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PREFACE

Much of the existing thermodynamic information
relating to polymer solutions and to cross-linked elagstomers
is limited to non-polar materials. The development of the
so=-called 'ﬁolypropylona glycols' which can be cross-linked
to form polar elastomers, has provided an interesting class of
compounds which are related to the corresponding less polar
vinyl polymers by the introduction of ‘ether oxygen' atoms at
every second main-chain carbon atom. A range of fractions of
low molecular weights from 150 to about 4000 is available and
this enables studies to be made on a class of molecules
intermedlate in chain-length between the true high polymers'
on the one hand and simple monomeriec molecules on the other,

In the present work the thermodynamiec properties of
methanollic solutions of the linear short~-chain polypropylene
glycols have been studied with the purpose of examining the
applicablility of existing statistieal thermodynamic theories
of polymer solutions to these polar systems, Data has also
been obtained which enables the Flory-Huggips polymer-solvent
interaction constant ( X ) to be caleulated for the various
systems studigd and the significance of X to be assessed for
polar systems. The derivation of 7C values and the asseasment
of their significance was undertaken in order to establish a
basis for the use of X as a parameter characterlsing plasticizer=

polymer interaction and compatibility in the case of plastieized
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cross-linked polyurethahe elastomers based on the linear
polyglycols studied in the present work. Complementary rheo-
logical studies have alao been carried out on the pure polymers
and their solutions in alcohols with the objeot of assessing the
role of end-groups in determining the rhsologiocal properties
of the polymers and investigating the dependence of intrinsie
viacosity upon moleoular welght in the case of short-chain
polymers.

The author wishes to express his gratitude to the
Defence Researech Board for the award of a‘Fellowship for 18
months and records his personal.thanks to Drs, L.A. Dickinson
and J.L. Boivin of the Department of National Defence for their
cooperation in a number of matters during the execution of this
work and especially for the determination of the exact molecular
weights of the polymer fractions used. In particular, he wishes
to thank Drs. I.E. Puddington and A.F. Siriani for helpful
discussions concerning the construction and operiation of the
differential vapour pressure apparatus used in the experiments.
He 1s mueh obliged to Dr. E.A. Flood of the National Research
Council for wvaluable discussions on thermodynemies from time to
time. Some technical facilities have been provided by the
Nationel Research Council which ere gratefully acknowledged.
Thanks are due to the Computing Centre at the University of
Ottawa for use of the computing facilities.

The author 1s much indebted to Professor R.ﬁ. Lemleux
for the use of the facilities in the Department of Chemistry

during the author's fellowship and for much more assistance in
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less tangible ways,

Finally it is the suthor's hoat pleasant duty to
express great appreciation of the assistance of his research
supervisor, Dr, B.E, Conway, who was not only responsible for
the very able direction of this work, but has contributed
generously by valuable discussions, stimulating encouragement
and various other acts of personal kindness which made the

entire project a most agreeable and pleasnrable task,
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OBJECTS OF THE WORK

The polypropylene glycols are a relatively recent
development in polymer chemistry and consequently little
fundamental physicowchemical work has hitherto been carried out
on these materials, The present work constitutes a part of a
programme of fundamental studies on the properties of plasticiged
polyoxypropylene elastomers,

The cross-linked elastomers may be prepared from
polypropylene glycols by reaction with a bifunctionsl isocyanate,
e«ge., toluene di-isocyanate and a suitable monomeric triol in
the presence of a cataelyst. These elastomers have good low
temperature and mechaniceal properties. The study of the
plasticigation of these rubbers is the original basis of the
present work,

Before the work could be carried forward to the
examination of the cross-linked materials themselves, 1t was
considered desirsble first to obtain fundamental information
concerning some of the propertlies of the individual moleculear
- chains comprising the cross-linked elastomers. This can best
be achleved by exémining the behaviour of the linear polymers
in suitable compatible solvents prior to thelr condensation
into a network.

Two approaches which lead to information on the

polymer-solvent and polymer-polymer interactions have been




used In the present work as follows: (1) thermodynamic

studies of the plasticizer-linear polymer interactionj (i1)
dynamic studies on the rheological behaviour of the linear
polymers and their solutions in suitsable solvents, The work
deseribed in the present thesis and the sims of the experimental

studies are summarised under the following two headings,

(a). Thermodynamic studies:~ Thermodynamic studies on linear
polyglycol-methanol systems have been carried out at various
temperatures between -30° to 25°C. and over a renge of
concentrations and molecular weights of the polymers., The aim
of these measurements has been to establish the excess
thermodynamic funetions for the polymer-methanol systems, the
thermodynamic functions of mixing, the activities of both the
components in the solutions and the characteristic pPolymer=
.solvent interaction parameters, i1.e., the Flory-Huggins
constant X and the interchange energy as a function of the
experimental variables, The determination of values of )§

for well-defined systems (the polymer fractioné in methanol)
will then allow thermodynamic evaluation of the relative
compatibility of other plasticizers with analogous cross-linked
polymers by swelling equllibrium measurements* in methanol

and other plasticilzing solvents,

This aspect of the work is to be regarded as one of the

# The swelling equilibrium measurements do not constitute part
of the work described in this thesis but are in progress in
this department and are being carried out by another worker.
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practical aims of the thermodynamic studies on the linear
molecules though not necessarily the mbst funamental academic
object of the work which is concerned rather with the studies

of the stracture and non-ideality of the solutions of the polar
short-chain polymers in a polar solvent and also with the
consideration of the significance of X for the polar systems
studfed. S3Sinee the parameter % has been suggested as a basis
for evaluation of the stability of plastiqizorfpolymer systemas,
its determination as a function of composition, temperature and
molecular welight of the polymer fractions has been an important
alm of the present work, At the same time it has been considered
necessary to examine the significance of X for the polar systems
studied in order to judge the utility of X as a parameter
characterising the plasticizer-polymer interaction in the
cross-linked elastomers being studied in other work,

(b). Rheologlcal studies:= The thermodynamie work has

indicated an important dependence of the thermodynamic properties
of the polyglyeols upon chain-length or the related proportion
of hydroxyl end-groups. Some exploratory rheologlecal studies

on the polymers of various molecular weights both in the pure
form and in solutions in several hydroxyllc solvents were
therefore also made in order to obtain some complementary
information concerning the role of end-groups ln determining the
properties of the polymer fractions. In this aspect of the woérk
two approaches have been made: (1) the study of the heats of

.activation for flow in the pure polymers and in their solutions
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and (1i) the study of the relaticnship between the :ntrinsie
viscositiea of the polymers in ethanol and their respectlve
moleoular welights,

The polymers studied in this work present sams Ffsatures
of fundamental interest other than those arising aimply froam the
plasticisation problem. The low molesular walght polymers
available provide an interesting group of substanees for whiesh
the transition from simple to polymerie behaviour may be
examined.

Ip addition to the two experimental approaches
sunmarised dbove, the polar nature of the systems studied in the
present work led us to examine the experimental data in the
light of a numbexr of thecretical rel;tionshipa whioch have been
derived by other workers from the lattice model treatment of
polymer soluticns. From the paremeters (the polymer-solvent
interaction constant X and the interchange energy w) calculated
from the theoretical equations, certain qualitative eonclusions
have been reached cancerning the kinds of molecular interactions
whish may be oecuring, for example orientation effects in the

solventwsolvent or in the polymeresoclvent intersasctioms,
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ABSTRACT

Thermodynamic and rheological studies have been carried
out on a series of linear polypropylene glycols of molecular
welghts in the range 150 to 3350 in alecoholic solvents. The object
of the studies has been to obtain fundamental thermodynamie
information on the interaction of the polyglycols with a suitable
compatible solvent (methanol) in relation to the study of the
plasticlzation of cross-linked elastomers deﬁived from the same
polymers,

Moasﬁrementa of the lowering of vapour pressure of the
solvent and the heats of mixing in the polymer-methanol systems
have been made, Vapour pressure studies have been carried out
over a range of temperatures and solution compositions by means
of a sensitive differential manometer. Heats of mixing have been
determined by use of an isothermal phase-change calorimeter
containing diphenyl-ether as the dilatometrie fluid.

The experimental measurements have led to the evaluation
of the partial molar free energles of each component in the
solution and hence to the free energies of mixing., The experi-
mentally determined heats of mixing have then ensbled the entropies
of mixing of the components (for various molecular weight fractions
of the polymer) to be calculated. By comparison with the entroplies
and free energles of mixing calculated for the corresponding ideal
solutions at the same compositions, the excess free energlies and

entroples of mixing have been deduced.

¢
b
I
i
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The Flory~-Huggins équation has been applied to the results
and values of the characteristic Polymer-solvent interaction
constant X have been calculated as functions of composition,
temperéturo of the solutions and molecular weights of the polymers
used, The significance of X has been discussed in terms of
- enthalpy and entropy econtributions to the excess free energlies of
mixing. Previous theories of polymer solutions have been applied
to the thermodynamic results obtained and interchange energies are
calculated and discussed in the light of poasible Polymer-solvent
interactions occurring in the systems examined. It is concluded
that in the poiar systems atudied. orientation effects in solvent-
solvent and polymer-solvent interactions are important in determining
the thermodynamile properties of the solutions,

The intrinsic viscosities of the polymers in several
alcoholic solvents have been determined and the relationship of
these values to the molecular welght of the polymer fractions used
has been established, The heats of activation for viscous flow in
the pure polymer fractions have been determined and the values
related to the molscular weights of the polymers concerned. The role
of hydroxylic end-groups has been discussed in relation to the
results for the heats of activation., The free energies and entropies
of activation have also been evaluated and the importance of hydrogen
bonding in the various polymer fractions discussed in relation to
the thermodynamic data for excess entroples of mixing in the

systems,




I. INTRODUGTION

l. PRELIMINARY REMARKS

Investigations on high polymeric substances afe usually
earried out on two states of the materials, viz,on the pure
substances or on solutions of the Polymers in suitable solvents,
The results of the first type of investigatiqn contribute no
information coneerning the behaviour of the isolated elementary
units but mergly indicate their gross properties in the pure
substances suéh information is often of importance from the
point of view of practical utility of the pure polymers. If,
however, information is required on the behaviour of the
individual molecules, the properties of the high polymeric
substances in liquid solutions mist be considered.

