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gested that these bands result from the NH and
NH, radicals, respectively. In connection with
the suggestion that NH, radicals are present in the
blue material, we have failed to find any trace of
hydrazine in the warmed up product and have con-
cluded that if NH, radicals are preseunt, it can be
present only in very minute concentration.
Originally? we thought that hydrazoic acid un-
derwent a primary decomposition according to the
equation HN; — N; + NH and much of the NH
reached the color finger and was frozen either as
a monormer, a polymer or a mixture of these. The
ammonium azide was supposed to be formed at the
transition temperature of the blue material since
ammonium azide may be written (NH),. More
recent work in this Laboratory on mass balences
indicates that the NH radical builds up to ammo-
nia in the furnace and the ammonia on reaching
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the cold finger combines with undecomposed hy-
drazoic acid to form ammonium azide. The stoichi-
ometry of the decomposition is in agreement with
this supposition so that the substance giving the
blue color can be present in only small amount.
Both Mador and Williams,® as well as Becker, Pi-
mentel and Van Thiel,® observed that the amount
of ammonium azide present did not increase on
warniing.

To sum up, we do not yet even after some ten
years of intensive work have any proof of the con-
stitution of the blue material. We have even ex-
amined the possibility that electrons might be
trapped in the ammonium azide and that we might
have a phenomenon analogous to f-centers,® but
we could fird no evidence for this.

(10) F. Seitz, Rev. Mod. Phys., 18, 3814 (1946).
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Solvent activities for the polystyrene-cyclohexane systeni were obtained over the euntire concentration range by comnbining
osmotic pressure, isothermal distillation and differential vapor pressure measurements. Three fractionated polyiner samples
were examined, and data were obtained at three teniperatures. At tlie theta temperature the solutions behave more ideally
than would be expected from the Flory lattice inodel equation, hence 4 minimum of two x parameters is required to represent
the activity, even at low polymer concentrations. Both the second and third virial coefficients vanish at theta, since x» =
1/,and x3 = !/; at this temperature. The ribbon model treated by Tompa furnishes a reasonable representation of the ob-
served entropies of dilution for volume fractions up to 0.35. At higler conceutrations both the heat and entropy of dilution
increase rapidly, the latter exceeding the values computed according to tlie Ilory lattice model for », > 0.6, while the free

energy of dilution follows a more normal course.

During the past fifteen years a growing interest
has developed in the application of statistical
mechanics to the problem of the thermodynamic
behavior of polymer solutions. Paralleling this
interest in obtaining a satisfactory theoretical
description of polymer solution thermodynamics,
there has been a continuing effort to obtain re-
liable activity measurements for polyineric sys-
temns. Although the majority of these studies have
been concerned with dilute solutions, activity
measurements covering a considerable portion
of the concentration range have been obtained in
several instances.!=® Most of the systems in-
vestigated have involved thermodynamically good
solvents for the polymer. In the low concentra-
tion region one anticipates systematic deviations
from the behavior predicted by the lattice model
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treatments due to the appearance of excluded
volume effects. On the other hand, activity meas-
urements performed under Flory theta condi-
tions!! would allow a test of the treatments based
upon the lattice model over the entire concentra-
tion range. In addition, such nieasurements would
provide information concerning the behavior of the
higher virial coefficients which would be useful
as a check on the validity of the theoretical treat-
ments of dilute solutions.

With these objectives in mind, we have under-
taken a study of the polystyrene—cyclohexane
systen1 in the vicinity of the-theta temperature.
The entire concentration range was covered by
combining osmotic pressure, isothermal distil-
lation and differential vapor pressure measurements.
Since the inception of this work, papers have ap-
peared hy Dawn and Patel,®® and Flory and
Daoust? which, when combined, furnish fairly
complete activity data for the polyisobutylene—
benzene systemi at the theta temperature. The
vapor pressure measurements of Jessup!® give
activities for the same system a few degrees above
the theta temperature. Inaddition, Kabayamiand
Daoust!? have reported calorimetric data for the

(11) P. J. Flory, "' Principles of Polymer Chemijstry.” Cornell Univ:
Press, Ithaca, N. Y., 1953, Chapter 12,

(12) M. A. Kabtayami and H. Daoust, paper presented at the 132nd

sneeting of the American Chemijcal Society, New York, N. Y., Sept.
8-13, 1957.
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polyisobutylene-benzene system. Finally, Schmoll
and Jenckel” have presented vapor pressure meas-
uremerts for the polystyrene—cyclohexane system
for ©,>0.5. These were performed at several
temperatures, though not at the theta tempera-

ture,
Experimental

Osmotic Pressure.—The solvent activity was determined
osmotically for solutions having concentrations less than
25% polymer. Undried Avisco No. 300 cellophane mem-
branes were employed. Brass block osmometers described
elsewhere!® were used without modification for osmotic
pressures below 10 g./cm.t. For the higher polymer con-
centrations additional pressure was applied through the
capillary tube on the solution side. This was done by slip-
ping a piece of Tygon tubing over the capillary and attaching
the other end of the tubing to a thermostated one liter
flask which, in turn, was connected to a tank of oxygen.
The pressure in the flask could be adjusted manually and
was read on a mercury manometer. A combination of the
dynamic and static methods was used for the higher pres-
sures. The rate of change of the difference between the
solution and solvent levels was observed for a certain applied
pressure. These observations were then repeated for other
applied pressures. A plot of this rate of change vs. the total
pressure forms a straight line, which could be interpolated
to yield an estimate of the osmotic pressure. The total
pressur: was adjusted to this value and subsequent readings
were obtained by the static method. Although the solution
inside the osmometer was not stirred, final equilibrium was
attained within 24 hr. for nearly all of the solutions. The
difference in heights was converted to a pressure difference

using the measured solution densities.
8 |
i ,

Ditterenticl manometer

Fig. 1.—Diagram of the differential manometer.

