r m i n a t i o n  i n  a m o r p h o u s  p o l y 

v i n y l  c h l o r i d e  a b o v e  i t s  T g .  ( C h l o r i n e  h a s  a  s m a l l e r  

p a m c h o r  t h a n  d o  a n y  o f  t h e  s i d e  g r o u p s  o f  t h e  s i x  

p o l y m e r s  d i s c u s s e d  h e r e . )

4) Careful determinations of coefficients of expansion 
and compressibility above and below Tg for the poly
mers other than polystyrene, and measurement's of the 
rates of the slow relaxation processes below T ,s
The most important kind of measurement is one whioh 

has not been done at all up to the present —  The dlreot de~
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termination of activation volumes for gas or vapor limiting
diffusivities in polymer systems. The determination of A V *
is accomplished by measuring the effect of external pressure
inorease on diffusion rate; the relevant equation, analogous

22to the Arrhenius equation for activation energy, is

^ In D / ' b  P = -  AV V  RT ( 39 )

Such s t u d i e s  w o u l d  be e x p o ' r i m e n t a lly d i f f i c u l t  b u t  the re- 
s u ] i s  w o u l d  be e x t r e m e l y  r e w a r d  lag i n  t e r m s  o f  t e s t i n g  the 
v a r i o u s  m o d e l s  d i s c u s s e d  h e r e  i n  a n  u n e q u i v o c a l  f a s h i o n .



SUMMARY
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V. SUMMARY

Diffusion ooeffloients from rates of sorption, and
equilibrium isotherms, for ethyl bromide at 30°, 40®, and 50°
C, In polyvinyl acetate film have been determined with a McBaln
balance. The heat of mixing is zero and its signifioance is
discussed in terms of the Scatchard-Hildebrand rule and the
isotherms for other vapors in the polymer. The limiting dif-
f u s 1C " ao t i va tion •-nr. rgv If 4 -• terml red to 1 > 41 koal/mol at

o40 C , which compares well with other published results. The 
contrast in the effect of ethyl bromide concentration of the 
diffusion activation parameters, as opposed to that of acetone 
and benzene is tentatively correlated with differences in
free volume fractions of the vapor-polymer systems,

o o oIsotherms at 30 and 40 and diffusivities at 30
have been taken for acetonitrile. Diffusion behavior is 
roughly as expected. The heat of mixing appears to be zero 
over most of the concentration range studied in contradiction 
to the expectation based on the widely differing cohesive 
energy densities of liquid and polymer. This behavior is 
discussed in terms of nitrile dipole-palr formation.

An extensive discussion of published data for the 
diffusivities of gases and vapors in six linear amorphous 
polymers is presented. It is seen that the diffusion process 
appears to be essentially the same for all gases and all 
vapors in all linear amorphous polymers above their glass 
temperatures. Although many details of the mechanism of
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limiting diffusion still are uncertain the following may
be stated for the oolymer class as a whole with some certainty.

1) Activation energies and entropies are linearly de
pendent on diffusant cross-sectional areas for all 
gases and vapors,

' £ ) Activation parameters are independent of all other
properties of the diffusant (as long as the sorption 
is not chemisorption).

3) Activation parameters for diffusion of a particular 
Impurity decrease linearly with increase in size of 
the polymer chain side group. Furthermore a character
istic quantity L for each polymer may be determined 
whioh has linear dimensions, is roughly constant for 
diffusion of any molecule in the given polymer, and 
appears to be a decreasing linear function of the 
polymer chain side group size. It is probably pro
portional to the length of the diffusion hole and
may even equal it,

4) The number of activated degrees of freedom in the 
diffusion zone are direotly proportional to dif
fusant cross-sectional area in polyvinyl acetate, 
in harmony with 1). It is likely that this is true 
for the other polymers but the data for testing this 
are not available.

In regard to these simple diffusion behavior characteristics, 
linear amorphous polymers, above their glass temperatures at 
least, appear to form a unique olass of high polymers.
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TABLES OF KINETIC DATA

E t h y l  Bromide

I .  Runs #10 ,  11,  12 ,  and l l |  
a t  30°C.