The relationship between physical properties and the
molecular structure of pPolymers has been studied by a variety
of techniques such as those of X-ray diffraction, infra-red
absorption spectroscopy, light scattering photometry, osmometry,
viscometry as well as through studies of sedimentation and
diffusion rates, kineties, thermodynamics and mechanical properties
of the polymers either in their pure form or in solution. In the
present work special emphasis has been placed on the study of
thermodynamic and rheological properties.




In the early work, the interpretation of the experimental
data was complicated owing to the difficulty of evaluating the
degree of polydispersity in all synthetic polymers and most
natural ones studied at the time. Fop the quantitative assessment
of any property of a polydisperse polymer some Imowledge of the
molecular weight distribution is desirable, This knowledge 1is
necessary because the various properties depend upon one or
other of the two different types of molecular welght averages
(1.0. "weight* and *number®) which cannot be:darived from one
another. One way of examining the distribution of molecular
weights is bytfractionation or separation through sedimentation,
Ultra-centrifugation is sometimes employed for the study of the
molecular weight distribution of high-polymeric compounds (1,2,3,4).
Strong centrifugal fields amounting to 10‘ to 10° times g, the
acceleration due to the earth's gravitational field, can be
generated. The various models by which polymer solutions may
be represented involve assumptions concerning (1) the structure
of the polymer and that of the polymer solution and {(11) the
interaction energles between similar and dissimilar molecules
in solution. The difference between the observed and calculated
values of a given property usually indicates to what extent the
assumptions were inappropriate and what other modifications
should be made in order to construet a model on the basis of

which the properties of the solution could more satisfactqrily
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be described. The theoriss of polymer solutions which have

been developed (see below) involve parameters which describe

the various polymer-solvent and polymer-polymer interactions,

When these parameters are known for suitable systems and conditions,
& more complete lknowledge of the behaviour of the solution with
regard, for example, to phase separation or change of propertles
with temperature, can be obtained. It 13 from this point of view
that a thermodynamie study of plasticization is of value. A

more detalled discussion of the theories of polymer solutions

will be given in the following section.

2, THEORIES OF POLYMER SOLUTIONS

Theories of polymer solutions are based on the general
theories of solutions. Accordingly it is desirable to discuss
the theories for simple molecules before embarking on a discussion
of polymer solutions,

A. General Theories of Solutions

The present knowledge of the ligquid state 1s in most
cases lnadequate fopr any strictly quantitative formulation of the
properties of solutions. Either of the approaches in which the
liquid 1s regarded as (a) a quasl-crystalline lattice or (b) a
dense gas~like phase have glven considerable qualitative or
semi-quantitative information concerning the properties of
liquids and of their solutions. There is evidence that either

of the above models can represent the liquid state with some




degres of acocuracy depending on the conditions concerned;
thus, it is reasonable to expect the dense gas model to be

applicable near the critical point where, to & first approximation,

molecules may move more or less independently while the quasi-
crystalline lattlce model would be expected to be more applicable
at lower temperatures,. Development of theories of solutions

has besn made féom.both of these points of view. A% the
temperatures for which most of the eéxperlimental data on the
properties of ordinary liquid solutions are avallable, the
lattice model is more applicable than the dense gas model.

The main purpose of these theories is to desoribe the
pbopertios of any solution with reference to those of the pure
components. or in terms of the departures of the properties of
the solution from those of an 'ideal' solution.

An ideal solution 18 defined as one in which: (1) the
activity 'a' of any component is equal to the mole fraction !'x!?
of that component in the solution at all concentrations,
temperatures and pressures; (11) the process of mixing brings
about no change in the volume of the aystem upon mixing certain
volumes of the components (i.e, AV = 0) nor any change in
enthnalpy (i.e. A5 = 0). For any component 1 1in the solution,
the following relationships hold:

- o
AMi = Mi ,u.1 = RT lna; = RTIn x (1)
or Eﬁi = G - 5? = RT lnx , . (2)




AV = 0, (3)
AH = 0, (4)

where ‘Ml and ,u; represent the chemical potentials* of the
component i in the solution and in the pure state, respectively.
Eiand Eg simllarly represent,respectively, the partial molar free
energles in the two states. The total free energy of mixing
will therefore be given by
4G = RT & n, 1n x, | (5)
where ny is the number of moles of the component. i. From
the Gibbs-Helmholtz equation AG = A4H -« T AS. and equation (4)
Wwe have
AG = T AS (6)

or

The expressions for the free energy of mixing per mole AGm

and the entropy of mixing per mo]_.e“, Asm‘ take the following

%
The superscript o 1indicates that the thermodynamic functions

refer to the pure components whilst the 'bar' indicates that
they refer to the corresponding partial molar quantities.

#+4
The subscript m used here and in subsequent equations

indicates the value of the function calculated per mole of

the component or mixture concerned.




AGy = BT Z,’x,_lnai | (a)

AS, = -Rzigllnxl. (9)

In practios, few 1iquids dSehave 1deally and thres types of
deviations from 1deal solution behavicus may be distinguished.
{1)  'Athepoal Solytions' are those for which Al = Dy but A8
no longer has its 1deal value, 1.,0., the uxcocs entropy of
alxing as® is not sero,

(11) ‘*Beplar Solutiona' are those for which A’ = 5 put Ax
i finite. 3olutions for whiech ASE 1o very small but not exactly
Zero have been descrided by Guggenhelnm as ‘atriotly regular
solutions',

(111} *Irregular Solutions' are those for which both AH and A3
deviate from their ideal values, i.6., A% ¥ 2 and As o 7,

Apart from deducing the thermodynamic funotions fop
mixing by making ume of the experizentally determined activities
of the components in a solution, it i1s possible to cslounlate
these functions thearetically with referencs to sultable models
of the solutiona, |

We may rezard the solution as a quasi-orystalline lattice

couzposed of ! sites whioh oan be cocupied slitler by asolvent or

o
The excess entropy is defined as the entropy of the solution

in excess of that of the 1deal solution at ths sama composition,

teaperature and nressure.




solute molecules; it is then pPossible to compute the configura-
tional entropy of a mixture of N, solvent and N; solute molecules,
The number, L » Of Wways in which distingulshable arrangements

of the N, solvent and Ng solute molecules may be made is given

by

o= _N (10)
) N, IN1

where N = N, + Ng. Using the Boltgmann relationship the
configurational entropy of the solution is then

S = xInm - w1 - 1nw). (11)
Since the configurational entropy is zero for both kinds of
molecules in the pure liquid components, the above equation (11)
glves the value of the change in configurational entropy AS
upon mixing the two components. By making use of Sti;-ling's
theorem and upon introducing mole fractions » the following
expression results

AS = R [n; in x; + ng 1n xa] . (12)
For ideal solutions AH = 0 so that AG is given directly by
the expression

AG = RT [n; 1n x, + ng 1n xa] . (13)
In the case cfnon-ideal solutions, AH may have a finite value
S0 that equation (13) no longer gives the free energy of mixing.

A finite heat of mixing arises when the mean of the

energies of the molecular interactions in the bure substances

differs from the energy of interaction between the unlike




molecules of the two comﬁonents in the mixture, The theoretical
evaluation of AH and AS has been the principal elm of most

of the theories that have been developed both for ideal and
non-ideal solutions, The various treatments are sumarised
below,

(a) Hildebrand and Seatchard (5,6,7,8) developed a theory of

regular solutions and derived an expression
1/2 1/2

based on the assumption that the energy of interaction between

& pair of molecules depends on the distence between them,

C1 and 02 in equation (1) are the cohesive energy densities
(C.E.D;); By, ﬂ are the volume fractions” of the two components

and V is the volume of the solution., The cohesive energy density

ia related to theenergy of vaporization of the liquid and may be
defined as the energy required to separate all the molecules

in 1 ec¢c. of a liquid. In this theory it has been assumed that
A5 has its ideal value., The method has been widely and
8uccessfully applied by Hildebrand (6) to 1iquid solutions of
simple molecules, In the case of polymer solutions, the C,F.D,

f, and B, are the volume fractions given by the expression
1 2

PR
= =
1 1 %17y

Where X4 represents the mole‘rraction of the component 1,
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of the polymer is not so readily obtained. An approximate
estimate can be made from knowledge of the chemical structure
of the polymer but such a procedure wouid hardly be adequate
for quantitative evaluation of the CeEeDs (9). A method of
deducing it from the swelling of a non-linked polymer has been
described (10) and the theory has been applied to polymer
solutions, "
(p) In the theory of strictly regular solutions developed by
Guggenheim (11) it is assumed that the total energy of any
configuration is made up of the sum of the lnteraction energles
of the neares,; neighbour pairs. He obtained the expression

AH = z.w. X3+Xg.N (15)
where w is a quantity called by Hildebrand and Scott (6) the
interchange energy*; 2 1s the coordination number of the lattice
and N i3 the total number of molecules of the two components.

If AH can be regarded to a first approximation as being
independent of temperature, then by making use of the differential
form of the Gibbs-Helmholtz equation, with subsequent integration,
the following expression for AG results:

AG ZWe XjeXgell
T T

+C (16)

*
The interchange energy w 1s glven by

W=Wig = 1/2("11 + Waa) (17)
where wyp, Ww,, and wgp, are the interaction energies of nelghbouring

pairs of (two liquid) molecules 1 and 2, molecules of liquid 1 and

molecules of liquid 2, respectively.