An upper concentration limit for the osmotic measure-
ments was not imposed by the slowness of diffusion near the
membrane, as one might have supposed, but by the viscosity
of the solution. In filling the osmometer the solution had
to be forced through a small orifice in a needle valve, and the
filling time therefore became the limiting factor.

Isothermal Distillation.—In the intermediate concentra-
tion range isothermal distillation measurements were per-
formed at 34 and 44° upon three polymer fractions. The
apparatus consisted of a glass vacuum desiccator partially
filled with mercury upon which were floated three glass
Petrie dishes. Polymer solution was placed in one dish,

(13) W. R. Krigbaumm and P. J. Flory, Timis Journal, 75, 1775
(1903).
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a reference solution of triphenylmethane in cyclohexane
occupied the second dish, and either a polymer solution with
a different concentration or a reference solution having a
different concentration was placed in the third dish. The
third dish served as a check on the attainment of equilib-
rium. Only those results were retained in which the two
similar solutions reached the same concentration. After
filling the dishes, the desiccator was closed and most of the
air was removed. The desiccator joints were coated with
paraffin and the desiccator was sunk into a thermostated
bath whose temperature was maintained to within =#=0.02°,
The pool of mercury served both to increase the heat capapity
of the system and as a heat transfer agent. Equilibrium
was reached in three days at 44° and in nine days at 34°.
At the end of the experiment the desiccator was removed
from the bath, quickly dried and opened, and the dishes
were capped. The concentrations were determined gravi-
metrically. It might be noted that aluminum dishes could
not be used due to their rapid corrosion by the triphenyl-
methane solutions.

Vapor Pressures.—The differential manometer shown in
Fig. 1 was used for the static measurement of vapor pres-
sures of concentrated solutions (50-1009, polymer). Flask
F contained a known weight of polymer (ca. one gram).
Degassed solvent was placed in tube A, which was packed
with broken glass. Two sublimations transferred the sol-
vent to the upper tube labeled B, and a final sublimation
transferred the cyclohexane to the calibrated Trubore capil-
lary tube C, which served as a solvent reservoir. The
manometer stopcock was closed and the manometer was
tilted to pour mercury from reservoir D into the man-
ometer arms E. The mercury level could be lowered at will,
permitting the distillation of solvent between capillary tube
C and solution flask F. The direction of distillation could
be controlled by chilling either the flask or the capillary.
Concentrations were calculated by observing the solvent
level in capillary C with a cathetometer and applying a
correction for the solvent in the vapor space. After each
solvent transfer the manometer was maintained in a thermo-
stated water-bath for 1-3 days before beginning readings.

Materials.—The polymerization and fractionation of the
polystyrene has been described elsewhere.!* The number
average molecular weights obtained from the osmotic meas-
urements were: I, 25,100; II,72,000; III, 440,000.

The solvent was Eastman white label cyclohexane, fur-
ther purified by distillation from sodium, passing through
a column of alumina, and four fractional crystallizations.
The vapor pressure of the solvent was 144.4 mm. at 34.00°,
which compares favorably with the value 144.38 reported
by the National Bureau of Standards.!* The freegmg point
was 6.11°. This represents 0.18 mole 9} impurity, most
of which is probably methylcyclopentane.

The triphenylmethane used as a reference solute for the
isothermal distillation measurements was Eastman white
labeled grade, purified by two recrystallizations from eth-
anol. The melting point, 92.0-92.5°, stands in good agree-
ment with the literature value, 92.5°.

Results

Theoretical Relations.—Historically, the earliest
statistical mechanical treatments of polymer solu-
tions were based upon the lattice model. These
were presented by Flory,®* Huggins,'® Miller,”
Orr® and Guggenheim. The treatment of this
model was extended by Staverman? and Tompa,?!
who considered the effect of multiply connected
sites. The lattice model approach furnishes rela-
tively simple expressions for the cheniical poten-
tials in closed form. It has successfully demon-

(14) N. B. S. Circular C461, U. 8. Government Printing Office,
Washington, D. C., 1947.
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(18) W. J. C. Orr, Trans. Faraday Sac., 40, 320 (1944).

(19) E. A. Guggenlieim, Proc. Roy. Soc. (London), A183, 203 (1911),

(20) A. J. Staverman, Rec. trav. chim.. 9, 163 (1930).

(21) . Tompa, Trans Faradoy Soc. 48 3061 (16727,
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strated the effects of molecular size and molecular
structure upon the configurational entropy.

On the other hand, it is now recognized that the
above lattice model treatments have serious short-
comings. Firstly, they assume that the expect-
ancy of finding a site occupied is uniform through-
out the solution. As pointed out many years ago
by Flory,? this condition will not obtain for dilute
solutions in which excluded volume effects are
operative. Numerous papers®—3% have appeared
in which very dilute polymer solutions are treated
by the methods developed for imperfect gases.
Further shortcomings of the lattice model are its
failure to take into account volume changes on
mixing and a possible concentration dependence
of the potential of mean force. These difficulties
are inherent in the lattice model and can only
be overcome by rejecting this model. Prigogine®
has achieved some success in this direction by
making use of the Lennard-Jones potential and the
theorem of corresponding states to deduce an ex-
pression for the average potential of mean force
in a mixture of two components.