1 . P/P0 = .0 7 2 1 , W = .0220 
JL = . 000l| .22 cm

-£S W / ̂  V'/ oo
.Oh 7 
. l h h  
.332  
. 332  
. 476  
. 723 
. 323 
. 609  
.^70 
.810 
.866

. 952

.070

.070

.070

. 25

.17

. 39

.39

.43
1.09'
1.0

2 .  P/ t 'o = -136,  
I  = .000422

/^W/^Woo
.07
.106
.106
.214
.284
.355
.464
.h-99
.0220
.0195

t (m:
23
bO

130
190
290
310
370
44-5
5 io
1625
2025
2300
2880
2915

4
10
20
30
60
90

120
660
970

.0 3 9 0

t (min.) 
1 
4 
7

15
25
32
55
65
75
90

i'/1 w 00
.0183
.0183
.0 1 9 6
.0126
.0096 
. 0 0 0.,’
. 00 73
.0037
. UOi{.V
.003.9
.0037
.0049

t  (min,  
110
135
169
2i+9
375
9.1.9
73:-

1410
154-5
1705
3165
45oo

3. p/p0 = .171, w
JL = . 0 00 42 2  cm

^  W / a  W
0

00 t  (min,
1

.025 2

.025 2.5

.050 3.025 3.5

.025 4.050 5.075 6

.075 7

.075 8

.127 10

.127 11

.127 12

.127 13.152 15.202 18

.229 19.5

.229 21

.229 22

.229 25

.304 27.5

.331 28.5

0 4 8 0

)
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2. P/P0 = .127, w = .0363 ^  V I W  oo t (min,
t (min.) .103 4.0

W / ̂  Woo .115 50.5 .154 7.081 1.0 .179 9
.095 1.5 .205 11
.122 2.0 .231 13
.135 2.5 . 244 15
.149 3.0 .256 17.162 3.5 .282 20
.176 4.0 .295 24.189 3.5 .333 30
.203 5.0 .372 35
.169 6.0 .398 * 40
.203 7.0 .436 49.215) 5 .513 72
.270 ■•-) . 0 15 93.270 in . 0^7 120
.297 11 .757 195
.311 12

■ .324 13
3. P/P0 = .157,.338 14 W = .olj

.365 15 ^  W / ̂  Wco.376 lb t (min.

.378 17 .077 1.0

.40 6 19 .121 1.5

.432 21 . 143 2.0
•446 23 .165 2.5
.473 26 .187 3.0
.5oo 30 .209 3.5
.541 34 .242 4.5.566 38 . 264 5.0
.610 42 .275 5.5.635 4 b .266 6.0
. oh. 9 
.‘-•75 
.690 
.716
. 744 
.757 
.770 
.797 
.838 
.865 

1.0 
1 . 0

.103

.051• O6I4. 

.061| 

.077 

.090

90
55
60
65.5
70.5 
75 
80
90

105
120
830

1 070

0.5
1 . 0
1.5
2.0
2.5
3 . 0

. 319 

.330

.351 

.341 

.363 

.385 

.407 

.428 
• 430 
.5-62 
.483 
.495 
.505 
.528 
.560 
.573- 
.583
.627
.660

7.0 
7.5
8.0 
8.3 
9

10
11
12
13
14
15
16 
17 
19 
21 
22 
24 
27 
30
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*W/<aWoo t (min.) A W / n W c o  t (min.)
0 , 1 - 1 6 . 0 8 1 J+.O

• 02l+ 2 ^ .089 5.0• 0 3 2 2 .p .105 8
’ScY P -1 0 5 7• ° £ 6 {t .121 8
*007 6 *137 l:L•?27 £ .155 13.121 7
.137 9
1 ? Q  A . 1 8 9  1^2 .189 18

.1914- 22

.210 25

.234 30.298 39

.27i+ 5-0

.280 5.9
60

.382 72

.365 89

.161 11

. 177  12

. 1 8 9  13

. 2 0 1  15-

.210 13'

.217. 16

. 2 2 6  I f

.235 16

.250 20
6 6  6  7. P/P0 = .136, W .0363
;306 2b *  = -000825 cm
opp 28
*338 30 ^ W / A W o o  t (min.)
^355 32
.371 35-
.8-11 5-0
.527 5-5-
.5-5-3 k®
.5-76 53
.500 5 6
. 5 16  60
»p2ii 69
.65-0 71
. 5 72  77
. 0 1 3  67
. 6 9 7  100
. 8 7 0  2lj.O
.895 280
.919 310
.969 5-50