TR

where the constant C is iridependent of temperature. By
putting w = 0, it 1s seen that C 1s the idecal free energy of
mixing AGi divided by T

or acE = ZeWe X3eXgeN (18)

where J-\G»E is the excess free energy of mixing equal to AG=- AGi.
(¢c) PFowler and Guggenheim (12,13) developed a new method for
calculation of the free energy of mixing based on statistical
thermodynamics and called by them *the quasi-chemical method*,
They assumed that numbers of nelghbouring pairs of molecules
of different kinds denoted by x5, X331, Xzg Were in equilibrium
in the solution, the equilibrium constant being expressed by
(1/2 X32)° -2 /KT
o

3 (19)

X11eXag |
this result 1s analogous to that for a chemical equilibrium
between the species 11, 22 and 12. By constructing configurational
partition functions for the various pairs of molecules and by

*
In equation (15), w was used as though it had the form of

an enthalpy of interaction. In equation (19), however, it

has the form of a free energy. This approximation in (15) 1is
Justified by the general assumption in the lattice theory

that entropy contributions due to speclfic interaction between
nearest neighbours are negligible compared with the configurational

entropy.




algebraiecal manipulation, they obtained the expression*

AH=szx1xaN (20)
for the heat of mixing and the corresponding free energy of
mixing was given by

J%Q. = jz. wKx; xz Nd(r/T) (21)

Integration oflﬁquation (21) leads to the relation
OG/RT = n; 1n %, + ng 1n Xz + 1/2 2 n; In(1l - K x5)/x,
+ 1/2 2 ng In(l - K X3 )/x5 « (22)
The last two terms on the right-hand side correspond to the
éxcess free energy of mixing AGE/RT. Since we have an
expression (equation 20) for the heat of mixing, the entropy
and the excess entropy of mixing can hence be calculated.
There are, however, other approaches to this problem
and the treatments of Xirkwood (14, 15, 16) and Longuet-
Hlggins (17) are of particular slgnificance,

* K is a new quantity defined by the equation
1
Xas = K X,_ (20a)

and 18 related to the exchange energy w. by the expression
1 -K=K'%, xq (e/kL 1) . (20b)
Xia 13 the 1deal value of the number of nearest neighbour

pairs of the kind X,g.
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Bs Application of the Genéral Theories of Solutions to Polymer

Solutions

In recent years it has become increasingly clear that
the large deviations from ideal behaviour which are observed
with solutions of polymer molecules are primarily due to the
non-ideal entropy of mixing rather than to the finite heat of
mixing., The fapid growth of our understanding of the thermoe
dynamic properties of polymer solutions has been achieved mainly
by the development of statistical mechanical theories for the
calculation of the configurational entropy of mixing of polymers
in solutions. Although Bethe (18), Chang (19, 20) and
Miller (21, 22) were the first to concern themselves with the
configurational problem in the case of macromolecules, the main
advances were due to Flory (23), Guggenheim (24, 25) and
Huggins (26). All these treatments are based on the quasi-
cerystalline lattice model except for the excluded volume
treatment given by Hildebrand (27). It is useful to consider
briefly the various independent approaches made by these workers.,

(a) Flory's Expression for the Free Energy of Athermal Polymer

Solutions: - The process of mixing can be visualized as the

addition of the polymer molecules to the solvent *lattice“ one
after another; the number of ways of arranging the segments
of the molecules as they come on to the lattiee can be calculated,

The solution 1is regarded as being composed of a total number of




N sites equal to N, + r Ng sites where Nl‘and Ng are the

number of solvent and polymer molecules respectively and »r

1s the number of segmants* in each polymer molecule. The
reasonable assumption 1s made that all configurations have the
same energy; 1t is then possible to show that the total number
of configuratipns possible for the addition of the (j + 1l)th
molecule to the lattice 1s given by

z‘z - 1)r-2 (N - X j)r (25)

N(r -1)

V(j+1)

where z 1s the coordination number** for the 'idealised!
lattice. From the expression (23) the total number of configura-
tions can be obtained by summation. as
[y 1 3
= —= . T _.- V. (24)
Ngl j=l

By substituting the wvalues of %53 and applying Stirling's

#* The segment referred to here is not necessarily, or usually,
identical with the statiatical *segment! involved in the
calculation of the average form of a polymer molecule in

solution.

3¢
It 1s assumed that the solute segments are of such a size

as not to change radically the coordination number of the solvent

lattice about the segments.




theorem for the simplification of the factorials, the

following expression may be obtained

1n S2 = Nzln% -Nllng-‘--r Na [lar-r+14

1n z + (r-2) In (s-1)] (25)
which,on applying the Boltzmann relationship, gives

S/t = <Ny 1n 6; - Nz 1In 6, + Ny [ 1n (rz) +

(r=2) 1n (z-1) - r + 1] . (26)
In equation (26)

81 = Ny/(N; + rNy) and 05 = rNg/(N, + rig) . (26 a)
On putting Ny = 0 and N, = O independently, equation (26)
yields the following results

8 =k In N2 =0 (26 b)
and
Sg =k lnS)-g = Rng [:ln(rz) + (r-2)ln(z-1l) -
r+1] . (26 ¢)
From equations (26, 26 b and 26 ¢) it follows that

.%_s. = -nl 1n 01 - ng 111 Ga (27)

and the free energy of mixing is hence glven by

-%% n, 1in 91 + g In 63 . (28)
If it is assumed that the number of sites occupied
by the polymer molecule is proportional to its volume, 1.e.,

the segment 1s defined as that part of the polymer having a
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volume equal to that of a solvent molecule, then 8, and 9,

may be replaced by the corresponding wvolume fractions to glve
Flory's expression

g—T‘i = mInf + n,ng, (29)

in which ﬂl and ﬁa are the volume fractions of the solvent
and the polyﬁer, respectively, The quantities ﬁl and bz are
given* by

e N b= )

A - -
Nl + mN2 Nl + mN2

(30)

By means of the equation (30) the relative partial molar free
energies of the two components may be obtained fram equation (29)

as
Ay 1 |
o= b+ Q-394 (31)
and
Ap .
e = Wnf,- m-1)4 . (32)

The expression (29) for the free energy of mixing has
the same finctional dependence on volume fractions as the 1deal
free energy of mixing has upon mole fractions, Secondly, the
expression in its final form does not contain the coordination

number z, and the reason for this will become evident after

* m is defined as the ratio of the molar wvolume Vé of the

v
polymer to the molar wvolume Vi of solvent so that m = vg .
1




examination of Guggenheim's treatment. The treatment of
Huggins (26) 1s snalogous to that given above.
(b) Guggenheim's Treatment:- This 1s similar to that given
by Orr (28); -the lattlice is regarded as having H(= H, + r Hg)
sites and the total number of nearest neighbour sites to the
pol&mer molecule is taken &3 equal to a guantity gz where
qz: is glven by

q8 = rs - 2r + 2. (33)

Another quantity « 1is defined as the ratio of the
probablility that a set of r sites be occupled simltaneously
by segments of the polymer molecule to the probability that
they be ocoupied by r solvent molecules. If we represent
the solvent molecule by S and the polymer segment by P then
the probability f£(S) that a particular site will be occupied
by S and the probability f£(P) that 1t will be occupled by
P may be written

£(s) = 9o, ; £{P) = a5 . (34)
We may denote the probabilities that r sites are occupied
by the polymer molecule or by r asolvent molecules as f(rP)
and £(rsS) respectively. Then

r=1 —
£(rs) =9, %, and f(rP) = 0O.K! (35)

where



and the corresponding term for the component 2 is

¥, = 9% (36 b)
N; + qNg

From equation (35) « can be obtained as

« o _L(PP) = . K'8 (37)
f(rs) 9, }11"'1

The value of o« sgc obtained is related to the thermodynamic
functions and can be derived rigorously by statistical mechanies.
However, Guggenheim has used a more intuitive method for the
same purpose, This is based on the principle of detalled
balancing. which requires that when a system is in equilibrium
every single process must be exactly balanced by its converse.
The rate of the processes of evaporation of the polymar molecule
and condensatlion of r solvent molecules can be regarded as
being proportional to f(rP) and to P] , respectively, where p,
is the vapour pressure of the solvent; similarly the rates of
the converse processes of condensation of the polymer molecule
and evaporation of r solvent molecules may be assumed to be
proportional to f(rsS) and to Pas respectively, where pg is the
vapour pressure of the polymer; o can then be shown to be

given by
*= Elps (38)
pl.

By writing activities for vapour pressures 1if the vapourk are
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not ideal and introducing thermodynamic potentials instead
of activities, the following equation has been obtained:

Mg =« 2, = RT Ino = RT 1n K* (39)
which establishes the required connection between &« and the
thermodynamic quantities. Equation (39) expresses the relation-
ship between M, and Mg, which is also given by the Gibbs-Duhem
equation '

ndM, + ngaMy, =0 . (40)
By differentiation of equation (39) at constant temperature and
with subsequent elimination of d Mg using equation (40), we can

obtain
42 = - 9% g 1n« . (41)
RT P
By integrating this equation by parts,it follows that
AL 9 1
- & -
= .l_:!.ln + rJ‘].nccde.. (42)

Since at 65 = 0 equation (42) gives the value of the chemical
potential of the pure component 1, we can express A, (= - M2

as
g
AN, 5a L

——— == - —— - g . 43

=T = InL + - In d 8, (43)

Similarly, we obtain

A L4
—ﬁ—'fa = 91 1n& - S ln*o d91 . (44)
(4]

By substituting the value of <« from equation (37) expressions
(43) and (44) can be transformed to




AM3 1 %

and '
AM g 1.9 . 1n L 46
Gr = e + sz 52 (46)

respectively. The expression for the free snergy of mixing
may now be obtained since
AG = ny AU, + npaaM, | (47)

If the value of z becomes R , 1t can be seen from
equations (33) and (36) that 6; = ¥, and 6, = §, , so that
equation (47) reduces to Flory's expressioh (28). When 2 =00,
the number of nearest nelghbours to a given site becomes very
large., The representative polymer segment P always has two
nearest neighbour sites which are occupled by polymer segments
of the same polymer chain (1f the site is not at the end of a
chain). These two sites may be neglected as z -+ o gince
there are many other neighbouring sites then available. In
the deduetion of Flory's expression it has been assumed that
the probability of the occupation of a site in any manner is
independent of how a neighbouring site 1s occupied. The
occupation of sites by polymer segments is thus regarded to a
first approximation as completely random., This would only be
strictly true if z tends to infinity. We shall see later that
in fact 3z is hardly likely to exceed six or eight.

The treatments so far considered have assumed conmplete

uniformity of the distribution of segments in the solution
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and that there was no competition for a particular site taking
place between segments of different polymer molecules., In
dilute polymer solutions there are necessarlily regions in whieh
relatively high segment densities occur and these are separated
by regions having much lower or zZero segment densities., It

is also difrigult to represent the solvent, the polymer and
solutions of all intermediats compositions by a single lattice
model. However, there is no way of avoiding this problem

in the treatments developed hitherto.