One should, perhaps, test the simplest theoreti-
cal expression first. This is obtained on combining
the lattice model entropy of mixing as calculated
by Flory!> with a single term of the van Laar form
representing the free energy contribution arising
from local pair interactions. The expression so
obtained for the Helmholtz free energy change on
mixing N, moles of solvent with N, moles of poly-
mer is

AAy = RT[Niln v 4 Nelnwve + Nprxwn] (1)

Here v, and v, are the volume fractions of solvent
and polymer, respectively, » represents the ratio,
Va/ V1 of the molar volumes of polymer and sol-
vent, and x; as a free energy parameter.® The
corresponding expression for the partial molar
free energy of dilution is

A4y = RT{n (1 — m) 4+ (1 — 1/7)ee + xam?] (2)

Upon expanding the logarithmic term there is ob-
tained a series form applicable for v, small

A71l = RT[— ‘Uz/f ol (l/z - Xl)ﬂzz bt ‘U22/3 — ] (3)

The osmotic pressure = of a dilute solution may
be expressed in virial form
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w/c = RT[A, + Ay + Apc? 4 ...] 4)
where the first coefficient, Ay, is just 1/M,. If it

is assumed that there is no volume change on
mixing, so that AF; = AA,, then upon comparing
equations 3 and 4 there is obtained according to
the lattice model treatment

Ay = (B2/V1)(Y/2 — x1) (5a)
where 7 is the partial specific volume of the polymer.
If the free energy parameter x; is further resolved
into an energy component, y; 6/7 and an entropy
component, (Y1 — !/,), where © is the Flory theta
temperature, then (5a) may be rewritten as

A, = (0/ V(1 — ©/7) (6a)
The third and higher coefficients are of the form
A= B/ VA1) G > 2) (7a)

Thus, the Flory lattice model treatment pre-
dicts that A, will be a function of temperature,
vanishing at 77 = 6, but will be independent of
molecular weight. The third and higher coefficients
are predicted to be independent of both temipera-
ture and molecular weight.

The treatment of Flory makes the assumption,
as do the more refined treatments of the lattice
model, that the polymer segments are uniformly
distributed throughout the solution. As men-
tioned above, this assumption is unrealistic for
dilute solutions whenever excluded volume ef-
fects are operative. The dilute solution treatment
of Flory and Krigbaum?! assumed, instead, that
the expectancy of finding a segment of a given
polymer molecule in a small volume element within
that molecule can be considered uniform. In view
of the low segment densities involved, the chemical
potential was represented by the first two terms
on the right-hand side of (3). Making use of
procedures developed for treating imperfect gases,
the following expression was derived for the second
virial coefficient

Ay = (02/ Vi)' — x1)F(X) (5b)

Equation 5b differs from (3a) based on the lattice
model treatment through the factor F(X). Since
F(X) = 1 when T=0, the expressions for the
second virial coefficient given by the two types of
treatment coincide when the excluded volume
vanishes. At other temperatures the factor F(X)
introduces a dependence of A, upon molecular
weight, as well as further implicit dependences
upon temperature and the thermodynamic param-
eters Y and 0.

Stockmayer and Casassa® have carried the
dilute solution treatment one step further to obtain,
after some approximations

A; = gMA? (7b)

Here g is a function depending upon molecular
weight, temperature and the thermodynamic pa-
rameters; furthermore, g vanishes at T = 6.
Hence, according to the dilute solution treatment
both A, and A; depend upon temperature and
molecular weight, and both vanish at the Flory
theta temperature. On the other hand, the lat-
tice model treatment predicts that the third and
higher coefficients should remain positive at all
temperatures. We see, therefore, that although
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the two types of treatment imight be expected to
give the same result in the absence of excluded
volume effects, the coincidence at ' = 6 does not
extend beyond the second virial coeflicient.

One 1nay question whether the single term in-
volving x; in equation 1 suffices to represent the
free energy contribution froin local interactions.
The more refined lattice imodel treatments of
Huggins,'* Miller, Orr!® and Guggenheim! re-
quire the replacemnent of equation 2 by

Ady = RT[In(1 — w) + (1 — 1/r)vy +
xi-1vf] (27
i'=2
Kirkwood and Buff® derived a siinilar expression
by a method making use of radial distribution func-
tions. The latter approach is, of course, free from
the objections mentioned above coucerning the
lattice mnodel. In addition, Tompa# has pointed
out that the introduction of a second x paraineter
results in improved agreement with the observed
phase diagrams for polymer—solvent systems.
According to (2') the second virial coefficient is
again given by (5a); however, in place of (7a)
the higher coeflicients are now of tle forin
A; = (B/Vi)(1/i — xi-1) (1> 2) (7a’)
Hence the higher coeflicietits given by this revised
treatment are temperature dependent.

Now it is evident that a satisfactory theoretical
treatment must predict the magnitudes of all the
x parameters required to fit the observed free
energies. It should be pointed out that the x;
in equation 2’ may consist in part of corrections
to the configurational entropy as calculated by
Flory. This possibility is evident upon comparing
the latter in expanded form

A5 = R [m/:- + 2 wm] (8)
=2

with the expression for the total partial molar
entropy of dilution obtained on including the en-
tropy comnponents, (¢i-1—1/7), of the various x;—,
AS, = —R [vz/r +- Z i %’2.':' (87
=2
TFlory and Orofino3? have recently repeated the
earlier dilute solution treatmient, representing the
chemical potential of solvent in a volume clement
within an isolated molecule by
Ay = RT[=wm/r — (/s — x)e2 — (/s — x2)t®]  (37)
Thus, this refinement consists of retaining the
next higher term and the introduction of a second
x parameter. For thermodynamically poor sol-
veuts their final result may be expanded to yield

A, = grz, (Ve — x1) + (Vs — x2) + .1 (3b')

where @ = (34/2/1¢%Y) GM/N(72)*/t, 72 being the
mean-square distance between chain ends and
N representing Avogadro’s number. These authors
treat x; and x. as adjustable parameters. Upon
replacing x; by 1/(7+1) — ¢ + ¢ 6;/7 there
isobtained

