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ABSTRACT:

A new muitiple-celi apparatus for vapor-liquid cquilibria measurcments in

concenirated polymer solulions is described. Experimental data on vapor-pressure lowering for
four polymer -polymer soivent systermns and one block copolymer—solvent system are reported. The
Flory-Huggins y interaction parameters for the corresponding polymer pairs are evaluated. For
lernary systems, the resulis are expressed in lerms of a parameter y, ,; which reduces to the classical
Flory -Huggins y interaction parameter for the case of binary mixtures. Experimental data
measured in this work are compared with existing lilerature data.

KEY WORDS

Due to their technoiogical importance,
polymer blends have attracted considerable
attention during the past decade. ‘As it has
been pointed out several times in the past,™?
a complete miscibility in the segmental scale is
not a sine gua non condition for a blend to
have desirable physical propertics. For ther-
modynamic reasons, most polymer pairs are
immiscible and their “*degree of compatibility™
is of underlying importance to the microphase
structure and, consequently, to the mechanical
propertics of the blend. The Flory-Huggins »
interaction parameter® for the polymer pair
plays a dominant role in explaining critical
phase behavior of a compatible pair* and in
estimating interfacial temsion and interfacial
thickness for semicompatible or incompatible
pairs.>®

Direct measurement of this parameter is not
always possible and in this respect, the indircct
“probing” vapor-pressure lowering technique®
is of great use. Although this technique cannot
be directly used for an incompatible pair, it

Polymer Mixture / Block Copolymers [ Sorption [sotherms /

may be of help if the polvmers are replaced by
their miscible oligomeric analogs. The infor-
mation obtained in this latler case, assisied
with suitable theoretical models of polymer
solutions, may lead to an assessment of the
interaction parameters for the actual poly-
Imeric case.

In this work we present experimental infor-
mation regarding this interaction parameter
for three compatible or semicompatible pairs
and one block copolymer sysiem. In a tollow-
ing publication these data will be treated with
the non-random new-Flory theory of polymer
solutions ®

Since there is no unanimity for the termi-
nology of polymer mixtures, the terms com-
patibility and polymer—polymer miscibility are
used here in the spirit of ref 1 and 2.

APPARATUS AND EXPERIMENTAL
PROCEDURE

Bonner,” in a comprehensive review article

* Present address: Department of Chemical Engineering. Untiversity of Salonica, Greece,
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Figure 1.

Skeich ol the experimental apparatus. AB, aluminum baskets; AV, air valve; C1, C2,
horizontal chambers; CT, cold trap: GR, glass rod; GT,

glass tube; M, mercury manometer; ML, small nuil

manometer; MG, McLeod gauge; PG, Pirani gauge: QS, quartz spring; RC, reference cross; SI Lo S13,
stopeocks; 8F, solvent flask, TB1, TB2 thermosialic baths; VC, vacuum couplings; VP, vacuum pump.

has discussed the common experimental tech-
nigues for measuring vapor-liquid equilibria in
concentrated polymer solutions. Dynamic tech-
niques {gas-liquid chromatography) are use-
ful for a fast determination of y imteraction
parameters. However, for not well understood
reasons, static and dynamic techniques may
show a discrepancy as high as 20%.° In this
work we have used a static method and to
compensale {or the disadvantage of the long
time required to reach equilibrium, we have
consiructed a multiple-ccll apparatus which
gives as many as twelve equilibrium points at a
time.

Figure 1 gives an overall view of the equip-
ment. Basically, it consists of two glass multi-
cell units #1 and #2, the central mercury
manometer M and the vacuum line extended
from stopcock S| through the vacuum pump,
VP, to stopcock S11. Each unit consists of a
horizontal chamber (C1 and C2} 35mm 0.D,
23.5cm long, bearing six outlels (ground joints
24/29) to which there fit six vertical glass tubes
{cells) GT, whose length varies from 20 to
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48 cm. The horizontal chamber is also con-
nected to a small mercury manometer M1, the
solvent flask SF and the vacuum line. For
reasons of clarity, only two vertical glass tubes
are shown in each unit. From each glass rod
GR, fused in the upper part of the horizontal
chamber, a quartz spring QS, is hung, bearing
in its lower end an aluminum basket AB, with
the polymeric sample. The glass tubes GT, the
solvent flusk SF, and the small mercury ma-
nometer M1, are removable parts. Each of
the units is immersed in a thermostatic bath
TB1 and TB2, The bath temperature is moni-
tored by means of a Hewlett Packard quartz
thermometer, model 2801 A, calibrated against
a standard platinum thermometer by the
NRC of Canada. During experiments, the
temperaturc in the thermostatic baths was
maintained constant to within +0.02 de-
grees. Up to 55°C the liquid of the baths was
water, above this temperature, ethylene glycol
was used.

The ability of the multi-cell units 1o main-
tain vacuwm for several wecks was tested
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before any runs wcre conducted. Both units
were able to maintain better than 10 > mmHg
vacuum for four weeks. Although the ground
joints were carelully and separately ground, a
minute amount of high vacuum grease (Dow
Corning) was used in the uppermost part of
the ground joint.