(c) Pree Volume Theory of the Entropy of Hixing: - It is

evident that equations (28) and (29) are independent of any

lattice parameters; they hence enjoy greatep validity than the
artificialities of the lattice model would suggest. Hildebrand
(27) has in faet derived equation (29) without reference to any
liquid lattiece model. The assumptions involved are: (1) that
the free volumo* avallable to the molecules per unit volume

of the liquid is the same for the polymer as for the solvent
and (11) that the free volume is a constant fraction i)f of
the total volume of the system whether it be component 1,
component 2 or the mixture 1,2, For this assumption to be valid

*
The free volume is defined as the difference between the

actual volume of the liquid and the minimum volume which it
would occupy if the molecules were packed firmly in contact

with one another.




the liquids forming the mixture should have Simlilar chemical
constitutions. The free volumes for Ni molecules of component 1
and Np molecules of component 2 are then glven by

Ve, = NMiVadp (48)
and

Ve, = YNaVs, (49)
where V; and V, are the molecular volumes of the solvent and
the polymer,respectively. The free volume of the solution then
follows as

vf:ua = (NaVy + NgVg) bf . | (50)

The free volume in the liquid state may be considered
as the average effective volume in which the centre of gravity
of a representative molecule could be considered to be able %o
move 1f all other neighbouring molecules remained momentarily
fixed. By analogy with the change of entropy of a gas upon
expansion, an increase in entropy of the polymer and solvent
molecules occurs when they are mixed because there is an

increase in free volume. The change of entropy of the solvent

upon mixing 1s then given by

NV, + NgV
Ny, k¥ In (V Vo) = N; ¥ 1n 272 2= (51
1 fza/fz 1 NiVy )
and that of the polymer by
Nakln (Vp /Vo ) = Ng kin NaVa + NoVs (52)
12’ Ly
NgVg

The reclprocals of the fractions in the logarithms are the



volume fractions of each of the two components in the solution.
The total change in entropy, which is the sum of these
contributions given by equations (51) and 52), is hence

aS = -R[_n11n¢1+n,1n¢,] , (53)
where @, and @, are defined by the equations (30) and n; and
ng are the mumbers of moles of the two components. Equation (53)
corresponds ﬁp'that in Flory's treatment (equation 29).
Obviously, depending on the shape and size of the polymer
molecules, we may ascribe different free volume fractions Jbr
to the two components. Zimm (29) and Hugginﬁ (30) have carried
out detailed ecalculations for pPolymer molecules of different
shapes and aizes, ©.Ze¢, for spherical molecules of unequal size
the equation for the partial molar entropy of the solvent has
been shown (30) to be

AT 2
— = L. o s W, ... (54)

and for cylindrical rod-shaped molecules to be

§§i = s + ¢: + ¢: + . (65)
R m ? ? * 00

where m 1s the ratio of the volume of the solute to that of
the solvent molecule.

(d) The Flory-Hqgg;hs Equation:- Flory (21, 31, 32) and
Huggins (26, 33, 34, 36) have combined their expressions for

the entropy of mixing in a polymer solution with that for the
heat of mixing term calculated for polymer systems by Orr (28)
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and Guggenheim (36, 37) in order to obtain an expression for
the free energy of mixing. The equation for the heat of mixing

%—% = % @182 (ny + mng) (s6)

is analogous to the expression of van Laar, Hildebrand and
Scatchard for the heat of mixing of molecules of equal size,
From the above équation, we can obtain the following relation-

ships for the relative partial molar heat contents of the

components in solution:

. .
%3 xﬂa and ,:_Al;%g = m ,%ﬂ: . (57)

By combining equations (31) and (32) with equations (57),

the changes of chemical potential on mixing for the two components

can be obtalned as

&a = ng+ -1y g 4 x4l (58)

(59)

Ch2 = Inge-(m-1)g, + nxgd .

From the relatlionship AOG = n; AM; + ng allz,the following
expression for the free energy of mixing in the two-component
system 1s obtalned:

—Aﬁ'% = ny, In @, + ng 1ln @y + XF, Faln, + nng); (60)

equation (60) is known as the Flory-Huggins equation and

the constant X 1s often referred to as the 'polymer-solvent




interaction constant'. We can rewrite equation (60) as

"%-i" = ny Ing, + ng In @y +%n, ¢y (61)
by substituting the value of m from the equations (30).

From equation (81), it appears that =R [nl In g, +
ng 1ln 9!.] represents the configurational entropy and RT %n, #a
represents the heat of mixing. However, in accepting the
configurational entropy as the entropy change in mixing, the
rossible entropy contributions due to specific interactions™
between the qeighbouring palrs are neglected. There is no
Juatification for believing that specific interactions lead
only to enthalpy changes on mixing, since orientation effects
caused by molecular interactions are usually associated with
significant changes in the entropy of the system, particularly
if the groups concerned are polar. Consequently. it is

desirable to consider that ) determines not only the heat of

#
In cases where there are specific entropy contributions due

to interactions between the molecules, the interchange energy.
W should really represent a free energy change and not simply
an enthalpy change. As in the case of equation (63) the

interchange energy may be expressed as

w = wh+ ‘ws (62)

the subscripts indicating enthalpy and entropy terms.




mixing but also any excess entropy of mixing in the system;
X may hence be written in the form

?6 = %h + %8 (63)

where the subseripts h and s refer to enthalpy and entropy

contributions, respectively.

Since

As = -(aAG/azr)p (64)
and .

AH = -T’(a(AG/T)/aT)p , , (65)

equation (61) leads to the values of AS and AH as

AS = R {‘n_._ ln ¢, + ng 1n ¢gg + [3(7LT)/3 T] nlgg} (66)
and
AH = -RT® (2%/37T) n, #a . (67)

It has been observed that in some cases the value
of the interaction 'constant! X remains constant over a wide
rangé of concentration but this 1§ not found to be generally
true.

Gee and Orr (38) have pointed out that to a large
extent the deviations from ideality in the heat and entropy
of mixing are mutually compensating in most systems, so that
X 1s apparently independent of concentration. The
equations (60)and(61) therefore afford a considerably better
working approximation than the individual equations for the




heat or the configuratiénal entropy of mixing., It may be
concluded that it is hest teo regard 76 as a semi-empirical
'constant' whose application to polymer-solvent systems helps
in the correlation and comparison of results of thermodynami ¢
measurements.

(e) Flory's Theory of Dilute Solutions: ~ All of the treatments

hitherto considered in this review are based on one important
assumption that the polymer segments are uniformly distributed
throughout the solution. In dilute solutions,the polymer
molecules should rather be regarded as loose clusters of
segments s;parated by regions of pure solvent. It is reasonable
to expect each region of polymer segments to be approximately
spherical and the segment distribution to be more or less
Gaussian about the mean centre of gravity of the molecule.

Flory and Krigbaum (39, 40) have attempted, in a
complex and lengthy treatment, to derive an expression for the
free energy of mixing in dilute polymer solutions. The
principal features of their treatment may be summarized
in the following sections.

(1) The free energy of mixing of the polymer segments
with solvent in a volume element ®V 1is calculated from the
Flory-Huggins expression (60) by assuming that ng is equal to

Z6eXro,
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(11) The 1ncrea§e of free energy of the system in the
volume 3V due to overlapping of the segments of two polymer
molecules 1s then calculated as a function of the distance of
separation of the ecentres of the polymer molecules concerned.
The change of free energy due to overlapping is integrated
over all volume elements and the expression for the total

change in free energy 4G, 18 then obtained (41) as

AG kT X o~3a%/4(s%) . (68)

where (8%) denotes the average value of the square of the
polar radiﬁh of gyration and X is a constant for a given
polymer-solvent system and is determined by X , (8®) and the
number of segments in the molecule.

(111) Steps (1) and (11) above enable the excluded
volume to be evaluated., The probability that the centres of
two molecules will be at a distance of separation ta' 1s determined
by a Boltzmann factor having the form exp [T AGa/kgj . It
would appear therefore that the term exp [} AGa/kT] . 4T a® . da
is the volume available for one of the palr of molecules if the
other were fixed, From this argument, the excluded volume u

may be shown to be given by the expression
- -]
u = j~(1 -0 AG‘/kT). 4 Ta®.da (69)
(4]

which involves integration over all values of a from 0 to «»
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(iv) Having obtained the above equation for the
exocluded volume, the expression for the free energy of mixing

18 obtalned from the exeluded vSlwmme treament as
AG = -ny, kT [_ in V -(0/2)(102/?)] + constant (70)

where V is the volume of the solution,
By standard thermodynamic operations the osmotie

pressure may be derived as

T = .(26/2 Vo pon | (71)
or Gl e~
W Fwr (nyv+ (wW2)myvi2] . (72)

Alternatively, substituting nz/v = eZNA/H where ¢, 1s the
concentration expressed in grams per wmit volume and N, is

Avogadro's number, 1t follows that

T, = re [am+ uwadre,] (73)
= RT[ Ay + Ao, + Agod J (7h) .
where
A = 1/M (7%)
and
A, = Ny/awl, (76)

One of the important results of the theory of dilute solutions
is therefore that it enables the value of the second virial
coefficlient in the expansion of the osmotiec pressure to be

calculated as a power series in concentration,




3. EXPERIMENTAL METHODS FOR THE STUDY OF POLYMER=SOLVENT
M

INTERACTION

There are various experimental methods which may be
employed in thelstudy of polymer-solvent interaction. However,
most of these approaches are complementary to one enother and
thus provide‘g range of informztion wider that that ohtainable
from eny one type of study. It will be useful to discuss
briefly the foliowing important experimental methods for the
examination of polymer-solvent systems.