52
Az = v, (1 = 0/T) 4 aés(1 - 6:/T) + ...] (6b)
(39) ]. G. Kirkwood and F. P. Buff, J. Chem. Phys., 19, 771 (1951).

(40) I1. Tompa, C. R. 2° Réunion Soc. Chiri. phys., 163, Duris
(1U52),
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Since the factor ¢ is non-vanishing for finite 3/,
one sees that the temperature at which the second
virial coefficient vanishes is no longer related
by theory to either 6, or 6,. This is i1 coutrast to
equation 3’, which predicts a vanishing second
virial coefficient when " = 6,. In addition, one
suspects that the further refinement of the dilute
solution treatment by the retention of still higher
terms in (3’) would result in their appearance in
the A, as well. Thus, the Flory-Orofino treat-
ment casts serious doubt upon the entire concept
of a unique theta temperature for a given polymer—
solvent system. Also in question, of course, is the
procedure previously used*! to evaluate the
parameter y; from imeasurements performed in the
vicinity of the theta temperature. Since the
Flory-Orofino treatment attaches no physical
significance to the x parameters, these questions
can only be answered by recourse to experiment.
Osmotic Pressure Data.—The x/R7¢ ratios ob-
tained for the three fractious appear in Table I.
Measurements were performed only at 34° for
fraction I. Although the membrane retains this
polymer wheu 7 is small, thus permitting the
determination of Af,, the downward curvature
of the data for this fraction at higher concentra-
tions shows that some polymer diffuses through the
membrane wlen external pressure is applied to the
solution. Measurenients were performed at 24,
34 and 44° for fraction II and at 34 and 44° for
fractions III (this polymer precipitates at 24°).

TasLE [
OsmoTic PrEsSURE DATA® rorR PorvsryRENE IN Cycro-
HEXANE
t e(g./ 100x/ t c(g./ 108xn/
(°C) 173 ml.) RTc (°C.) 22 ml.) RTe
I'raction 1, Af, = 25,100 Uraction 11, M, = 72,000
34°  0.00187 0.00201 39.9 24°  0.4090 0.0476 8.0
AIRY7 0199 38.5 .163 .182 6.0
. L0524 (37.2) .241 . 259 8.7
L. L0745 (83.2)
T'raction 111, 1/, = 440,000
310 L0077 0081 13.3
34°  0.0145  (.0150 U6 L0187 13201 14.2
L0450 (482 2,21 .090 0964 14.2
083 L0511 3.42 167 180 18.7
118 R 1,94 210 257 26.2
130 BET 1G5
447 il ah) 18,6
44° 0148 L0178 Goa0 ik 178 281
117 L1235 1.0 20 205 40.0
130 13% 13,2

¢ oatm. mud ¢ in g./mi. solation.

The first two virial cocilicients were evaluated
in the usual manner from a plot of («r/c)"* os. ¢
The third coefficient, As, was assigned the value
calculated according to the relation of Stockmaver
and Casassa,? while Ay was clinsen to fit the data
at higher concentrations.  The resulting vahies
are collected in Table 1I. The #/R7¢ ratios cal-
culated nsing these virial coeflicients are compared
with the abserved ratios in IMig. 2. The agrecnent
is within 39%, whicli is the estimeterd experinental
error. This corresponds (o am average error in
r of 1 g./em.? with the largest errars occurring

(1) W. R. Rrighsum und I' )
(1953);, W. R. Krighawm, shed., 76.

lory, Tins Lierenan, T8, 1575
STAS LhuaL,
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Fig. 2.—Osmotic pressures plotted as «/R7T¢ vs. concen-
tration for polystyrene fractions II (O) and I1II (®) in cyclo-
hexane.

at the higher pressures, which run up to 260 g./
cm.?

From the A, values for fraction II at 24 and 44°
we obtain © = 307.2-307.9°K., the latter being an
upper bound obtained by linear interpolation.
This stands in good agreement with 6 = 307.6°K.

TaBLE 11
VIRIAL COEFFICIENTS FOR POLYSTYRENE FRACTIONS IN
CYCLOHEXANE

Fraction  £(°C.) 1054, 105A: 105A; 10544
I 34 3.86 ..

11 24 1.39 -6.7 -1 74

34 1.39 0 0 76

44 1.39 5.0 0.5 80

111 34 0.227 0 0 140

44 0.227 4.5 5.6 130

obtained by one of the authors from osmotic
measurements?! performed upon very dilute solu-
tions, and with 307.2°K. reported by Shultz and
Flory*? from precipitation measurements. From
the same osmotic data there are obtained Y, F(X) =
0.25 and 0.20 at 24 and 44°, respectively, so that
Y1 = 0.23. This is to be compared with y; =
0.36 previously obtained*! from osmotic measure-
ments for concentrations up to 0.02 g./cc. Al-
though A, cannot be determined as accurately
from the present data, this difference in y; values
is still surprising.

The A; values found in Table IT are small, and
the contribution of the third term is therefore
relatively small over the concentration range of
these measurements. On the other hand A, as
evaluated in the manner just described is large,
positive and essentially independent of tempera-
ture. For comparison, equation 7a deduced from
the Flory lattice model treatment gives Ay = 170 X
10—, independent of temperature and molecular
weight. Although (#/¢)/(7w/¢)o = 3 was the maxi-
mum value of this ratio observed for fraction II at
44°, at this point the contributions from the first,
second and fourth terms were approximately equal.
The magnitudes of A, are quite insensitive to the
values assigned Aj;, since the latter are so small.
We recognize, however, that the A, values listed
in Table II are uncertain due to the neglect of still
higher terms in the virial expansion.