1.0 105-0
.072 0.5
.05.8 1.0
.05.0 1.5
.065 2.0
.065 2.5
.065 3.0
.061 3.5

0 1
0 2
0 3.010 7
.027 10
.068 16
.122 26
.189 1*5-.230 55-.227 63
.311 85-
.351 95
.365 106
.378 116
.5-0 5 128
-U-32 15-5
.5-59 156
.5-87 171
.513 190
.527 205
.555- 219
.675 315
.75-3 380
.785- 5.18
.825. 520
.705 660
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A W / f  w ~  t <” *«•) t (min.)
•665 % . ?  / z k 5  8.0
.675 25
.680 25.5
.685 26.5
.690 27
.700 28
.710 29
.720 30
.770 38.5
.780 35
.785 36
.805 38
.620 39
.825 i|0
.625 6.1

. 860 6|.o

.880 89

.890 51

.910 58

.985 103

.250 8.5

.265 9.0.685 26 ?7k 10 0After 9A 2 *.288 11

.298 12

.308 13

.317 18

.327 15

.336 16

.351 17

.361 19

.361 20

.365 21

.370 22

.360 28

.390 2b

.800 27

.505 28

.810 29
56 *810 30*920 1 -32 0/.925 58 4 3 5  J6

.930 60 *85.? 42
• 98° 63 50.950 67 -^93 38
.955 78 57.970 82 *510 ©8
.980 87 *520 69
.990 100 *580 79560 89
.oqb 195 .575 102

1.00 310 -580 110
. oOO 126

.065  .67 •019 181

.075 1.0 •830 152

.105 1 .5  • !-3 I69

.115 2.0 *653 I89

.130 2.5 *6 6 8 2 01

.185 3.0 -685 233

.155 3.33 -705 290

.160 3.67 *715 330

.175 8.0 *730 370

.185 8.33 .836 955

.190 8.67 *855 1195

.190 5.0 .865 1370

.205 5.33 *915 2270

.212 5.67

.212 6.0

.22.1 6.33 6* p/po = .206, W = .0608

.226 6.67 Si -  .000825 cm

.231 7.0

.280 7.5
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*W/^Woo t (min.) 5 . p/p0 = .3 1 0 , W = . 1 0 2 0
.865 39 X = .000825 cm
.814-1 14-1
37 3 [|3 © t (min.)
;889 55 -029 1-08
.905 1+7 *063 1-75
.920 i-i-8 .091 2.25
,968 55 .106 2.67
.98k 60 .135 3.25

1.0 65 .159 3.5
. 981). 70 .163 k.O

1.0 80 .178 I4..33
1.0 90 .183 5-. 6?

.192 5.0
.176 .5-1 .202 5-33
.175 1 *231 6.0
.163 2 .250 °*33
.175 3 .252 0.67
.206 1+ . 260 7*0
.238 5 .275- 7.33
.270 6 .293 7.67
.286 7 .298 8.0
.302 8 .317 8.5
.318 9 .332 9.0
.365 11 .351 9.5.381 12 .365 10.0
.381 13 .380 10.5
•397 11+ .395. 11.0

^7 -518 1 2 . 0
* f  ̂ ^  -5-33 12.5

i ?  .1+5-7 1 3 . 0.1+5-5 21 j.1̂7
.1+60 22
. 5-6-12 2> _ ], 71,;f-'1°2 
>06 
12k

.55-0 33

.51+0 35

.555 37

.571 kl

.571 55

.698 73

.730 105

.761 135

.810 175

.825 205
1.0 770

6
.1+65 l l  i-. 0-1 I, r;, . . , - j , * I -LI+ . J

^  • 585 15.0
.510 16.0
.325 16.5
.530 17.0
.555 18
.577 19.580 19.5
.590 20
.595 20.5
.605 21
.615 21.5
.625 22
.630 22.5
. 61+0 23
.65o 23.5
• 655 21+
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<£> W/<^ W,

.331 

.331 

.3 31 

.356 

. 381 

.1+06 

.4-06 

.1+31 

.5-31 

.14-31 
.1-1-59 
.14-59 
. 1+83
• 1+83 
.5 0 8  
.583 
. 809 
. 63,9 .660 
.712 
.735 .762 
.807 .838 
. 861+ 
.888 
.915 
.950
• 961+
. 961+