Before each run the solvents were thor-
oughly degassed by the combination of distil-
lation under vacuum and the freezing-thawing
process.'® A Mettler H51 electric balance was
used to determine the polymer ratio (w;,) and
the total mass m, of the polymer sample load-
ed in each of the aluminum baskets for a given
run. After the quartz springs, the aluminum
baskets and the glass cells were placed in
their positions, the system was cvacunated.
On each glass tube GT there was fused in a
reference line, whose one sharp end was the
reference point for all subsequent measure-
ments of the spring displacements inside the
tube. For this purpose, a cathetometer
(Gaertner Scientific, Model 101 AT) was used.
This model allows measurements of vertical
height differences to 0.001 mm within a
100 mm working range. A certain amount of
solvent vapor was charged to the multicell
units in each run. _

After the cquilibrium was reached, the new
heights of the reference crosses relative to their
corresponding reference points in the glass
tubes were measured and the vapor pressure
was measured on the manometer M1. In case
ofl different crown heights, the correction sug-
gested by Thomson'' was applied by linear
interpolation and extrapolation in his tabu-
lated values. In case the pressure was exceed-
ing eg. 300 mmHg, the central manometer M
was used. Corrections for the variation of
mercury density with temperature!” and for
the weight of the gas phase above the mercury
column have been applied. Overall error in
pressure measurements is estimated to be less
than 0.04 mmHg.

Both adsorption and desorption experi-
ments were conducted in order to guarantee
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equilibrium and check for casual leaks. With
the above informaltion, the mass of the solvent
was simultaneously obtained at given solvent
pressures P for different polymeric samples
characterized by w,,.

The quartz springs (Worden Quartz
Products Inc., Houston, Texas) were cali-
brated under vacuum at all temperatures of
interest against inert samples weighed with the
Mettler electric balance 1o +0.01 mg. In the
range of interest (from ca. 50 mg to ca. 300mg
total load) the extension was found to be linear
with the load, the linear compliance ranging
from about 0.14 mmmg ' to about 1.1
mmmg ', The initial polymeric sample at the
more sensitive springs was about 30 to 40 mg,
while for the less sensitive it was about 100 to
140 mg; thus, somewhat, compensating for the
lower sensitivity of the latter.

In order to account for errors due to buoy-
ancy forces, in one of the aluminum baskets
inert materials (small pieces of glass) were
placed and the reference cross was followed
with added solvent vapor. In most cases this
correction was within experimental error. No
vapor condensalion was detected in any inert
part of the unil,

Further detaiis of the apparatus and ex-
perimental procedure have been given else-
where.!?

MATERIALS

The systems studied are the following:

1. Poly(vinyl chloride}—poly(s-caprolac-
tone)-carbon tetrachloride

2a. Polystyrenc—poly(vinyl methyl ether)-
benzene

2b. Polystyrene—poly(vinyl methyl ether)-
chloroform

3. Poly(isobutylene)-#-hepladecane—n-
pentane

4a. a, wo-methoxypoly(ethylene oxide)-
benzene

4b. i, w-alcoxypoly(ethylene oxide)-benzene

4c. Poly(ethylene oxide) benzene
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4d. n-tetracosane—benzene

All solvents were of the spectrograde type
and used withoul further purificalion. Benzene
was from American Chemicals Ltd. The
manufacturer reports maximum impurities:
(105% water and sulfur compounds (as S)
0.005%,. Chloroform was from American
Chemicals Ltd. Reported maximum impu-
rities: acetone and aldehyde 0.005%, lead 0.05
ppm. #-Pentane was from Aldrich Chemical
Co. Reported maximum impurities; water
0.02%. Carbon tetrachloride was from
American Chemicals Ltd. Reported maximum
impurities: sul{fur compounds (as S) 0.005%.

The poly(vinyl chloride) and poly{e-
caprolactone) samples were two secondary
standards and had been obtained from
Scientific Polymer Products Inc. The poly-
(vinyl chloride) sample had a weight aver-
age molecular weight M_,=77300 and a
number average molecular weight M, =
39,600. The poly(e-caprolactone) sample had a
weight average molecular weight 33,000 and a
number average molecular weight M, =
10,700. Tt was crystalline under normal con-
ditions with a reported melting point 7, =
60°C.

Polystyrene sample was obtained from
Pressure Chemical Co. with a molecular
weight of 800 and a dispersion ratio M, /M, =
1.30. Poly(vinyl methyl ether) sample (Gantrez
093) was obtained from GAF Corporalion
and had a viscosity average molecular weight
14,000 in benzene.** Two polyisobutylene sam-
ples were used, both from Polysciences Inc.
The first had an average molecular weight
1350 and the second 2700. The poly(ethylene
oxide) with A =100,000 was also from
Polysciences.

The o, -methoxypoly(ethylene oxide)
E600M {600 molecular weight) and the two
copolymers (a«, w-hydroxypoly(ethylene
oxide)) 18-45-18 and 21-45-21—the numbers
indicating corresponding monomer units, were
kindly provided by Professor C. Booth of the
University of Manchester, U. K. The disper-
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Table 1. Thermodynamic data for pure solvents
Saturated Second
Temperature  vapor virial

Solvent pressure  coefficient

ac -

mmHg  em®mol ™!
Benzene 25 94.99 — 1570
Benzene 55 326.90 — 1100
Benzene 70 550.82 —9350

Carbon

Tetrachloride 65 52490 —1150
Chloroform 25 196.68 — 1150
n-Pentane 25 512.54 —1260

sion ratios for the copolymer samples M /M,
were reported to be 1.06 for the 18-45-18
sample and 1.03 for the 21-45-21 sample. The
n-tetracosane sample with a purity of about
97%, was from Aldrich Chemical Co.