(42) A. R. Shultz and P. J. Flory, Tuis JourNar, 76, 3758 (1954).
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Fig. 3 —Partial molar heats of dilution obtained from the
osmotic data.

Figure 3 shows the partial molar heats of di-
lution calculated from the osmotic data at 24,
34 and 44°. If we assume no volume change on
mixing and utilize equation 6a, which omits the
factor F(X), then from the intercept, ¥10, there
is obtained ¥y = 0.21. The positive slopes of
these lines indicate a positive enthalpy contribution
to the third virial coefficient. As will be demon-
strated more clearly below, A; vanishes at T =
O. Hence, at this temperature there must be an
equal and comipensating entropy contribution.
Upon rewriting (1/3 — x2) in equation 3’ as y»(1 —
0,/T) and setting ©; = O, as required to reduce
A; to zero at 4, we obtain y, = 0.15.

The vertical displacement of the 29 and 39°
lines in Fig. 3 indicates a partial molal heat capac-
ity of the solvent. According to the lattice model
treatment this quantity should be zero, whereas
the dilute solution treatments predict a tempera-
ture dependence of AE; which enters through the
factor F(X). As calculated from the Flory-
Krigbaum dilute solution treatment,** (AC.)i/
Rv,? = —0.6, while from the activity data (AC,),/
Ru,®2 is —1.9. This may be taken as additional
evidence that the theoretical F(X) function does
not vary sufficiently rapidly with X 4!

Isothermal Distillation.—Prior to the isother-
mal distillation measurements the activity of cyclo-
hexane was measured in solutions of the standard
solute, triphenylmethane. This was determined
cryoscopically and by manometric measurements at
34 and 47.5°. The freezing point depression ap-
pears plotted against the mole fraction of triphenyl-
methane in Fig. 4. The manometric data were
quite reproducible, and no consistent differences
were observed between the ascending and descend-
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Tig. 4.—Freezing point depression of cyclohexane plutted
against the mole fraction of triphenylmethane.
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ing concentration branches. The vapor pressure
lowerings observed at the two temperatures ap-
pear plotted against the mole fraction of triphenyl-
methane in Fig. 5. The dashed curves represent

T 1 T T
27 —
/
24 / -
/
/
2IF  47.5° Rooult's la-/ ar.5 1
/
L / ]
R 8 / //
pl; // //34'Roouu'l low
[ /
/ /
/ S
12 / / 34= 1
/ S
T /, S/ 7
// /4
6 / Vapor preseurs lowering —
V/
V4
3o .
1 -l | L
o4 o8B 12 3

Fig. 5.—Vapor pressure lowering of cyclohexane at 34 and
47.5° ys. mole fraction triphenylmethane.

Raoult’s law behavior at the two temperatures.
The horizontal portion of the experimental 34°
curve is due to the fact that the highest concentra-
tion exceeded the solubility limit at this tempera-
ture. Fortunately, the solubility of triphenyl-
methane in cyclohexane was sufficiently large so
that this was not a limiting factor in the isothermal
distillation measurements.

The mole fraction activity coefficient, y; =
a1/%1, was calculated from the cryoscopic data
through use of the relation!4:

—Iny =411 X 1073 A1 4 7.2 X 107 At) + In(1 — x3)
and from the vapor pressure lowering by
7= (1 = Ap/p"}/(1 — x2)

These values appear in Fig. 6 plotted as (y; —

1)/x:2 vs. xs. Expressions for the activity coef-

~ T T T T T

Activity coefticient

i B L3 |
05 ) 15 20 25
X2.

Fig. 6.—Mole fraction activity coefficient of cyclohexane in
solutions of triphenylmethane at three temperatures.

ficient of cyclohexane in triphenylmethane solution
obtained from these data are

71 = 1 4 5x32 (3°)
y1 = 1 + 3.50%,2 — 8.8x,2 (34°)
v1 = 1+ 3.07%:% — 6.6x,° (47.5°)

By interpolation, we obtain for the activity co-
efficient of the solvent at 44°
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y1 = 1 + 3.18xy% — 7.2x,% (44°)

Isothermal distillation data obtained for the
three polymer fractions at 34 and 44° appear in