A, Lowering of Vapour Pressure

It is well-known that the vapour pressure Po of a
solvent is lowered by the addition of a non-volatile soluble
camponent., If the solvent vapour behaves ideally, the vapour
pressure above the solution i1s then related to the chemieal
potential of the solvent through the following thermodynamie
equations

4Gy =  Ap3 =3 = p] = RT In p1/p, (77)

and
Ap = RT 1n ay (78)

where by is the chemical potential of the solvent andp1 the
pressure of soivent vapour over the solution, a]_is the activity
of the solvent in the solution, the standard state for the system
being the pure solvent at the same temperature as that of the

solution studied, By means of the Gibbs-Duhem equation (LO),



the chemical potential Az of the solute can be calculated.
This then allows the free energy of mi'zd.ng to be evalusted.
using the relation

AG = ny, AN, + ng Ay (47)
from which the entropy and heat of mixing may be determined
with the aid of the expressions

L'a'r Jp,nl,,n,3 s (79)
and '
[MJ = AH . (80)
D(I/T) Py ,ng

Bj making use of the equations rinvolving partial
molar quantities, _Z—H-i and E'S'i can be obtained from equations
(79) and(80) for any component. In order to obtain AH; and
K_S'i considerable accuracy is required in the measurement
of the vapour pressures since the value of AH obtained from
'equation (80) 1s determined by the temperature dependence of
the relative lowering of vapour pressure.

There are essentially three different methods which
have been employed for the study of polymer solutions by
measurements of vapour pressure: (a) the absolute determination
of the vapour pressure (42, 43, 44, 45) usually carried out
by balancing the vapour pressure of the solvent against
pressure of air or nitrogen in a manometer; (b) the differential

determination of vapour pressures above the pure solvent and
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the solution (46, 47, 48, 49, 50, 51) directly using a manometer
and (e¢) the isopiestic method (46, 52, 53) in which the solution
i1s allowed to come into equilibrium with solvent vapour at a
known pressure (e.gg,that above a solution of a reference
substance at a known aetivity or above a solvent kept at a lower
temperature).

A very sensitive differential manometer has been
devised by Puddington (54,55) and can be applied to the
measurement of relatively small differences of vapour pressure,
8.8+, botwoen a dilute solution and the pure solvent. or at low
temperatureg. It can also be used as an absolute method in
cases where the vapour pressure of the solvent 1s relatively
small, This method has been used in the present work and will
be discussed in detail in the experimental section of this

thesis,

B, Heat of Mixing and Dilution

As already mentioned, both the heat of mixing AH

and the heat of dilution AH; can be obtalned from the vapour

pressure data by use of equation (80) and the expression

respectively. However, satisfactory use of these differential

equations demands a high order of accuracy in the determination of t}
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original vapour pressure data so that the usual small temperature

dependence of AG or Eac can be determined with suffielent
ascuracy. Suech determinations are magde ditficult in practiece
by’ ~ adventitious non-equilibrium conditions, inadequate
temperature control and unsavoldable traces of impurities in

tﬁe aystem. The heat of mixing is therefore more usuelly
determined by direct calorimetrie neasurement, In the case of
many high polymers, however, the extremely low rates of diéaolup
tion (if the polymers are solids) and the high viscosity of

the resulting solutions present serious pfoblems in the aeccurate
determination of AH; however, the direct calorimetric measure-
ment of AH is much to be preferred to its determination from
vapour pressure data over a range of temperatures,

The techniques employed vary according to the system
under investigation and details of the various methqu are
avallable in the literature (48, 56, 57, 58, 59, 60, 61, 62, 63,
6li). In the present work,direct determination of the heats of
mixing has been preferred and the calorimeter used 1s deseribed

in the experimental part of this thesis,

C. Viscositvy of Polymer Solutions

Solutions of polymers usually have viscosities

greatly exceeding that of the solvent even when the polymer

is present at relatively low concentrations, Viscosity

S TR TS s e e




measurements are simple to make withkreasonablo accuracy and
this is one of the reasons why more research has been carried
out on the viscosities of polymers than on any other physical
property of them. The factors which determine the viscosity
of a polymer solution are as follows: (1) the average linear
extension of the randomly colled, long-chain molecules; .

(11) the chemical nature of the polymer and the solvenf;
(111) the concentration of the polymer; (iv) the molecular
welght of the polymer and (v) the temperature. From measure-
ments of the viscosity ”’ of the polymer éolution several
useful quantities listed below in Table I can be derived.

TABLE I

Nomenclature of solution viscosity

Common name of S
the quantlities Preclse name deriggggl:qazgigg;
*
Relative viscosity Viscosity ratio ’7 r =" R
Specific viscosity - /v) sp = /v’r_l = _|=
(]
Reduced viscosity Viscosity number ’7red = '7 ¢ ‘7
Sp
Inherent viscosity Logarithmic = (1 ,
viscosity number 17inh ( n’7r)/°
Intrinsic viscosity Limiting -
viscosity number (N'] = vsp/c)c*o

= [_(ln’?r)/c c*o

I'Io is the viscosity of the pure solvent.
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The intrinsic v;tacosity [’V]J 1s independent of the
concentration and is found to be a funetion of the moleeular
welght, It is also of value as a parameter for characterizing
the polymer and the PoOlymer-solvent interaction. In order
to evaluate this quantity, measurements of‘vgp/c made at
very low coneentrations are Plotted against ¢ and extrapolated to
¢ —0. In the range of low concentrations the reduced
viscosity generally shows a linear dependence on coneentration

and in some cases ’Zp/o is independent of concenirction,

(a) Conecentration dependence of reduced viseosityy- At high

concentrations the reduced viscosity is often markedly

dependent uwpon concentration and a number of empirieal relation-
ships have been proposed which express the concentration

dependence of the Specific viseosity; the most eommonm relationships
are those due to Sehulz and Sing (65):

[N = Pya ey, (82)
to Huggins (66): '

2o = L1+ w7, (83)
and to Martin:
'Zp/e = [7]em (x[Y]e). (81)

Many authors prefer to plot (1n 7r’/° againat ¢ for
the purpose of evaluating the intrinsie viscosity, At higher

conecentrations the experimental observastions are better
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represented by the logarithmic relationship

ng)/e = [M] -x [1]% (85)

and expansion of equations (83) and (85) shows that

k + k' = 1/2, (86)

(b) Viscosity and Molecular weight:~ In 1930 Staudinger (87)

suggested thst the reduced viscosity of a polymer should be
propoftional to 1ts molecular weight according to the equation
Tsp/e = K + a. (87)
This simple form of Staudinger's equationiis not found to be
generally applicable. In most cases the molecular weight must
be related‘rather to the intrinsic viscosity, i.e., 3gp/c
extrapolated to infinite dilution where interaction effects
are absent. The relationship between the intrinsiec viscoslity

and molecular weight is then found empirically to have the form

(=g we (s8)

where a 1s a power usually less than unity and often near 0,5,
K and a are constants for a particular system and can be
determined from g doubleAlogarithmic plot of intrinsic viscosity
against molecular weight. The values of some of these
constants have been recorded in the literature (68) for a

mumber of polymer=-solvent systems.




(¢) The Activation Theory of Viscosity: - The first attempt
to develop a theory of liquid viscosity was made by Andrade (69).

He depicted each molecule as vibrating about an equilibrium
position at a sufficiently large frequency that many oscillations
would take place during the period required for the molecule to
diffuse from oﬁe equilibrium position in the liquid to another.
Andrade assumed that resistance to flow arose in the process

of transfer of momentum. The theory neglected the intermolecular
forces between molecules., Some attempts were made to take these
forces into account but there is an inherent difficulty in
calculating the intermolecular forces under non-equilibrium
conditions, Through an ingenlous extension of the theory of
absolute reaction rates, Eyring (70, 71) was successful in
treating viscous flow as a process whose rate was controlled by
the free energy required to overcome an energy barrier, and he
based hls activation theory of viscosity of the liquid state on
the so-called free volume model. According to this theory

each molecule in a liquid can be considered to be located in a
potential energy "well". Eyring considered that irregularities
in the arrangement of molecules constituted "holes™ in the
liquid. The process of flow was then regarded as ocecurring
whenever there was a Jump of a molecule from one potential

energy well into another corresponding to a new position in a



neighbouring hole., The final expression from his theory may

be written as

"7 = B, AGf)RT (89)
v

where h is Planek's constant, N, is Avogadro's number, V the

molar volume of the liquid and Z\G# the free energy of activation.

Substituting AG® = AH® - TAS® 1in the equation (89) the

expression #
'7 = ..._.m:A.e' AS/R . eAH#/RT ‘ (90)
may be obtained, Since the molar volume of a 1liquid does not

vary greatly with temperature and tls# being taken as approximately

constant, the egquation (90) can be written in the form

Mo 5. SPisesm o)

It has been found that there i1s an empirical relationship
between JﬁGzisc. and the heat of vaporization expressed as

AHV&. .

_?_L = 2,45 (92)
(2N 4

vise.
which holds for a large number of liquids and provides a method

of eatimating theoretically the viscosity from the heat of
vaporization of a liquid.
(d) Long-Chain Polymers: - It has been observed that

activation energlies for flow in long=-chain polymers are very

mach lower than would be expected from their molecular welghts,



It has therefore been suggested by Kauzmann and Eyring (72)
that long-chain polymer molecules do not flow as a single unit
but as segments of 20 to 40 atoms which Jump together from
one equilibrium position to another.

(o) Viscosity of Mixtures: - Attempts to obtain a simple
expression relating the viscosity of 5 mixture to its composition
and to the viscosities of the pure componensts in the mixture
have not been successful, especlally if the mixture shows an
appreciable departure from ideal mixing behaviour, However,
by consideripg the free energy of activation A(}fg for
viscosity of the mixture as an average of the free energles of

activation for the pure components where AGZ!zis given by
A 18 = X4 AG‘? + Xz AGf »
the following empirical equation has been proposed:

- Eb . gx ad+ x, acdy/me (93)

Vaia

where V,3 1s the average molar volume of the components. If
V, and V5 are not very different, we can rewrite equation (93) |
in the form
log "’) = x5 ln’7,_ + xa 1n'73 , (94) ’
whieh 1s the equation proposed by Kendall (73). 1
This equation 1s obeyed only by mixtures of similar
liquids and the experimental data show departures from the
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predictions of equation (94) in cases where the system exhibits
departures from ideal mixing behaviour. A corrected form of
the equation, in which allowance for the excess free energy of
mixing is made, has been proposed as

'f] = NAh. o &xl AG{ + Xxg AGf) + AGB/2’45} /RT. (95)

Vas

In the case of a polymer solution, it is difficult to assess
the value of V,5 with any reasonable accuracy and the approach

becomes more complicated.,

4, PLASTICIZATION

Many of the natural and synthetic materials used as
plastics or elastomers are of limited application without the
addition of modifying agents to impart various desired properties.
Such modifying agents are called plasticigers and are added to
the plastic for one or more of the following reasons, the
process being called plasticization:

(a) to facilitate mechanical processing by softening

of the material;

(b) to modify the mechanical and elastic properties
of the finished product and more generally to
achleve a change in properties from those of the
often hard, brittle, glass-like pure polymeric

solid to those of a soft, more flexible material;




(¢) to maintain desirable mechaniecal properties

over a wider range of temperature than would bve
possible with the pure polymers.