The poly(vinyl chloride)-poly(z-caprolac-
tone} mixture samples were prepared by dis-
solving the polymers in excess of tetrahydro-
furan (2—3% sclution) and very slowly re-
moving the solvent under vacuum initially at
40°C and subsequently at 70°C. The samples
were left under vacuum at that temperature for
a few days until constant weight.

The polystyrene—poly(vinyl methyl ether)
mixture samples were obtained by dissolving
the polymers in excess of toluene (also 2—3%,
solution) whose removal was done initially at
room temperature and subsequently at 50°C.
All other mixtures were prepared by simple
stirring.

Duta for pure solvents oblained from the
literature'*15 are reported in Table I.

DEVINITION OF THE %23
PARAMETER

It is common practice in the literature to
present data on vapor sorption by pure poly-
mers in the form of the Flory—Huggins y,,
interaction parameters® versus polymer vol-
ume fractien. In this study, the absorbant is a
mixture of polymers, in the general case, and it

Polymer J.. Vol 16, No. 2, 1984



Thermodynamics of Polymer—Solvent Systems 1.

has been deemed necessary to use an analo-
gous term ¥, ,,. This term considerably sim-
plifies the presentation of data for ternary
systems and provides with a general formal-
ism for the treatment of polymer solutions.

The segment fraction of component £, with r;
segments per molecule and a characteristic
specific volume t* is defined as

sp, 2
e
MUsn, ¢ X'

R U 1)
¢ Zm,‘ﬁs";r,j Z—"j"; (
pl d

For a binary mixture, the Flory-Huggins
¥1, interaction parameter is defined in terms of
the solvent activity a;, or the vapor pressure, p,
by the relation

P BP-—PY
lna1:lnp—0+—RT:-

=In¢, +<1_‘:'L‘) ¢r+7120° (2
2

where subindex 1 denotes the solvent and
subindex 2 the solute {(polymer). For the sol-
vent, usually r, is assumed to be unity. For a
ternary system the solvent activity is given by!®

Ina,=ln o, + (1 —"—‘) ¢, +(1 f-‘) s
Fa F3

{1202+ 130 — @1}~ 1239204
3
where

. F
¥54=723(Flory—Huggins} 4

Fa

However, in the general case, y,, and y,
vary with composition and without a knowl-
edge of this composition dependence eq 3
cannot be used for the evaluation of yj,
parameter. It is important to observe that eq 3
may be used in the limiling case ¢, —0.

If x,, indicates mole fraction of component
2 in the polymer mixture (zero solvent con-
centration) and similarly, x; , for component 3,
we may define #,; and ¢,; as:

Faz =Xpphs +X3,03 (5)
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and

=P+ =19, (6)
In addition, ¥, ,, is defined as
K123 =(X1202+ Y13P)1 =) —1530:03)/ @ %3
(7

With these definitions, the solvent activily in
the ternary may be written as

Ina, =In¢, + (1 ‘”:_;) G235t %1,23023  (B)
2

in direct analegy with eq 2. Equation 8§ re-

duces to cq 2 for the binary case. The use of

eq 8 has the advantage of allowing to report

data on ternary systems regardless of the de-

pendence of x,, and x5 on composition.

EXPERIMENTAL DATA

1. System: Chloroform (1 )—Polystyrene (2)—

Poly(vinyl methy! ether) (3) at 25°C

The system polystyrene- poly(vinyl methyl
ether) for the high melecular weight case is a
rather controversial one.>* In order to avoid
enhancement of immiscibility by the solvent
due to “Ay effect™,* the mixture samples have
been cast from toluene* solutions. The seg-
ment fractions have been defined based on the
characteristic specific volumes of the pure

components (for chloroform® % ,=0.5124
em’g™!, for polystyrene'” ¢} ,=0.810
cm’g™! and for poly(vinyl methyl ether)*

v¥ 2=0828 cm®g™).

Experimental data are reported in Table II.
As it is shown by the values of the ¥, (2,
when w,,=1.0) and y,, parameters, the na-
ture of the intermolecular interactions between
solvent and the two polymers is considerably
different. In Figure 2, the ratios m,,.../
polymer VEFsus P{P® arc presented for samples
characterized by different w,, values.

The data on y, ,, may now be used for an
approximate estimation of the y;; interaction
parameter for the limiting case of zero solvent

m
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Table II. Vapor-pressure lowering data for the
systenn: chloroform ()-polystyrene (2)-
paly(vinyl methyl ether} (3}

at 25°C
wy, o= 1.0

msu|v.-"mpu| PP oy (=) ¥ias (=202
0.1541 0.2421 0.9112 (.223
0.1874 0.2815 0.8940 .220
0.2169 0.3146 08794 0.220
02616 0.3605 (L8580 0.221
1.3056 (.3992 0.8380 0204
(.3639 0.4481 0.8129 0.218
0.3988 0.4723 0.7986 0.213
(14489 0.5074 (L7788 0.216
0.4958 0.5357 0.7613 0215
0.5550 0.5662 07401 0.208
0.6066 0.5938 7227 0.214
0.68454 0.6280 0.6976 0.213