1.0
1.0

co

'71 u j
.15-.11
.11
.11+
.114 
.17 
.20 
.17 .21+ 
.268 
• 21+ 
.268 
.299 .268 
.299 
.299 
.330

t (min.)
29.5
30
31
32
33 
31+
3536
37.5 
39 
1+1 
1+3
5-5
59
55-
60
b/;
66
75.
78
86
90
97
10 5.
115
1 2 0
129
l i |5
151160
170
765

3
h56
78 
910

11
12
13
II4
1516
17
18 
'19

s w/-a Wo© t (1
.330 20
.396 21+
.1427 28
.1458 33
.5-90 37
.521+ k 5.618 70
.681 85
.875 160
.938 255

1.0 550
1.0 525
1.0 2900

.. r/P0 = .21+8 , W =
I  - .00022 2 cm

.0708

-a v//<a 
0
.067 
.083 
.116 
.133 .100 
.116 
.133 
. 166 
.216 
.2l|.9 
.233 
.266 
.282 
.202 
.332 
.332 
.399 .1+16 
.5149 
.549 
.549 
.532 
•565 .582 
.598
.632
.665.698
.698
.815
.831

t (min.) 
1
1.5
2
2.5
3 
14
5-.5
56
7.5
8.5 
9
9.5

10.5
11
13
15-
1516
1718
19.521
22
23 
21+
25
27
29
31
36
38
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A W /  A W *
.610 
. 61+9 
.672 
.688 
.695 
.71+3 
.71+3 
.771+
.781 
.789 
.797 
.805 
.813 
.820 
. 828 
.832 
.860 
.875 
.891 
.898 
.930
.109 
.101 
.109 
.11+1 
,156 
.180 
.203 
.219 
.231+
. 2i| 2
. 2 6 b 
.26 9 
.309 
.326
• 31+1+
.359 
.375 
.390 
.1+06
• i+ii+
.1+37 
.1+53 
•1+76 
.1+92
•5?8 25 .231 1.67
• 521+ 28 .231 2.5
.51+0 30 .282 3.0
.586 37 .256 3.5
.602 1+6 .308 l+.o
.680 69 .38I+ 5.33

(min.) A W / A  Woo t (min.
13 .91+5 909
11+ .953 101+0
1516
1718 HI. Run #15 at 50°C
19 1  = .000667 cm
20
21 1. P/P0 = .051+9, W = .
22
23 A V// A V/flO t (min)
21+ .098 1.0
25 .195 1.5
26 • 21+1+ 2.0
27 .292 2.52 b .317 3 .0
31 « i C~ 3 .5
33 .390 l+.o
37 .1+15 1+.5
1+0 .1+39 5.0
1+8 .1+88 6

.537 70.5 .585 8
1.0 .635 9
1.5 .659 102.0 .708 11
2.5 .708 123.0 .708 133.5 .756 15i+.O .781 16
1+.5 .805 175 .805 186 .630 19
7 . 851+ 206 .678 22
9 .678 21+10 .903 26

11 .976 3012 .952 3513 .976 l+o11+ 1.0 5o15 1.0 6017
19 .1+62 0.3321 .205 1.023 .205 1.33

))

0151+
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AW/ A Woo
.384
.410
.410
.436 
.487
.512
.338
.590
.590
.615
.641
.692 
.716 
.743 
.743 
.769 
. Vo0 
.520 
.795 
.821 
.888 
.975

1.0

A W / A Woo
.172
.241
.293
.328
.345
,362
.413
.448
.465
.483 
.500 
.517 
.535 
.552 
.569 
.587 
.603 
.621 
• 655 .672 
.690 
.706
.724
.741

t (min.)
6.0/ r'0 0
7.0
8 
9

10
11
12
13
14 
16 
18 
20 
22

i
30
35
40 
50

150
240

t (min.)
0.75
1.16
1.50
1.75
2.08
2.50
3.0
3.33
3.67
4.0
4.33
4.67
5.0
5.33
5.67
6.0
6.5
7.0
7.58.0
8.5
9.0
9.5 

10

A-W/ A Woo
.775
.810
.793
.826
.845
.879.896
.914.930
.947
.981

1.0 
1.0

.264

.208

.205

.245

.302 

.321

.340 

.358 

.378

.396

.415
•434 
.453.472
.453
.491
.491
.510
.529
.557
.5 6 o
.585 
.623 
. 641 
.660 
.679 
.698
.717 
• 755 
.78 2 
.fun
.869