Table III. The fourth column represents the
TasLE III
ISOTHERMAL DISTILLATION DATA FOR POLYSTYRENE IN
CYCLOHEXANE
Fraction  1(°C.) v2 102(x2) TPM —&F/RT
1 34 0.248 0.21 0.0021
.300 0.316 .00316
.446 1.40 .0140
44 .625 7.64 .0644
11 34 .341 0.392 .00392
.51 2.42 .0225
.546 3.10 .0284
44 .372 0.82 .0080
.660 11.2 .087
111 34 .285 0.23 .0023
.348 .406 .00406
.400 .77 .0075
.554 3.90 .0346
.600 5.97 .0509
44 .355 0.466 .00466
.409 1.16 0112
.480 4.62 0412
517 4.80 0422
TABLE IV
MANOMETRIC DATA FOR POLYSTYRENE IN CYCLOHEXANE
¢ ap  —AF/ ¢ Ap — AFy/
(°C.) 72 (mm.) RT (°C.) 72 (mm.) RT
Fraction I (M, = 25,900)
24 0.434° 1.0 o0.01 44 .434° 3.00 .0139
.442 1.0 .011 .442 3.4 .0160
.625°% 4.2 .046 444 3.02 .0140
.733 8.7 .087 4914 5.9 .0274
L7718 12,7 146 .556 8.83  .0416
.843%  18.8 .226 .633%  15.0 .072
.897%  29.4 .378 .676 21.7 105
34 .34309 0.6 .004 743 30.0 150
.344 4 .0029 .789%  39.6 .202
.3889 0.6 .0042 810  33.8 .298
.4268 1.4 .010 .853% 59.8 .323
.435% 1.8 .013 .907¢ 88.7 .528
441 1.5 .0102 .909 89.5 534
.443 1.7 .012 955 130.1 919
.485 2.4 .018 . _
4809 2.9 L0156 Fraction III (A[n = 440,000)
5439 3.4 .024 34 0.389 0.3 0.002
.6200 7.9 .036 .483° 2.6 L0182
.6372 8.8 .063 .485 2.6 .0182
.640 6.3 .043 .568% 6.3 0446
673 11.4 .082 661 10.9 ,0785
.690%  12.3 .089 671 11.6 .0837
.738 16.5 121 758%  27.1 .166
.766%  20.4 152 .802%  29.6 .229
.768 20.2 151 .828 35.5 .281
.780%  22.1 166 .859%  48.4 .408
.801¢  26.6 .203 44 .392 1.8 .0083
.804 31.7 .247 .537° 7.4 0347
.818% 29.8 .2532 .593%  11.5 0347
.849%  34.6 273 7318 27.1 134
8718 46.1 .384 .827%  51.2 .269
896  44.5 .368 8828 78,1 .448
.902¢  53.3 .480
.905 41.1 .335
954 43 4 .357
.954 63.5 .580
.979 93.9 1.05
.983%  93.1 1.038
.989  126.0 2.06
993 138.6 3.2
.994 85.7 0.899

8 Data taken upon increasing comcentration.
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mole fraction of triphenylmethane in the reference
solution at equilibrium. Diffusion was too slow
at 24° to allow the use of this procedure. _Column
five lists values of —AF/RT, where AF; is the
(Gibbs) partial molar free energy.

Vapor Pressure Measurements.—The data ob-
tained using the differential manometer for frac-
tions I and III at the three temperatures are given
in Table IV. The values for fraction I represent
two independent sets of measurements. As shown
in Fig. 7, the data for the two fractions fall on
the same curve, despite the twenty-fold differ-
ence in molecular weight. The glass temperature
of the solution exceeds 34° for volume fractions
of polymer above v, = 0.88. At higher concentra-
tions the ascending and descending branches of
the 34° curve diverge due to the slowness of dif-
fusion. Unfortunately, this difficulty is inherent
in the system at hand. The ascending branch is
probably more reliable in thisregion, since thesolvent
concentration is higher while reaching a given com-
position by desorption, and the rate of diffusion
inicreases approximately exponentially with solvent
concentration in this range.

Schmoll and Jenckel” have reported vapor pres-
sure measurements for the polystyrene—cyclo-
hexane system which cover the concentration range
22 = 0.5 — 0.8. Their measurements were per-
formed at several temperatures, though not at ©.
Due to the different temperatures studied the two
sets of vapor pressure data cannot be compared
directly; however, they are at least compatible.
As will be indicated below, the heats of dilution
derived from our manometric data stand in good
agreement with those reported by Schmoll and
Jenckel.

Discussion

It is difficult to choose a function which allows
the representation of activity data covering a wide
concentration range. One function which satis-
fies this criterion is shown in Fig. 8, where all of the
data obtained at 34° by the three types of meas-
urement appear plotted as AF/RT In v, vs. v, using
a semi-logarithmic scale. At infinite dilution this
function must approach a constant, 1/7, where
is the ratio of the molar volumes of polymer and
solvent. At the other end of the concentration
range AF/RT In v, must attain a limiting value of
unity. There is good agreement between the iso-
thermal distillation and vapor pressure data in the
region where the two types of measurement over-
lap. Although the isothermal distillation and
osmotic data do not overlap, Fig. 8 shows that the
two sets of data can be connected reasonably well
by a smooth curve.

An important feature of Fig. 8 is the fact that
polystyrene in cyclohexane at the theta tempera-
ture behaves ideally up to surprisingly high con-
centrations. This feature is exhibited more strik-
ingly in Fig. 9, where the same plot of the experi-
mental data for fraction III at 34° is contrasted
with the behavior predicted by the Flory lattice
model treatment, equation 2, for various values
of the interaction parameter x;. Since x1 = !/z at
theta, the system is clearly behaving more ideally
than would be expected from equation 2. This

THERMODYNAMICS OF POLYMER SOLUTIONS
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Fig. 7.—Vapor pressure lowering of cyclohexane by poly~
styrene at 24° (©, up branch; @, down branch); 34° (@,
up branch; O, down branch); and 44° (@, up branch; ©,
down branch).

suggests that some of the higher x parameters in
the revised equation 2’ are positive.

Figure 10 shows the values of x — 1/; calculated
from the experimental AF,/RT at 34° through use
of equation 2. If a single term in x sufficed, this
function would be zero at all concentrations. A
similar behavior of x has been observed for the
polyisobutylene-benzene system by Bawn and
Patel,® Jessup,’® and Flory and Daoust® and for
the rubber-ethyl acetate system by Booth, Gee and
Williamson.! From the intercept and initial slope
of the curve in Fig. 10, x1 = !/, and x: = /.
Thus both A, and Ajzas calculated according to the
revised lattice model equation 3’ vanish at ©.
After assignment of these x values a series of
similar plots were used to evaluate some of the
higher x parameters. This procedure led to
xs = 0.07-0.08, while xs through x; were found
to vanish at ©,. As is evident from Fig. 10, some
of the still higher x parameters must be large and
positive, however.