¥ =0.230
wy,=0.8012

EE RN PiF° s 2 123
0.2096 0.2421 (.8834  0.7046 —0.098
(1L.2518 (0.2815 0.8631 0.6884 — 0,091
0.286% 03146 08470  0.6735 —0.075
0.3417 0.3605 08229  0.6564 —0.061
(1.3953 0.3992 0.8007 0.638%6 -0,059
0.4631 (.4481 07742 0.6173 —-0.038
(.5040 04725 0.759] 0.6054 —0.037
0.5642 {.5074 0.7378 00,5885 —{.028
0.6145 0.5357 07210 0.5751 —0.016
0.6792 .5662  0.7004  0.5587 - 0.010
0.7408 0.5938  0.6819  0.5439 —0.002
0.58261 (L6280 0.6578 0.5247 — (009

X;‘,'H = —0. 150

concentration. For this purpose, at the end of
cach subsection of the tables, the limiting value
of y{%;; is shown. These values were obtained
by graphical extrapolation of the data on
lower solvent concentration. It should be
stressed that there is an uncertainty in this
extrapolation, especially when the data do not
show any clear trend. This is why values thus
obtained should be considered to be only an
approximate estimation of y 3.

In terms of these limiting quantities, y;; 18
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Table 11. {continued)

Wy, =0.6023
LN FiP @23 ) 1,23
0.1914 01878 0.892%  (.5330 —0.338
0.2571 (1.2421 0.8612 0.5140 —{.331
0.3059 0.2815 0.8391  0.5009 -0.316
0.3498 0.3146  0.8202  0.4896 —0.304
0.4123 0.3605  0.7946  0.4743 —0.281
0.4717 0.3992 0.7718 0.4607 —(.269
0.54%1 0.4481 0.7443 0.4443 —0.241
0.5971 04725 0.7276  0.4343 —0.24]
0.6621 0.5074 0.7067 0.4218 —0.223
0.7206 0.5357  0.6%88  0.4112 -0.210
0.7914 0.5662  0.6684  (.3990 —0.190
0.8544 3.5938 0.6512 0.3887 —0.180
0.9468 0.6280  0.6275  0.3746 -0.163
iiaa=—0427
Wy, =0.3337
RN FiF 22 2 A 23
.2494 0.1878  0.8655  0.2845 0.657
0.3283 0.2421 0.8302  0.2729 —0.635
0.3876 0.2815 0.8055  0.2648 -{.616
0.4369 0.3146 07860 0.2584 —0.391
0.5132 0.3605 0.7577 .2491 —.568
0.5829 03992  0.7336  0.2411 —0.551
0.6727 0.4481 07046 0.2316 —0.517
0.7277 0.4725  0.68%80  0.2262 --0.513
0.8007 (.3074 0.6671 0.2193 —0.487
0.8638 0.5357  0.6496  0.2135 —0.467
0.9425 (0.5662  0.6300 12071 —0.447
1.0172 0.5938 0.6121 2012 —10.428
1.1141 0.6280 0.5902 0.1940 -0.397
Y7y = —0.803
given by
R S S iy S TOTU :
X2z3=— Y ¢r-0 9
53

Ineq 9, ¢35 and ¢ are the segment fractions
of compenents 2 and 3 respectively in the
polymeric mixture.

From the limiting values of y, ,, at zero
solvent concentration and eq 9, the y;; pa-
rameter is approximately estimated as

Polymer J., Vol. 16, No. 2, 1984
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Table IL (continued)

Wy, =0.0
O pire $23 (=¢3) 112 (=i1a)
0.3281 0.1878 0.8313 —1.027
04218 (.2421 0.7931 —0.990
0.4949 0.2815 0.7656 -0.972
0.5526 0.3146 0.7453 - 0.940
0.6445 0.3605 0.7150 —0.516
0.7258 0.3992 0.6902 —(.854
0.8292 0.4481 0.6610 —0.851
0.8529 0.4725 0.6442 —0.845
0.9762 0.5074 0.6235 —0.812
1.0480 0.5357 0.6067 —0.785
1.1372 0.5662 0.5871 —0.763
1.2146 0.5938 0.5710 —0.730
1.3274 (.6280 0.5491 —0.698
yPa=—1.238
wzp a]
F2r e oo i
A 0-3854 a
L o 10 4
]
oB8F A 4
o
ms A
Mp O 4
04L oa 1
o, @
ful o
L o A 8 ° -
24 e ®
o 2 s ©
O 1 -l 1 L
o2 06 -0
L4
PD
Figore 2. Sorplionisotherm for the system chloroform

(I)—polystyrene (2)}-poly(vinyl methyl ether) (3) at 25°C.

Wap X3
(.3337 0.21
0.6023 0.27
0.08012

0.51
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2. Svstem: Benzene (1)-Polystyrene (2)-

Poly(vinyl methyl ether) (3) at 25°C

This system was studied in order to see the
influence of the solvent probe in the y;, in-
teraction parameter. The characteristic specific
volume of benzene is'® v¥ ; =0.886 cm®g™ .
Experimental data are reported in Table I11. In
this case, the difference y,, —y, is small com-
pared to the previous case. From the limiting
values of y, ,; at zero solvenl concentration,
the following values are obtained for yj,.