It 1s also possible in many cases to bring about
desired changes in mechanical properties by varying the chemical
nature of the‘polymer, for example, through the introduction
of large groups (74, 75) into the polymer chain. The structure
is then loosened because the chains are forced apart. This
results in a softening of the solid due to diminished inter-
molecular interactions and the process is termed 'internal
plasticization?,

Since this work originated as part of a series of
studles of plasticization of cross-linked polar elastomers
derived from the linear polyglycols,it is considered appropriate
to review briefly some of the fundamental aspects of the
problem of plasticization. A polymer-plasticizer system may
be regarded as a concentrated solution of the polymer in the
plasticlzer acting as a solvent. The study of plasticization
is therefore a branch of the physical chemistry of polymer
solutions. Any fundamental knowledge of the behaviour of
plasticizers in polymers must be therefore gained in the first
instance by studies of relatively dilute solutions of the polymer

in various compatible solvents.




A. Second-Order Transition and Plasticization

Temperature has a marked influence on the properties
of polymers and these properties generally show a first order
or a second order transition when plotted against decreasing
temperature. The first order transition is assoelated with the
disappearance of crystalline reglons in the polymer as the
temperature 1s raised and is of importance in determining the
mechanical properties on which ease of processing depends.

The second phenomenon occurs at relatively lower temperatures.
This tempergture is called the second order transition point

or glass poiht. It 1s of great importance with regard to

the properties of the finished products since properties such
as thermal conductivity, refractive index, dielectriec loss,
stlffness and viscosity change markedly at this temperature,

In order to explain this change of behaviour it 1s necessary to
assume that the macromolecules in the molten or dissolved

state can execute two kinds of movements: (a) a macro-Brownian
movement of the total molecule and (b) a micro-Brownian
movement consisting of vibrations and rotations by the segments
of the molecule.

The macro-Brownian movement is a more or less free one
in the case of high polymers in the plastic state or in solution
but it is much diminished by cross-linkage. The thermal micro-

Brownlan movement of the Segments of the plastic/elastic materials




continuously decreases dhring cooling, Fewer and fewer Segments
have aurfieient energy to execute vibrations or rotations and
the material becomes more and more viscous. Finally the
rotations are practically stopped and the polymer changes
abruptly into a hard glass-like and brittle material in which
loecal rotational motion is replaced by librational oseillation,
This transitian corresponde to the change of a number of
1mportgnt properties of the polymer, for example, the specifie

volume, viscosity, dlelectric relaxation time and specifiec

heat of the materisl, Tt is because of the undesirable transition i

of polymers to a state of brittleness at low temperature that
the addition of plasticizers is deairable,

B, General Requirements for a Plasticizer

Two main requirements for a plasticizer are (a)
compatibllity and (b) permanence, l.e., maintenance of the
plasticizer in the polymer as a s8ingle phase, The plastisizer
must be miscible with the polymer. This implies a similarity
in the magnitude of the intermolecular forces iIn the two
components and explains why compatibllity of plastieizers with
non=polar polymers such as polyethylene is diffieult to achieve,
Permanence requires a low vapour pressure, low diffusion rate
and chemical stability of the plasticlizer within the polwmer

and these properties may be obtained by using high moleecular
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welght plasticizers, Many widely used plasticigers are high
molecular weight esters such as phthalates, phosphates, adipates,
sebacates ete, Other types are ketones, amides, nitriles

and sulphonamides. The 'sfficlency' of a plasticizer is Judged
by the manner in which one or more of the required properties

are modified when measured with reference to the preportion

of the plasticiszer added; 1t is therefore a’ comparative term.

Ce Mechanism of Plasticization

A more fundamental undorstanding‘or the actlion of
plasticizers :1is desirable in order that the suitabllity of a
plasticizer for a partioular system may be judged and that the
development of better Plasticlzers may be guided by less
empirical considerations. Several empirical attempts have been
made to treat the plasticizer-polymer interaction in terms of the
secondary valence bonds dissoeisted (76), the solvation power of
the plastiecizers for the polymers (77, 78, 79, 80) and the rdle
of polar or polarizable groups (8l1) in the components, Some
authors have tried to show a connection between plasticization and
viscosity (82, 83) or have tried to relate the efficiency
of the plasticizer.to the molecular 8lze and shape of the
interacting molecules (81, s2, 83, 84). The following general

conclusions may be drawn from work of this kind:
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(1) The solvating power of the plasticizer for the
polymer is the primary requirement for a suitable plasticizer
to have good compatibility with the polymer and this therefore
suggests that polar solvents are better rlasticizers for
polar polymers,

(11) Moleeular size and shape of the plasticizer and
the polymer play an important role in the efficieney of the
rlasticizer, |

(111). Addition of the plasticizer may be expected to
improve thg Polymer material in flexibility by dilution of the
polymer and by modification of the secondary interactions,

The former effeet is also indicated directly by the large
increase of entropy of the system upon Introdueing the
plasticizer into the polymer owing to the greater freedom of
the polymeric chains,

It is generally considered that rlasticization takes
place through the formation of a gel which ean be regarded as
a solution of the liquid plastiecizer in the polymer. Although
polymer solutions are conventionally regarded as containing low
concentrations of polymer, and plastie gels as containing high
concentrations, 1t is not necessary to develop a separate theory
for each class, In fact, much of the theory of plaaticization
and several of the methods of evaluation have been based on the

behaviour of solutions containing low concentrations of polymer ,

FroS—




When large molecules mii with small ones, there 1s a considerable
positive entropy change which in the absence of any specific
interaction of the components leads to the formation of stable
solutlions or gels. A more qu&%itative treatment of plasticiza-
tion follows from the study of the thermodynamic relations for
polymer-solvent systems dlscussed in the section on theories

of polymer solutions. The fundamental relationships are
expressed by equations ( 28, 29, 31, 32, 45, 46, 58, 59, 60).

The Flory-Huggins equations (written in terms of the activities

of solvent and polymer)

1n ay :%’LTI:ln;dl-\- (1-%) o+ X85 | (s8)

1n a, :AI%['? Sln gy - (m = 1) gy +%mgs , (59)

Réi‘g Z nylng + nplngs 4 76253_[62(111 + mng) (60)

e l-iéT—G— = n Inf +n, Ing + X8, - (61)

are particularly important in that they contain the empirical
interaction constant X which has previously been used as a
parameter characterizing the stability of plasticiger=polymer
systems., Instability, i.e., phase separation of the
plasticizer-polymer solution is generally found if X 1is much

larger than 0,5,




5. THE POLYGLYGCOLS

The polyglycols are formed by anionic polymerization
of a low molecular weight oxide such as ethylene oxide or

propylene oxide in dioxane.

(1) Polymerization: = The initiation reaction may be forimlated

in general as

=it 3 e -
R'CH ./CHQ + OR - RO - CHg «-CH =~ 0o (96)
\\\0
_ (Initiation)
followed by the propagation reaction
# - % R —enR -
RO=CH3~CH=0 4+ CHy-CH=-R - R-o-cH,-éH-oéCH-o . (97)

0
(Propagation)

Termination may be achieved by charge transfer with water
or an alcohol, It is seen from the above reaction scheme
that the main chain of the polyglycol is really a polyether.
The polyglyeols are related to the corresponding vinyl
compounds through the introduction of the ether oxygen atom
at every second carbon atom 1n the main chain., In the present.
work,polypropylene glycol fractions having 'number' average

molecular weights varying from 150 to 3350 have been used.

R —
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(11) Cross-linking in polyglycols: - The polyglycols may be

cross~linked in the presence of a suitable triol by means of a ;
bifunctional isocyanate and the process, although complicated 5
in practice by some side reactions, may be represented essentially |
as ,

R.N = C =0 +R OH - RNH—enG = OR® ~ (98)

;

where R can contain other hydroxyl functions and the isocyanate
can be bifunctional. The eross-linked elastomers are formed
as shown diagramatically on the following page,

The materials obtained by cross-linkage of the
polyglycols can be plasticized as in the case of other infiniie
network polymers and i1t is in comnnection with the problem of

plasticization of these crosse-linked elastomers that the present
work owes 1ts origin,

(111) Previous thermodynamic and rheological work on linear

polyglycols: - Few physico~chemical studies on the properties

of linear polymers have yot been carried out. During the course
of the present work, Malcolm and Rowlinson (85) have published
the result; of some thermodynamic studies on Polyglycols in
aqueous solutions and have made comparisonsbetween the behaviour
of the polyglycols and dioxane both in aqueous solutions.
Comparison of the results of their work in aqueous solutions

with the results obtained on solutions of the polypropylene
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glycolsin methanol in the present work is glven in the discussion
section of this thesis.

More recently Sadron and Rempp (86) have studied
the rheological behaviour of the polyethylene glycols in a
variety of solvents and established the dependence of intrinsic
viscosities of these polymers upon the molecular welghts of

the fractions used.,




II EXPERIMENTAL

SCOPE OF THE EXPERIMENTAL .+ORK

The experimental measurements made in the present work
have consisted of:

(1) the determination of the relative lowering of vapour
pressure of the solvent in methanolie solutions of various
fractions of the polypropylene glycols and at various tempera=
tures;

(11) the determination of the heats of mixing of the various
polymer fractions with methanol at 26,9°C. in an 1sothermal
phase=-change calorimeter, and

(111) the determination of the viscosities of the pure
polymer fractions over a range of temperatures and of the viscoe
sities of solutions of the fractions in aleohols.