1.0 
1.0

2. P/P0 = .761, W = .0218

t (min.) 
11
12
13
14
15 
17
19 
21 
25
30
40
55
70
0.5
1.0
1.5
1.83
2.33
2.67
3.0
3.33
3.67
4.0 
4-33
4.67
5.0
5.33
5.67
6.0
6.5
7.0
7.5
8.0
8.5
9.0 

10 
11 
12
13
14
15 
17
20 
25 
30

120
1230
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3. P/P0 - .0980,
A W / A W gQ 
.207 
.276 
.302 
.329 
.356 
.382 
.5.08
• 434 
.447 
.473
.487 
. 5 1 3  •
• 6 2 6  
. 9I|.0 
. 5 8 0  
*565 .592
.618
.631
.645
.671
.684 .696 
.723 
.736 
.736 
.763 
.776 
.790  
.803 
.828 
. 855 
.868 
. 895  
.907 
.934 
.947 
.960

1.0
.243 
.297 
.311 - 633
.432
.46 0
.487
.500
.513 
.527

w = .0278
t (min.)

1 
1.5T 7  E'-u • r ̂
2.0
2.25
2.5
2.7 5
3.0
3.25
3.50
3.75
4.0
4.25
4.90
4.75
5.0
5.25
5.75
6.0
6.33
6.67
7.0
7.33
8. 0
8.5
9.0
9*5

1 0 . 0
10.5
11
12
13
14 
16 
18 
21 
25 
33

125
1.33
2 . 0
2.5
3.25
4.25
5.0
5.5
6.0
6.5
7.0

w/ w
.541
.554 
.568 
.595 .608 
.622 
.635 
.649 
. 663 
.675 
.690 
.716 
.757 . 829
. 8 7 2
.879 
• 946 
.973

4. p/p0 = .121,
A W / A  Wpo
.234
.277
.298
.319
.341
.362
.383
.394
.415
.426
.447
.458
.479
• 490 
.511 
.532 
.553 .564 
.564 
.585 
.5 96
• 606 
.617 
.6 28  
.638 
.638 
.650 
.671 
.692

t (rain.))
■ 7.5

8.0
8.5
9.0
9.5

1 0 . 0
10.5
11.0
11.5
12.0 
13
15
17
23
26
30
60

125

W = .0353
t (rain.)

1 . 2 2
1.37
1.50
1.65
1.77
1.90
2.07
2 . 1 8  
2.30 
2.45 
2 . 6 0  
2.72
2 .89
3 . 0 8  
3.28 
3.40 
3.53
3.70 
3.85 
4.0). *10
4.27 
4.38
4.50 
4 * 6 0
4.78 
4.90 
5.07 
5.50
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A W/ A W*
.702
.723
.735'
• i k S
• 7k$ 
. 766 
. 8I4.I 
.851
.883
.8 %- . 90)4 
. 92 6
.957 . 96 b

1 . 0

J Jli • (—
.223
. 23k
. 2 k 5
.255
.277
.287
.298
.319
.319
.3^0
.351
.362
.383
• 3 9 k. 2j~02j.
. IfO'j- 
.4-16 
. 4-26 
.436
• k S 7  .lj.68
.479 
.24-89 
.500 
.532 
.532 
.521-3 
.553 
.575 
.585 
.585 
. 606 
.624.9

t (min.)
5.78
6.03
6 . 2 2
6.35
6.55 
6.93
8.5 0 
9.15

11
12
1316
21
32

12 0

0 . i | 0 
0 . 60
0.82
1.03
1 . 1 8
1.38
1.551.68
1.85
1.98
2.13
2.35
2.50
2.67
2.92 
3.10
3.25
3.37
3.55
3.70
3.90 
2}.. 12
24.33
k . 5 k24-. 8 5
5.03 
5.21.8
5.70
5.93
6.25 
6 .2|.8
6.77 
6 . 9 2
8.75