Wiy X23
0.3337 —0.04
0.8012 032

In agreement with the Ay effect, thoroughly
discussed by Patterson and his collaborators
(see for example ref 4a), results obtained using
chloroform as a solvent suggest the
polystyrene-poly(vinyl methyl ether) pair to be
less compatible than results obtained when
benzene is used as a solvent. On the other
hand, in both cases the compatibility is shown
enhanced with increasing polv{vinyl methyl
ether) concentration. This result is in disagree-
ment with the findings of Kwei et al.!? for the
high molecular weight case. These authors
have found considerably more negative values
for y3;;. although ne¢ specific interactions are
involved in this pair. However, their samples
had shown several symptoms of incompati-
bility. Pulsed NMR studies have shown that
compatible polystyrene—poly(vinyl methyl
ether) films can be described as micro-
heterogeneous in which the polymeric chains,
although being extensively mixed, arc not
completely mixed on the segmental scale. A
75%, poly(vinyl methyl ether) film became
opaque upon standin_g at room temperature
for several weeks.

The discrepancies between the two works
may be partly due to the differences in the
molecular weights of the polymeric materials.
If equilibrium and noneguilibrium stales of
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Table IIl. Vapor-pressure lowering data for the
system: benzene (1)}-polystyrene (2)—
poly(vinyl methyl ether) (3}

at 25°C
wy,= 1.0
L RN - Pip® D3 (=h1} 23 (=x2)
0.1068 0.3185 0.8954 0.398
0.1410 0.3815 0.8664 0.374
0.1868 0.4552 0.8304 0.362
0.2682 0.5543 0,7732 0.346
0.3320 0.6177 0.7336 0.351
0.4014 0.6650 0.6949 0.334
0.4698 0.7053 0.6606 0.329
0.5895 {.7584 0.6080 0.321
0.7297 0.8025 0.5561 0314
0.8457 0.8303 0.5195 0.312
,9936 0.8580 0.4792 0.315
1.1599 0.8775 (.4408 0.298
7123 =0413
w,,=0.8012
msolw'.lmpul Pip® a3 o) £1.23
0.1190 0.3274  0.8853  0.7061 0.313
0.1441 0,3738  0.8pd44 ~ 0.6894 0.306
0.1827 0.4383 (.8341 0.6653 0.308
0.2177 0.4891 0.8084  0.644% 0.310
0.2575 0.5401 07810 0.6230 0.316
0.294] 05785 07574 0.6041 0.315
0.3731 .6454  0.7111 0.5672 0.310
0.4791 0.7146  0.6572  0.5241 0.316
0.5188 0.7302  0.63%0  0.5097 (.301
0.6243 0.7761 0.5953 (.4748 0.308
0.9021 0.8481 (L5045 0.4024 0.305
¥15:=0.311

this pair have close free energy values, chain
entanglements in the high molecular weight
case may lead to controversial conclusions,?®
Demixing may be favored thermodynamically,
but kinetically it may be a very slow process.

3, System: Carbon tetrachloride (I)-Poly-
(vinvl chloride} (2)—Poly(e-caprolactone)
(3} at 65°C
The temperature chosen for this study is a

few degrees above the melting point of poly(e-
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Table IIL (continued)

Wy, =0.3337

1 Pl PPt Pas @2 ¥1.23
0.1167 0.3185  0.8883  0.2920 0.253
0.1495 0.3815  0.8613  0.2831 (.255
0.1958 0.4552  0.8258  0.2715 0.251
0.2735 0.5543 07724 0.2539 0.254
0.3392 0.6177  0.7323  0.2407 (1.253
0.4007 0.6650  0.6985  0.2296 0.251
0.4640 0.7053  0.6667  0.2192 .251
0.5648 0.7584  0.6217  0.2044 0.254
0.6954 0.8025  0.5717  0.1879 0.245
0.7859 0.8303 0.53415  0.1780 (1255
0.9064 0.8580  0.5059  0.1663 0.261
1.0342 0.8775  0.4726  0.1555 0.252
1.2686 0.9058 (4225 0.1389 0.251

15, =0.252
wy,=0.0

Myivi Migal PP G (=da} 03 (=713)
0.1026 0.2791 0.9011 0.182
0.1231 (.3185 (.8837 0.172
0.1555 (.3815 0.8574 0.186
0.2007 0.4552 0.8233 0.195
(.2816 0.5543 (.7686 0.191
(.3433 0.6177 0.7313 0.203
0.4040 0.6650 0.6983 0.203
0.4692 0.7053 0.6659 0.198
0.6921 (.8025 0.5747 0.197
0.7805 0.8303 0.5450 0.206
1.0019 0.8775 0.4827 0.213
1.1073 0.8913 0.4578 0.205
1.2056 0.9058 0.4368 0.219

X123 =0158

caprolactone), Before any injection of the sol-
vent into the cell-units, the temperature of the
thermostatic bath was kept at 100°C well
above the glass transition temperature of
poly(vinyl chloride) (near 87°C), for a few
hours, in order to guarantee complete mis-
cibility of the polymers. The characteristic
specific volumes of pure components are?!: for
carbon tetrachloride v¥ | =0.487 cm*g ™', for
poly(vinyl chloride) v¥ ,=0.624 cm>g~' and
for poly(e-caprolactone) v} ;=0.769 cm®g ™!