Although the investigations indicated under (1), (i1)
and (111) are widely different both in experimental techniques and
In the principles involved, the results obtained from these
different types of Measurements are complementary for the unders-
tandin: of the nature of the polymer-solvent interactions involved
in the systems examined,

From the measurements listed under (i) and (i1),al1l the
relevant thermodynamic data for the systems can be obtaihed, viz.,

the relative partial molar free energies of the components, the

|

i
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activities of the components, the mixing functions, the excess ;
mixing funoctions and the relative partial molar heat econtents of 5
the components, |
For convenience of presentation, the experimental
details and results have been described in three main sections:
(1) materials used in the work, (2) thermodynamic determinations

and results and (3) viscosity determinations and results.

SECTION 1

MATERIALS USED IN THi wORK

The Polymers: Five fractionated semples of the polypropylene
glycols were provided through the kindness of the Uhion Carbide
Corporation, These substances were of sufficlently high purity
for the work except that they have a tendency to absorb =ome
moisture, For the purpose of the present investigations, the

samples were first dried by keeping them under vacuum at 80°¢C,

for periods of twelve hours and then storin; them in evacuated

and sealed vessels until they were required for use. BRefore g
use in any experiment the samples were always evacuated again for
six nours on the high vacuum line. The molecular welchts of the
samples had been determined by the Carbide Company but an inde=-
pendent check on these figures was made by determining the number

of hydroxyl groups per unit weirht of the sample of each polymer

by the follouwing method and then evaluating molecular weights of



the samples*.

All samples were first dried by the procedure described
above, Three samples of a given polymer fraction econtaining
between 3 and 5 mg. of hydroxyl groups were accurately welghed
out Into 10 ml, volumetric flasks, dissolved in dried carbon
tetrachloride and then made up to the standard volume. The
apsorbance of each of the three solutions was determined at a
wavelength of 2,9 microns in a 0.1 rm. cell using a Perkin Elmer
model-2l infra-red spectrophotometer with sodium chloride opties,
A calibration curve of the absorbance due to known welght
fractions of hydroxyl end-groups had been determined chemically
by the method of Elving and Warshowsky (87) using phthalic
anhydride and pyridine, The molecular welghts of other samples
were then calculated from absorbance measurements on solutions
contalning known concentrations of the polymers. The over-all
accuracy of the method 1s about 1% expressed in terms of the
average molecular weight measured,

The flve samples used were found to have molecular
welghts of 150, 425, 1120, 1955 and 3350. All except the last of
these figures agreed with the data supplied by the Carbide

Corporation for these samples to within an average of 3%, The

* These determinations were carried out by Dr. J.l.. Bolvin of the
Defence Research Board in collaboration with the author, since
this method has been in use for some time in other work connected
with the present project,
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figure for the highest molécular welght sample was checked twice
and deviated by 15% from that stated by the suppliers.

In the present work on the relative lowering of vapour
pressure of the solvent, the concentrations of the polymer used
were such &s to enable deviations from ideality of the solutions
to be measureds The polymer concentrations were hence too high
to enable direct determinations of the molecular welghts to be
made from the vapour pressure data. Inspection of the extra-
polations required, e.ge. in Puddington's determinations of the
molecular welghts of "Carbowax™ and sucrose myristate (88),
indicates th;t the molecular weights of the polypropylene glycols
could not have been determined wilith any greater accuracy by the
vapour pressure method than by the analytical method described

above,

Purification of Solventst The methanol employed in the thermo-

dynamic investigations was the 'acetone-free! reagent supplied
by Briclman and Company, Canada., It contained about 1 percent
of ethanol and was further purified by the following procedure,
25 go of iodine were dissolved in 1 litre of methanol
and the solutlon was slowly poured into 500 ml, of stirred
N-NaOH solution. A small amount of a yellow precipitate of
iodoform was formed. The solution was kept over-night and
filtered. The methanol was refluxed over magnesium with a small
amount of iodine for about 6 hours and then fractionally distil-
led and a fraction boiling between 64° and 67°C. was collected.

This was again refluxed with a fresh quantity of magnesium in
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the presence of iodine. This procedure was continued until the
distilled methanol gave a vigorous reaction directly with
magnesium. Methanol was finally distilled over magnesium and
the fraction bolling at 64.7°C, was collected., The flask con-

taining the methanol was sealed to the vacuum system and methanol

was condensed under vacuum into the reservolp a, (Figure 1)
after passage through a column of rhosphorous pentoxidej the
vessel &g was then sealed,

For the viscosity measurements,methanol. obtained after
the treatment with lodine and NaOH was refluxed and distilled
several times, Ethanol and n=propanol were also distilled
several times until substantial fractions with constant boiling

pointas were obtained,

SECTION 2

IHERMODYNAMIC DETERMINATIONS AND RESULTS

It was necessary to conmstruct apparatus both for the
vapour pressure measurements over a range of temperatures and
for the calorimetric measurements of the heats of mixing,

A, Vapour Pressure Measurements and the Differential Manometer

The measurements of the vapour pressure of the solvent
in the polymer solutlons have been carried out by means of a
differential manometer based on the type devised by Puddington
(54); this apparatus is illustrated in Figure 1 and Plates 1,2,3
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and k. It differs from that used by Sirianni and Puddington (55)
in a few minor details. The prineiple of operation, details of
construction and the experimental procedure are discussed below.

(a) Principle of Operation: The differential manometer consists

of the bulbs A1 and A2 connected by a U tube and partly filled
with mercury, As shown in Figure 1, the bulbs A, and A, are
exposed to the vapour of the solution and solvent, respectively,
When there is no difference between the pressures of vapour on
the mercury in the two limbs of the manometer Al Az the volume
of the space above the mercury level in A1 up to the mark hl is
approximately equal to the volume of the bulb A3. On closing the
metal valve MVE and slowly opening the stopcock T3 to the |
atmosphere, the mercury in A3 could be transferred to the bulb
A1 until the mercury level just touched the mark hl' The amount
of mercury in A3 was such that 1ts meniscus then rested at a
certain level in the lower part of the calibrated capillary C.
This level was reproducible and is the tzero=-point! for the
measurements, when there is a difference or vapour pressure on
the mercury in the two limbs of the manometer and MVé is open,
the levels of mercury in Al and A2 are Slightly different,
Gompared with the situwation when there is equal pressure (or
vacuum) on the mercury in the two limbs, this finite difference
of vapour pressure has effectlvely caused the transfer of a small
volume of mercury from A2 to Al’ since the vapour pressure of the

solvent In S (Figure 1) is greater than that above the solution

in S When MVé was closed after equilibrium had been reached,

2.
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less mercury from A3 would hence have to be admitted to Al for
the meniscus of mercury in A1 to reach the mark hl‘ The reading

on the capillary C when the meniseus in Al was at the mark h1
would then be higher than that correaponding to the 'zero-point!
level, The difference of levels measured in this way 1is proe
portional to the difference between the vapour pressure of the
solvent and that of the solution. If the dimensions of the
caplllary below the bulb A3 and the dimensiqns of the bulbs A1

and A2 are lkmown, the difference of vapour pressure can be

calcudated fram the difference of levels in the caplllary, measured

as described ébove. The sensitivity of the instrument depends on

the crossesectional area of the bulbs A1 and A2 compared with

that of the capillary. Very small differences of vapour pressure j

can be measured accurately in the apparatus described above.

(b) Constructions The apparatus consists essentlally of the

differential manometer A1A2A3, the manometer MM, the tubes Sl and ;
82 containing the solvent and the solution respectively and the :
various mercury cut-offs M., All parts of the apparatus were

made from pyrex glass except the metal valves MVl and MVZ‘ The
various components and thelr functions are described below,

Preparation of the bulbs Al, A_ and A3: Although the principle

of the Puddington method is essentially simple, its accuracy has
been found (55) to depend on the reproducibility of the contact

angle at the mercury-glass-vapour interface in the bulbs'A1 and




- 59

A This factor is important since in the operation of the

2°
menometer it 1s assumed that the amownt of mercury transferred
from Aa to A1 is proportional only to the difference of pressure
between the two limbs. The most convenient way of ensuring
reproducibility of the contact angle 1s the method suggested by
Puddington et al. (55) namely to etch the inmer surfaces of he
bulbs in the following manner. A few grams of 300 mesh
carborundum, sections of flattened lead shot and a few ml, of
water were put in the bulbs Al and A2 before they were fixed in
the apparatus,. The bulbs were rotated ror 2L hours at a speed
Just below that required to carry the pleces of lead shot around
with the rotating bulbs. This treatment was then followed by
thorough cleaning and steaming before the bulbs wepe set in the
apparatus. Some traces of carborundum or residues of glass .
which remained on the etched surfaces of the bulbs were removed
by washing with methanol,

The bulb A3 having a volume about 75 ml. was blown
from pyrex tubing and mounted together with the bulbs A1 and A2
on a rigld frame of aluminum rods as shown in Flate 1. ‘The
whole assembly was then set in a block of rlaster of Paris,

Yiis procedure was necessary otherwlse the large weight of the
mercury in the bulbs might have gradually changed the relative
position of these bulbs and thus led to irreproducibility of the
results. An important improvement over the apparatus described

by Fuddington gt al. (55) was the introduction of metal valves
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instead of glass stopecocks between the two limbs A1 and Aa of
the apparatus shown in Figure 1. These valves are much superior
to greased stopcocks sinee no contamination of the mercury by

grease ocan then ococur,

Calibration and purpose of the bulbs al a .i;Jis It would appear
from the descfiption of the apparatus given above that it was
only suitable for measurements over a limited range of differ=
ences in vapour pressure corresponding to the length of the
calibrated capillary. In order to increasse the range of the
differential manometer,a series of small bulbs each approxi-
mately equal in volume to that of the capillary C were located
in a short piece of capillary sealed to the top of the bulb Al'
The volumes of these bulbs were calibrated by welghing the
mercury contained in them between etched marks, If during a
measurement the end of the mercury thread was off the sScale
in the ecapillary C when the mercury in bulb Al had reached the
first eteh mark hl then the mercury was pushed to the next etched
mark h2 or h3 etoc. mtll the end of the thread of mercury
appeared in the calibrated region of the capillary.