Partial molar heats of dilution, AH;, were cal-
culated fiom those manometric measurements in
which a given concentration was studied at more
than one temperature. These are represented
by the open circles in Fig. 11, where AH)/Ru,?
is plotted against v;. The filled circles are the values
calculated from the osmotic data (¢f. Fig. 3).
The points in Fig. 11 would fall on a horizontal
line if the heat of dilution were expressible by a
single van Laar term. AH,/Ru.? is seen to increase
slowly with concentration up to », = 0.4 and to
increase sharply thereafter. The calorimetric data
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perfectly with the value re-
ported by Schnoll and Jenckel
from their vapor pressure data
at various temperatures. The
calorimetric data of Jenckel and
Gorke* lead to a much higher
maximal value for the heat of
mixing, 320 cal./mole; however,
this must be regarded as ap-
proximate due to the difficulties
encountered with glassy be-
havior in the concentration
range they studied.

Since the polymer solution
treatments based on the lattice
model assume no volume change
on mixing, the quantities AAj,
AEjand (AS1)y are required fora
test. We have made use of the
| relation given by Hildebrand
} and Scott® to estimate the cor-
L
|
|

rection for volume change

AF = ad,

AllL = AE(1 + asT) (9)
where as, the coefficient of cu-
bical expansion for the solution,
may be approximated by as = a;

Fig. 8.—Activity data for polystyrene—cyclohexane at 34°.
osmotic and manometric; @, isothermal distillation; M. = 72,000: @, osmotic; ©,
isothermal distillation; M. = 557,000: O, osmotic and manometric; @, isothermal

distillation.

1000 T T v T

Free snesgles ot dilution

AF/RT Inv,.
@

10°

St Rooult's low

s L i - | 1
7 9
Ya.

Fig. 9.—Comparison of the experimental free energies
of dilution at 34° with Raoult’s law and the behavior pre-
dicted according to equation 2 for various values of x.

of Tager and Dombek*® for the polystyrene-
benzene system shows a similar sharp increase above
v = 0.5, and AIT;/Rv.? increasing with », has been
observed by Kabayami and Daoust!? for poly-
isobutylene—benzene and by Booth, Gee and Wil-
liamison® for rubber—ethyl acetate.

In the absence of precise calorimetric data,
smoothed values of AH; were taken from the curve
in Fig. 11. These indicate the heat of mixing curve
to be unsymmetrical, with a maximum of 190
cal./mole at v, = 0.75. This magnitude agrees

(43} A. Tager and Zh, S. Dombek, Kolloid Zhur., 18, 69 (1953).

8 9 0

91+ a %2. The values assigned
were «; = 5.9 X 107* for cy-
clohexane and a, = 12.6 X 104
for polystyrene. Smoothed val-
ues for the thermodynamic
parameters so derived from the
data for fraction III at 34° appear in Table V.

Ms = 25000: ®,

TABLE V
SMOOTHED VALUES OF THE THERMODYNAMIC PARAMETERS

FOR PoLVYsTYRENE Fracrion III (ﬂ,, = 440,000} 1~
CYCLOHEXANE AT 34°
AR A AB (ASyp  (aSily  AS»

v2 RTuy;? RTop? RTvs? Ruyq? Rua? Rm?

0.01 0.027 0.210 0.152 0.237 0.179 0.530
.02 .014 .212 .153 .226 167 5827
.05 . 0065 .214 .155 221 .162 .53
.10 .0049 221 .162 .226 .167 .D3S
.15 .0062 .228 .168 234 174 .58
.20 L0105 .232 172 .243 .183 Ry
.25 0192 237 178 256 197 604
.30 0289 .251 .190 280 219 633
.40 0512 203 L2256 344 276 L 700
. B0 .0816 488 380 L5870 462 LTT2
.60 1283 . 846 .669 974 L7977 878
.70 .2083 1.367 1.101 1.575 1.309 1.03t
.80 3343 1.953 1.603 2.287 1.937 1.266
.90 BH34  2.897 2.414 3.451 2.968 1.728

The (AS;)y/Ruv,? values for polystyrene fraction
III at ©, appear in column six, while column
seven gives the same function of the configurational
entropy of dilution, AS*, as calculated according
to the Flory treatment of the lattice model

ASi* = —R[lnw + (1 — 1/r)w] (1o

(44) E. Jenckel and K. Gorke, Z. Elektrochem., 80, 579 (1136).
(45) J. H. Hildebrand and R. L. Scott, *Sclubility of Non-Electro-
lytes,” 3rd Ed., Reinhold Publ. Corp., New York, N, Y., 1950,
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Fig. 10.—Values of x — 1/, calculated from the data at

34° according to equation 2, The dashed line has a slope
Of l/;.

Of course, the (AS)). values are only approximate,
since they contain errors introduced both through
the AH,; values and the correction for the volume
change on mixing. Nevertheless, the difference
betweeu column six and seven is rather striking.
If this difference is attributed to the entropy con-
tribution from local interactions, then the latter
must be negative at low polymer concentrations and
positive at high concentrations. Upon representing

(1/1)22).2 Yi-w? (see equation (8')) by (), the

values of this parameter calculated froin the entries
in Table V are exhibited by the full curve in Fig. 12.
We note that the first few values of ¥: are less than
1/(z — 1), indicating a negative contribution to
(AS))v from local pair interactions, whereas some of
the higher y; must clearly be larger than 1/(z — 1).