Polymer I., Vol. 16, No. 2, 1984
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Table 1V. Vapor-pressure lowering daga for the
system: earbon tetrachloride ( 1)-poly(vinyl
chloride) (2)—polv{z-caprolactone)

(3) al 65°C
wy,=1.0
P16l PP @ (=2l Hi2: (=102
0.0557 0.3612 0.9583 1.331
0.0883 0.4991 0.9354 1.288
0.1287 0.6376 0.9087 1.270
0.1659 0.7328 0.8854 1.250
0.209% 0.8218 0.8392 1.237
0.2434 0.8758 0.8404 1,229
0.2702 0.9081 0.8258 1.218
0.2999 0.9395 0.8103 1.209
A2 =1.328
wy,=0.7653
ﬂlsol\“';”]pul Fi P thas s f123
0.0378 0.1991 0.9728 0.7060 1.103
0.0844 0.3612 0.9412 0.6831 1.013
0.1331 0.4991 0.9103 0.6606 0.995
0.1586 0.6377 0.8719 0.6327 0.983
0.2632 0.7328 0.8370 0.6074 0.967
0.3503 0.8218 0.7941 0.5763 0.950
0.4193 0.8758 0.7632 0.5538 0.947
0.4795 (15081 (1L.7381 0.5356 0,935
0.5504 0.9395 0.7106 0.5157 0.927
ys=1.025
w,,=0.4734
’nsolvn'll'i”no] P."I’DO 0523 Q&l X123
0.0619 0.1991 0.9587 0.4091] 0,701
0.1283 0.3612 09180 0.3017 0.699
0.1994 0.4991 0.8781 0.3747 0.715
0.3004 0.6377 0.8271 0.3529 .722
(.3989 0,7328 0.7827 0.3340 0.727
0.5310 0.8218 0.7301 0.3116 0.738
0.6509 0.8758 0.6882 0.2937 0.744
(.7445 0.9081 0.6587 0.2811 0.753
0.4760 0.9395 0.6212 (.2651

0.759

i3 =0.689

Experimental data arc reported in Table TV,
Data for poly(vinyl chloride} for solvent con-
centration below about 3% were deliberately

Polymer J., Vol. 16, No. 2, 1984

Table TV, (continued)

w3p=0.2|71
Pl Moy PipP 3 F1z3
(1L.0788 0.1953 0.9505 0.1745 0.502
(. 1646 0.3612 09020  0.1637 0.326
0.2598 0.4991 0.8536 01368 0.541
0.3962 0.6377 0.7927 0.1456 0.553
(.5298 N.7328 0.7408 0.1361 0.569
0.7203 (L.B218 0.6777 .1245 0.585
0.89%5 08758 0.6276  0.1133 0.600
£.0247 0.9081 0.5964  0.10%96 0.609
1.2340 (0.9395 0.5510  0.1012 0.624
2y =0.493
wy,=0.0
Py gl PiFF 23 0=83) o (=)
(.0936 0.1991 0.9429 0.380
(1.1968 0.3612 0.8892 0.403
03120 0.4991 0.8350 0.421
0.4753 0.6377 0.7686 0.444
(.6456 0.7328 0.7098 0.458
0.8896 0.8218 0.6397 0.478
1.1175 0.8758 0.5836 0,500
1.3184 0.9081 00,5430 0.517
1.6075 0.9395 00,4955 0.540
X2 =0.363

discarded because it was suspected that this
solvent quantity -might not be enough to
properly ‘‘plasticize” the polvmeric sample.
Figure 3 presents the ratio m Molymer
versus P{P". The following values are obtained
for z;5 from the limiting values of z, ,, at zero
solvent concentration.

solvent!

Wap ¥a3
0.2171 0.32
0.4784 0.35
0.7633 0.20

Olabisi*! has studied this system by gas-liquid
chromatography at 120°C. For carbon
tetrachloride poly(vinyl chloride) he found
712=1.350 and for carbon tetrachloride-
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Figure 3. Sorption isotherm for the system carbon
tetrachloride  (1}-poly(vinyl chloride) (2}-polyie-
caprolactone) (3) at 65°C.

poly(e-caprolactone) he found y,;=0.293
Considering the difference in temperature,
these values are in rather good agreement with
the values obtained in this work (1.328 and
0.363 respectively). However, Olabisi’s values
of y;; are in surprisingly large disagreement
with the values obtained in this work. For a
mixture 507, poly(vinyl chloride) Olabisi
found ¥;,=1.07 and for 30%, poly(vinyl chlo-
ride), y3;=1.31. The trend of yj; with poly-
(vinyl chloride) concentration is the same in
both studies. The discrepancy in y;, may be
due to the difference in temperature and to the
limitations of the technigues used. However,
with most of the other solvents used as probes
by Olabisi,?! estimated values of y;, were
lower than those obtained in this study. With
acetonitrile for example, a value of ¥, as low
as —0.46 was found by Olabisi.*' The some-
what higher value of y,, estimated in this
work may also be a cause of the discrepancies.

98

4, System: n-Pentane (1)-Polyisobutylene
{2)-n-Heptadecarne (3) at 25°C
Two polyvisobutylene samples were used for
assessing the effect of chain length on the
solvent—polymer interaction parameter. The
pure component characteristic specific vol-

umes are’??* for n-pentane v} | =1.1828
em®g™!, for polyisobutylene v ,=0.9493
em®g~! and for p-heptadecane vk ;=1.063

cm’® g™, Experimental data are reported in
Table V. Figure 4 shows the m_,, ../m
ratio versus P/P°.