10

A W / A W * ®
.691
.765
.787
.019
.830
.851
.893
.915
.979

t (min.)
12.5
18
20
23
26
29
38
50

115
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Acetonitrile

Runs #10 -  B and #11 - B
T = 30°G JL =: .000535 cm

1. p/p0 = .0864, W = .0137 A W  / A WoO t (min.)
• 64 3

A W  / a W 00 t (min.) .67
.13 5 .69 5
.33 10 . 6 9 6
.J+0 15 .72 7
.53 22 .78 10
.60 30 . 6 3 15
. 60 ixO .89 25
. 7 3 9 O .92 50
.uO 70 • ' I o0
• oO 90 . 97 130

1.07 180
.93 240

1.07 300 3. P/P0 = .267, 1W = .0491
1.0 375

A W  / AW.0 t (min.)
.30 2 1
.46 5 .73 2
.53 8 . 8 9 3
.61 10 .93 5-
.77 .96 5
.93 1^ 1.00 7
.93 16 1.00 10

1.00 20 . 9 6 15
1.00 1560 1.00 60

.37 0.5
1. P/P 0 = . 1 9 0 , W = . 0 3 3 7 1.3

.61 2.5
A W  / A..00 t (min.) .67 3.5

.25 1 .68 k

.53 2 .71+ 5

.75 3.5 .74 6

.81 4 .78 7.86 5 .80 8

.89 6 .81 10.98 7 .87 15.98 8 .89 20.98 9 .9^ 551.00 11 .98 7501.00 75

.441 19 4  P/P0 = .0868, W = .Olijl
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w / A t (min.)
.12 1
.3*3 2
.38 3
.50 1+
.38 5
.58 7
.50 9
.62 11
.69 15
.81 20
.94 25
. 91+ —i i— '3 6

1 .00 60
1 .00 115

.50 1
•  60 c l

. 66 3. 66 1+

.71+ 6

.83 7

.83 8

.71+ 9
1.0 10
.92 11

1.0 13.92 30

P/P0 = .119, V.I = .0209
6 / A 0O t (min.)

. 0 8 2

.2 1
'i

3j ,. J5 J
.37

Ur-'
.1+6 6
.50 7
.55- 8
.63 9
.63 10
.67 11
.71 11+
.79 15
.83 16
.87 18
.87 20
.87 21+.90 1+01.00 70

1.00 150
.26 1

A W  / A W t (min.)
.30 2
.39 3.1+8 1+.52 5
.1+8 6
.52 7
.57 8
.61 10
.65 12
. 65 11+
. 6 9 16
.71+ 19
. 73 25
. 7 3 30
. 73 1+0
*

. /
• •> -■) 
75

.92 680

6 .  P/P0 = .220, W = .01+00
A W / A  W t (min. )

.22 1

.51 p

.69 3

.81+ 1+

.93 5

. 98 6
1.00 8

. 98 10

. 9 8 12
1.00 30
.98 1+5

1.00 105
.1+8 l
.56 2
.61 3.72 1+
.71+ 5.78 6
.78 7.85 8
.87 10
.89 12
.91 15
.93 20.98 311.00 60
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7. P/P0 = .121)-, W = .0227
A. W / A .16 

*2if .28 
.32 
.36 
.1|0 .1+0
• Ml
.1x5
.Mi 
•Mi 
. J+J4. 
•Mi
.M;
.3b 
.i+6 
.52 
.1|8 
.52 
.56 
. 61). 
. 61; 
.61; . 68 
.72 
.76 
.80 
.80 
.88 
. 81). 
.88 
. 88 
.88 
.96 

1.0 
1.0
.16
.16
.20
.28
.28
.32
.36
.36
• 36 
.36 
.i|0 
.1|0

(min.)
.671.0

1.25
1.50
1.752.0
2.25
2.50
2.75
3.0
3.253.50
3.755.0
6 •|—- - ’’ 
4-. 3 0
5.0
5.56.0
7.0
8.0
8.5
9.0 

10 
11 
12 
13 
ll;
1516 
17 
19 
21 
2 b 
30
95::

.33

.75
1.25
1.75 2.00
2.50
2.75
3.0
3.25
3.50
3.75
11.00

AW
.40
•Mi
.1;0
•Miei|8
.i|8  
.1|8 
.i|8  .1; 8 
.52 
.22 
.52
• 52
• 5 6
• 5 b
• oO
. x(j 
.60 
. 60 
.61). 
. 63 
. 61;
• 68
.72
.76
.76
79

AVI / A W »  
.15 .21 
.25 
.32 
.36 
. 1;6 
• 1|9 
.53 . 60 
.63 
.65 
.77 .82 
.81;
.86
.91
.92
.95

(min.))
1|.25
1|.50
3.755.0
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00 