Upon replacing {1/( — 1) — xi]in equation 3’ by
vi (1 — 6;/T), there is obtained for the partial molar
energy of dilution

AEy = RT Y. (¢i-10i_1/T)ws

i=2

(1)

Now if all 6; equal Oy, then at the temperature 6,

AE,/RTwv,* would be given by the same function,

¥(22), mentioned above. Values of (1/9,%) 3. ¢i—1-
i=2

0; -15/0; calculated from the entries in Table V
yield the dashed curve shown in Fig. 12. Al-
though the two curves have similar shapes, the
dashed curve falls below the full one, indicating
that sowme of the higher ©; are less then ©,. This
is not surprising, since we know that all of the
higher virial coefficients do not vanish when T
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Fig. 11.—Partial molar heats of dilution calculated from
the temperature dependence of the osmotic data (@) and
manometric data (O).

equals ©,. The insert to Fig. 12 shows values of
the ratio ) ($i-1©i-1/T)vd/ X ¢y, symbolized
L& <

i= i 2
by 6/T. When T = 0, this function is seen to
decrease with concentration, ultimately reaching
eight-tenths the value exhibited at infinite dilution.

I*:ig. 12.—Values of ¢ calculated from the smoothed
(A51)v (full curve) and ¢6/T calculated from the smoothed
AE,. The insert shows the ratio (¢8/7T)/¢ as a function of
vs.

The minimum in this curve may be fictitious, since
this function depends strongly upon the behavior
of AHy/Ruv,® in the region where it begins to increase
rapidly (see Fig. 11).

Conclusions

The activity data presented here for the poly-
styrene—cyclohexane system indicate large devia-
tions from the behavior predicted according to the
original lattice model treatment of Flory.} At
least two x parameters are required to fit the data
at finite concentrations, and the use of two permits
a fit to be achieved for the various thermodynainic
functions only up to »» = 0.1 to 0.2. This con-
firms the suggestion of Tompa* that a second x
parameter is required in the theoretical treatment
of polymer—diluent phase equilibria. Concerning
the dilute solution treatment of Flory and Oro-
fino,%2 the present data show that both A, and A,
vanish at the same temperature, indicating 6, =
O:. For comparison, Flory and Daoust® have re-
ported x2 = 0.31 at the theta temperature of the
pulyisobutylenc-benzene system, corresponding to
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Fig. 13.—Smoothed values of (AS;)v for polystyrene—
cyclohexane (full curve) compared with theoretical values
calculated as described in the text.

a very small, but positive, value of A;. Some of the
other questions raised by the Flory-Orofino treat-
ment are still more difficult to answer. We may
examine the effect of higher x parameters upon
the procedure previously used* to evaluate
and O, from dilute solution measurements. Upon
taking ¢» = 0.15, equation 6b’ predicts a small
decrease of the apparent y; values with molecular
weight of about the magnitude actually observed.4!
For molecular weights of the order of that of
fraction III, the second term in equation 6b’
would contribute 0.02 — 0.03 to the apparent y,,
which is well within the experimental error of these
measurements. On the other hand, had Flory
and Orofino retained still higher terms in the ex-
pansion of (2') and if these make a significant
contribution to A, then A, would presumably
vanish at a temperature somewhat below ©O;.
As stated previously, this would invalidate the
procedure used to deduce ¥, and 6, values from
dilute solution measurements near ; by destroy-
ing the concept of a unique theta temperature.
The only evidence bearing on this point appears to
be the good agreement between O; values deduced
from precipitation temperature and virial co-
efficient measurements, and the fact that x; as
evaluated from the revised lattice model equation 3’
exhibits a value of !/, at the temperature for which
A, vanishes, both for the present system and for
polyisobutylene—benzene.®

The Flory lattice model treatment must be con-
sidered incomplete inasmuch as it does not furnish
an explicit expression for the x parameters. One
might represent the configurational entropy of
dilution by some expression other than (10), on
the assumption that the terms in ¢ represent
corrections to the Flory configurational entropy as
suggested by equations 8 and 8’. In Fig. 13 the
experimental (AS))v values (full curve) are coiu-
pared with the configurational entropies of dilution
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as calculated from several lattice model treatments.
Dashed curve a represents the configurational
entropy of dilution as given by equation 10 used
above to evaluate Yy and 6. Curve b was calculated
according to Guggenheim’s treatment,?® taking
z = 6 and w/kT = 0.116. One could force a fit to
the lower concentration region of the experimental
curve by assigning to z a number between two and
three, but this would not be a physically realistic
codrdination number. A more satisfactory ap-
proach is to consider some of the sites to be
multiply connected. Curve ¢ is calculated from
Tompa’'s treatment?! of a ribbonlike molecule two
sites wide, with 2 = 6. This provides a good
represenitation of the observed (AS))v values up
to v, = 0.35. If the structure of the polystyrene
molecule requires such a model to fit the data in
cyclohexane, the same should be true of this
polymer in other solvents as well. This point of
view is supported by the observation of Bawn and
Wajid® that the entropy of dilution for polystyrene
in several solvents can only be fitted by the ex-
pression of Guggenheim if the coérdination num-
ber is assigned an unrealistically low value. _

The marked increases observed for AE, and AS, at
concentrations above v = 0.35 still require
comment. This type of deviation is not evident in
the free energy of dilution, as can be seen upon
comparing Figs. 9 and 13. Tt is particularly dis-
turbing that the experimental values for (AS)v
fall above curve a¢ in Fig. 13. An analysis of the
vapor pressure data of Bawn and Patel® for poly-
isobutylene-benzene at 25, 40 and 65° also leads
to the conclusion that (AS))v> AS* for %.>0.6 at
all three temperatures. (It should be mentioned
that the values of AH; listed by Bawn and Patel
appear to be in error by approximately a constant
factor at all concentrations.) This conclusion is
not altered by replacing the AF; values taken from
Bawn and Patel’'s data with those deduced from
the manometric data of Jessup.? Since the re-
finements of Flory’s treatment of the lattice model
result in a diminished entropy of dilution, one must
assume either that order exists in at least one of the
pure components of both systems or that there are
unusually large volume changes upon forming con-
centrated solutions of both polymers.
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