From the limiting values of y, ,, parameters
the value of y’,; is estimated to be —0.001.
Incidentally, the system polyethylene -poly-
isobutylene was predicted** by the solubili-

polymer

Table ¥. Vapor-pressure lowering data for the
system: n-pentane (1) polyisobutylene
{2}-n-heptadecane (3) at 25°C

Wap= 1.0 (MW g =2700)

oo pip b2 (=92 1z (=712
0.0357 0.1913 0.9574 0.659
0.1075 0.4477 0.8819 0.642
.0R24 0.3723 0.9069 0.645
0.1327 0.5058 0.8582 0.623
0.1569 0.5582 0.8365 0.621
0.1965 0.6297 0.8033 0.620
0.2457 0.6932 0.7636 0.605
0.2885 0.7395 0.7356 0.603
0.3373 0.7792 0.7041 0.396
0.3713 0.85024 0.6837 0.392

Wy, =1.0 (MW, 5 =1350)

msu]w‘:mpul PP G2z (=) - *1,23 (=212
0.0763 0.3235 0.9132 0.583
1.0920 0.3723 0.8971 (.585
0.1211 0.4477 (.8689 0.578
0.1484 0.5058 0.8440 0.569
01754 0.5582 0.8206 0.571
0.2236 0.6297 0.7821 0.562
0.2758 0.6932 0.7443 0.565
0.3279 0.7395 0.7100 0.560
0.35872 0.7792 0.6746 0.552
0.4284 0.8024 0.6320 0,550

¥ia3=0.593

Polymer J.,/Vol. 16, No. 2, 1984
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Table V. (continued)

w,,=0.3854 (MW 5 = 1350)

'msu]r-"lmpul ‘D-"IPD ‘1623 ¢‘2 x1,13
0.0569 0.1763 0.9381 0.3367 0.409
0.1226 1.3235  0.8755 0.3143 0.406
0.1510 0.3723  0.8509  0.3054 0.398
(.2028 04477 08095  0.2906 0.392
(12513 05058  0.7742  0.2779 0.390
0.3016 0.53582  0.7407  0.2655 0.397
0.4016 0.6297  0.6821  0.2449 0.379
(.3196 06932 06238 02239 0.376
0.6385 0.7395  0.5743  0.2061 0.375
(L7900 0.7792 0.5217 01873 0.361
0.8947 0.8024 04906 0.1761 0.363

Ar23=0.415
wy,=0.0

ooy M PipP D (=¢3) iz (=ia)
0.0729 0.1763 (.9249 0.311
0.1037 0.2328 0.8965 0.299
0.1586 0.3235 0.8500 (.313
0.1962 0.3723 0.8208 0.306
0.2630 0.4477 0.7736 0.310
0.3292 {.5058 0.7319 0.307
0.4019 0.5582 0.6910 0.307
0.5406 0.6297 0.6244 0.291
0.7098 0.6932 0,5587 0.249
0.8827 0.7395 0.5045 0.288
1.0%89 0.7792 0.449% 0.277
1.2532 (.8024 0.4176 0.282

#1723 =0.313

ty parameter method to form a compatible
blend.

5. A Block Copolvmer—Solvent System
A different way for determining polymer

polymer interactions is by studying block
copolymer—solvent systems. For such an infor-
mation to be extracted, one has also to study
the constituent homopolymer -solvent systems.
For this purpose, a triblock copolymer has
been chosen. Its end blocks, in one case, were
(CH,),,CH; and, in the other, (CH,),,CH;;
while the central block was (CH, CH,~0),.

Polymer J., Vol. 16, No. 2, 1984
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Figure 4. Sorption isotherm [or the system n-pentane
(1) -polyisobutylene (2)-n-heptadecane (3) at 25°C.

The copolymer—benzene systems have been
studied at 55°C. The reported melting points”®
are:- for the copolymer 18-45-18, T, =50"C
and for the copolymer 21-45-21, T, =54°C.

As model homopolymer for the end blocks,
n-tetracosane has been chosen. For the central
block. the a,m-methoxypoly(ethylene oxide)
with an average molecular weight 600 has been
used at 55°C and a high molecular weight
{100,000) poly(ethylene oxide) at 70°C. Pure
component characteristic specific volumes are:
for benzene® ©% =0.8948 cmg~!, for
poly(ethylene oxide)*® v¥ ,=0.7532 ecm’*g™"
and for m-tetracosane (by linear interpolation
on the values reported in ref 23) v} ,=1.054
cmlg ™l

Experimental data are reported in Table VI.
For the sake of comparison with data in the
literature, in Table VII we present the data for
the system benzene-poly(ethylene oxide) at
70°C as solvent activities versus weight fraction
of benzene. As it is indicated in Figure 5, the
three sets of data are in good agreement.
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Table VI. Vapor-pressure lowering data for the
system: benzene (1)—polv(ethylene oxide)

{2)-n-tetracosane (3) at 535°C

Tahle V1a. Vapor-pressure lowering data for the
system: benzene (1}-poly(ethylene oxide)
{2) aL 70°C

W2, = 1.0 (PEOM 600)

W2, =1.0 (PEQ M,, - 100,000)

}nslll\'-':'i:np"] FiP° Day (=bz)  qis (=ia) o1y o Pip° s (=2} w2 (=302
0.0916 0.2269 0.9019 0.110 0.0641 0.2165 0.9292 0.242
0.1523 (.3340 0.8468 0.105 (.1403 (.3945 83571 0.237
0.2790 0.4941 0.7511 0.105 0.2330 0.5438 0.7832 . 0.242
0.4184 0.6098 0.6680 0.113 0.3243 0.6430 0.7219 0.24]1
0.3974 0.7066 0.5849 0.125 0.3889 0.6962 0.6840 0.244
0.8184 0.7818 0.5070 0.142 {1.5433 0.7830 0.6078 0.242
10892 0.8369 .4359 0.152 0.6340 0.8208 0.5704 0.252

— 0.8092 0.8687 0.5099 0.254
Wy, =:0.7494 (21-45-21)
W B ; .