11
11
12
13
Hi.
15
1718
20
22
25
35
63
90

125
255

8. P/P0 =.230, W = .0433
t (rain.)

.03
1.0
1.50
1.83
2.082.50
2.75
3.0
3.25
3.5 
1 |.0
5.5
5.0
5.25 
5.50
5.75
6.0
6.25
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A W  / AW*o
.95
.97
.95
.97

1.00 
1.00
.31
. 1+0
. h h  .1+ 8 
.50 
.52 
.51+
.53 
. 61+
. 6il.
.67
.69
.71
.71
.71
.77
.77
.79
.61
.83
.83
.85
.87
.92
.96

9. P/r0 = .153,
AW / A W*,

.07.11+

.17.21+

.31.31+.31+

.1+1 

.1+5 .1+8 

.52 

.55 

.55 

.59 . 62

t (min.)
6.50
7.0
7.25
7.58.0 

30
.1+51.00

1.331.67
2.0
2.33
2 .67
3 .0
3.67 
. . 0 
If. 33 
1+.67
5 .0
5.56.0
78 
9

10
12
15
18
25
35
5o

= .0261+
t (min.) 

.92
1.33
1.67
2.0
2.33
2.67
3.0
3.33
3.67 
1+.0 
1+.33 
1+.67
5.0
5.33
5.67

A W  / A W  
.62
.66
.69
.72
.76
.76
.79
.79
.83
.83
.83.86
.86
. 90
.90
.93
. 90
.93
.93
.99
.99
.99
.99
.97
.971.00 

1.00
.28
.31+
.36
.38
. 1 + 3  
. 1+1 
.1+5 

.65
• 55 
.55 
.59 
.62
• 66 . 66 
. 66 
.69 
.72 
.76 
.76 
.76 
.76 
.76

t (min.) 
6.0
6.33
6.67
7.0
7.33
7.678.0
8.33
8.67
9.0
9.33
9.67 

10.0
10.33
10.6711.0
11 .33
11.67
12.0
12.5
13.0
13.5li+.o 
11+.515.0
15 *516 
93

.1+51.00
1.50
1.75
2 . 0 0
2.25
2.50
2.75
3.25
3.50 
1+.0 
1+.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

10.0 
11
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AW /a w #
.79.86
.97
.90
.931.00

10. P/P0 = .123,

A Vi / A i i (fy
.17
.17.21
• 2 s

.2 9  

.29 

.29 

.29 

.33 

.33 

.33 

.30 .2+2 

.2+2 

.1+6 
,i].6 
.5 1  
.l|-6 
.51 
.51 
.51 
.51 
.55 
• s 5 
.60 
.60 
. 60 
.60 
. 61+ 
.6k 
. 6k 
.69 
.69 
.69 
.69 
.69 
.o9

t (min.)
12
15
1922
25
32

W = .0218
t ( m i n .)

1.00
1 . 2 5
1.50
1.75 
2 .0
• -
2 . ‘>0
2.75
3.0
3.25
3.50
3.75 
k .o  
k .25  
k.5o 
k.75
5 . 0  
5 • 2 s 
b . 5 o
6.0
6.25
6.50 
6 .
6 .7 5
7 . 0
7 .5
7.75
6.0 
8.2 5
8.5
8.759.0
9.25
9.5
9.7510.0
10.25
10.5
10.75

A  W / A  OeQ
.69
.73.78
.78
.78
.78
,8k
.8k.88
.86 
• 6 o 
.88 
.9 2  
.9 2  
.96

1.00
1.00
.31
.31
• ko 
•ko 
•ko
• ko 
.ko 
.50 
.50 
.50 
*5k 
.5k 
o k  
•5i<

. 62 

.67 

.71 

.67 

.71 

.71 

.75 

.79 .8k .8k .8k .8k .88 

.88 

.92
1.00

t (min.)
11.0
11.75
12.25
13.0
13.5 ik ik.5
15
15.5
16
17
18
19
20 
21

120
.50
.751.00

1.25 1.50
1.75
2.00
2.50
2.75
3.0
3.25
3.50
3.75
k.O
k .5
6.0
5 .5
6.0
6.5
7.0 
8
910

11
12
13ik
15
18
20
30ko
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