Mrote! Mool i P2 fras Table VII. Benrene activity in benzene—
0.0795 0.2074 0.9210 0.104 poly(ethylene oxide) solution at 70°C
0.1377 0.3254 0.8706 0.121 . -

0.2471 0.4815 0.7894 0.116 Weight fraction Activity a,

0.2476 0.4815 07890 0.115 of benzene w,

0.3653 0.5985 0.7170 0.122

0.5083 06559 06457 0.134 0.0603 0.2207

0.6503 0.7621 0.5875 0.144 0.1231 8-400;“

10136 0.8574 0.4775 0.158 321233 O'Ej:;

11776 0.8855 0.4402 0.180 : :

0.2730 .7014

1w, =0.7740 (18-45-18) 3-2222 3‘3%‘]‘;

nlsolv.':lmpol PP thay K123
0.0797 0.2074 0.9201 0.094 : ot
0.1405 0.3254 0.8673 0.094 DISCUSSION AND CONCLUSIONS
0.2478 0.4815 0.7874 0107 .

0.2488% 0.4815 0.7367 0.103 The apparatus for vapor-sorption measure-
0.3657 0.5985 0.7151 0.115 ments used in this work reduces considerably
0.5114 0.6959 0.6422 0.122 the time required for a complete study of the
0.6577 0.7621 0.5825 0.12 ] This is due to the simult: .
0.7856 0.8037 0.538% 0133 system. is is due to the simultancous
L0108 0.8574 0.4759 0.155 measurements of samples containing different
11745 0.8855 0.4387 0.178 proportions of the polymers. However, the
1840 0.8835 04367 0.171 time required for the measurcment of a single

wy,,=0.0 (tetracosane) system still may be quite large. For example,

- — e = = — — the runs for the measurement of the system

Mgty Moy PP s X123 benzene-polystyrene—poly(vinyl methyl ether)

e T T T lasted for nearly forty days. This long experi-
00754 0.2074 1.9399 0.562 al ti d th T latively low Ivent
01327 0.3254 0.898% 0.566 mental time and the relatively low solven
0.2436 0.4815 0.8287 0.548 vapor pressure may account for the relatively
0.372] 0.5985 0.7600 0.536 large scatter of the experimental data measur-
OB 00D DG 03l forthis ssem

LA iDL ) .l L o 1ol gmer 10

09124 0.8037 0.5636 0.507 Although, as shown by calibration 'of lh.e

1.2731 0.8574 0.4807 0.508 apparatus,’® the y, ,; data reported in this
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Figure 5. Activities of benzene versus solvent weight
fraction for the system benzene (1)-polw(ethylene oxide}
(2} at 70°C.

work is as good as that of similar studies
reported in the literature, the values of 3,
should be taken with caution. Extrapolation of
the y,,; values for the limiting case of zero
solvent concentration is probably the main
cause of uncertainty in the value of 3, ob-
tained. From the systems measured in this
work, this is particularly valid for the system
benzene—polystyrene—poly(vinyl methyl ether)
due to the large scatter in z, ,; values men-
tioned above. Positive values of 3, obtained
for this system are guestionable since they
would indicate incompatibility between the
polystyrene and the poly(vinyl methyl ether).
In addition to the error in y;, introduced by
the extrapolation of y, ,, values, in static
indirect methods, as the one used in this work,
the solvent used for the study may affect the
value of y;,.%" This effect has been discussed in
the text for the system poly(viny! chloride)-

Polymer J., Vol. 16, Na. 2, 1984

poly(e-caprolactone). _

Further studies using oligomeric analogs
may help in explaining the discrepancies in the
information extracted from indirect methods
as the probing technique used here. With
oligomeric analogs the possibility of having
nonequilibrium states may be minimized and,
in addition, heats of mixing may be measured
allowing a direct assessment of pair inter-
actions.

Acknowledgemenss.  The authors are grate-
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samples of copolymers, to Professor D. D.
Patterson for helpful discussions and to
NSERC for financial support.

NOTATION

a, = activity of component 1

B = sccond virial coefficient (em® mel 1)

Mt = mass of component { {g)

P pressure (mmHg)

R = gas constant

r number of segments per molecule

quantity defined by eq 5

temperature {(K)

t,, = speeific volume of component i (tm®g™~')

= characteristic specific volume of component {
emig™!)

weight fraction of component 7 in the polymer
mixture

maole fraction of compoenent {

o
it

~3
if

Greek Letters

&, = segment fraction of component §

¢,; = gquantily defined by eq 6

Yii = Flory-Huggins inleraction parameter
A = quantity defined by eq 4

¥123 = yuantity defined by eq 7

Superscripts

0 = quantity pertaining Lo pure component
o = quanlity at zero solvent concentration
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