The internal diameters of the cylindrical bulbs Al and
A2 were determined by measuring the internal diameter of the
glass tubing from which they were made. Measurements with a

travelling microscope gave a mean diameter of of 7.693 em. with

-

&n error not exceeding ¥ 0,001 em. The capillary C was calibrated

by measuring the length of a thread of mercury of known weight in
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various parts of the capillary tube. One centimetre of the
capillary tube corresponded to 0,08719 ml, + 0.02%,
Use of the mercury cut-offst It was considered desirable to

use mercury cut-offs instead of glass stopcocks since organic
vapours can be absorbed by the grease in stopcocks thus
changing the conéentration of the solution under inveatigation,
This effect can introduce serious errors in the measurements of
vapour pressure apart from the possibility of causing the grease
to flow which may lead to leakages, For the operation of the

mercury cut-of‘:s & second vacuum pump Py was employed,

IThe sample holders for the solvent and solutions The tubes S1
and 82 held about 3 to Lt ml. of the solvent and the solution,
respectively, and were connected to the bulbs AZ and A1 through
the mercury cut-offs Ms and Mh,respectively. These tubes were
seated in a thick block of brass to ensure uniformity of
temperature. The brass block B was maintained in an alcohol
thermostat as shown in Plate 3 and was regulated by means of a
large mercury thermo-regnrlator to a speclfied temperature with
variations not exceeding + 0.005°C, as deternined by means of a
Beckmann thermometer. It is to be expected that the temperature
variation between the two sample tubes S1 and S2 In the brass
block would not exceed + 0.0005°C, Since the present investi-
gations have been carried out at low temperatures, the alcohol
thermostat was enclosed in another thermostat (containing -}

mixture of ethylene glyeol and water) maintained at a controlled
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temperature slightly lower than that of the alcohol thermostat
by means of a powerful refrigeration wmit,

Maintenance of constant temperature: As discussed above, the

thermostat bath for the sample tubes was maintgined at &
temperature constant to + 0.005°C, by means of a mercury relay
used In eonjuction with a large spiral mercury thermos-regulator.
An electric heater was controlled by the relay and only a little
heat was required to maintain the desired temperature., The
input voltage to the heater could be adjusted by means of a

variable inductance transformer. It was also necessary to

maintain constancy of the temperature of the mercury in the bulbs

Al’ A2 and A3. As indicated in Figure 1 and shown in Plates 1
and |} most of the apparatus outside the low temperature bath was
enclosed in an airethermostat maintained at 32° + 0.05%, by
circulation of air using two electric fans and with a heater
controlled by a bimetallic regulator operating through a Sunvie
relay., The fact that the large bulk of mercury in the bulbs

would require considerable time to undergo & change of temperae- .

ture tended to give & more constant averege temperature locally
at the mercury-vapour interface. That Satisfactory constancy of

temperature was achieved was indicated by the fact that no

significant variations in the zero reading could be detected over

periods of several hours and changes of the zero-reading were

never more than 1 mm. during several days,
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Iransference of solvent under vacuum: The purified methanol was

kept free from air and other impurities in the bulb as and could
be distilled in wvacuo from the vessel 8¢ into a calibrated
caplllary ag (with a bulb at its lower end as shown in Figure 1)
by lowering the mercury in the cut-offs Mﬁ and Mé and reducing
the temperature of the capillary as. Several capilllaries were
available for transferring exact volumes (1 to 5 ml.) of methanol,
After collecting known volumes of methanol in.the caplllary a5
at a lnown temperature (generally 25°¢, ) mercury in the cut-offs
MS and Mé was ?aised and that in the cut-offs Mé and M7 lowered
in order to transfer a known amount of methanol to either of the
sample holders, When the required amount of methanol was
condensed, the cut-offs M6 and M7 were closed by raising the
mercury. The position of the meniscus of the condensed methanol
at a given temperature could be read in the capillary to + 0.05
cm, The total volume contained in the capillary vessel aS
including that in the bulb was equivalent to about 50 em. length
of the calibrated part of the caplllary . The volumes of the
solvent used in the experiments could thus be known with an
accuracy of about one part in a thousand,

Stirring of the liquids in the sample holders: In order to

facilitate equilibration between the vapour and the liquids, the
latter were stirred magnetically using sealed zlass tubes
containing pleces of soft iron, These tubes were enclosed. in
the saiple holders S1 and 82 as shown in Fipure 1 and caused to

move by the periodic motion of a magnet outside the brass block B.
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Some difficulty in stirring was experienced with the more
viscous solutions of the polymers of high molecular weights but
it was overcome by using a thin plunger with a soft iron core

at its upper end and held in the field of -a- solenoid., By
rassing a current periodically in the solenoid the plunger could
be made to move up end down in the tube S,. This method of
stirring gave satisfactory results and equilibrium could be
reached in less than three to four hours as indicated by the

constancy of the lowering of vapour bressure,

(c) General procedure: The whole of the epparatus was first
evacuated to a pressure of 10'5 to ZI.O'6 em, of mercury, The

required amount of carefully cleaned and distilled mercury was
then introduced from the reservoir R into the bulbs Al, A2 and

A3 by opening the metal value MVi and the stopcock T5 to the
atmosphere, (The mercury in the differential manometer A1A2A3
could be freed from any entrapped air or vapours by allowing it to
fall back slowly into the reservoir R. The vacuum api:lied at T6
removed any ailr or vapour from the mercury as it fell in a thin
Stream past the point G above R.,) The mercury in the cut-offs Mh
and MS was then raised and the tube 32 broken and a known welght

of solute (i.e. the polymer) was added. The polymer had been kept f

under vacuum before introdueing it in the tube 82. No time was

lost in resealing the tube 82 to the apparatus lest the sample

should take up any moisture. The apparatus was then evacuated

again to ensure that no air or moisture remained after the tube
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82 had been sealed to the apparatus, The required amounts: &7

methanol were then transferred in vacuo to both sample holders,

The solution was stirred for twelve hours to ensure complete

mixing of the polymer with the solvent,
The zero reading on the capillary C was then noted,

Mercury in the cut-offs Mh and Mg was then lowered after raising

mercury in the cut-off Mé. At equilibrium the vapour pressure

of the pure solvent was measured on the manometer MM and the
lowering of vapour pressure was determined by the procedure

discussed above., Corrections for the welght of vapour in the

dead space in the apparatus were made to each concentration

at every temperature. The dead space is the volume enclosed

between the levels of mercury in Al’ in the manometer MM and in

the cuteoff Mé and the levecl of ligquid in the sample tube Sz.

The dead space varied from 120 to 125 ml. For each system of

definlte composition Studied, determinations of the diiferential

vapour pressure and the vapour pressure ol the solvent were made

at various temperatures ranging from about =30° %o 25°C. For

each composition two or three readings were taken on the

differential manometer at every temperature. The zero reading

used was a mean of four measurements and was checked periodically.;

The vapour pressure of the pure solvent was measured
directly on the manometer MM and a mean of between six and eight

readings over a period of one hour wes used in the subseqﬁent
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thermodynamic calculations., Some typieal data for p, are shoun
in Table III for the polypropylene glycol (M.i. 1955 )-methanol
system. Values of P, could be measured on the manometer MM with

a4 mean error not exceeding 0,002 mm,

B, Galculation of the lowering of vepour pressure: The

experimental measurements made on the Puddington differential
manometer consisted of the determination of the zero=-point level
Lo of mercury in the capillary C when there was no difference of
pressure on the mercury in the bulbs Al and Aé, and the determia
nation of the level L when there was a finite difference of

pressure, In order to calculate the lowering of vapour pressure

Ap 1t was necessary to evaluate the magnification factor m of the

instrument, 1.e., the factor by which AL (AL=L-L°) must be
multiplied in order to obtain one half of Ap in em. of mercury.

If the cross-sectional area of the bulbs Al and A2 is
A 8q. cm, and that o the capillary C is a sq. cm. then the
magnification faetor m 1s given by the relation

m = A/a.

Calibration data for the caplllary and the bulbs are given in
iable II from which m 1s seen to be 5332 for the present

apparatus., The factor of one half mentioned above enters the

caiculation since the rise in the level of mercury in bulb Al due

to a pressure difference ap is only half of the change in

pressure Ap.

Por a given value of AL, Ap is hence oiven by

Ap = 2. 81/5332.

M . bt e 1274 e o e+ e oo




TABLE ITI

Details of the various calibrations
of the differential manometer

(1), Volume of the calibrated capillary
C per cm. of its length

0.008719 mi,

Cross~sectional area of the
capillary

0.008719 Sde. Cm,

(11).  Diameter of the bulbs A, and A, as

determined by a travelling micro=-
scope (based on three readings)

7.693 Y 0,001 em,

(111). Cross-sectional srea of the
mercury lnterface in the bulbs Aq
and Ag = 406,488 SQe Chie
{(iv). Calibration factor of the instrue-
ment, equal to 46,488/0,008719 = 5332
(v). Volumes of the bulbs a1, 85, as,

etc. 1n terms of the volume
equivalent to the following lengths

of the capillary C

Bulb ay = 50,00 cm.,

" &g -~ 51,60 "

" g B 46.96 "

" ay =~ 45,09 "

and " ag - 44,75 "




Typlecal experimental measurements of the differential
vapour pressures for a polymer (M.W. 1955)-methanol
system at different tempe?atures
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TABLE III

Temperature = fWelght D AL Ap 100 Ap/p
of © )
] splvent
C ‘B mm, mm, mm.,
26,9 1.538 4.71 ie8 0,063 1.34
-24,.4 1.538 5,58 200 0,075 1.35
-14,7 1.537 11.21 430 0.161 l.44
-10.0 . 1.536 15,43 581 0.218 l1.41
-6,6 1,535 19,05 728 0.273 l.44
-0,2 1.533 28,74 1136 0.483 1.48
5.4 1.530 40,86 1565 0.588 1,44
5.7 1.530 41,51 1596 0.599 1.44
9.8 1.527 52,17 2162 0.811 1.56
15.8 1.523 74,19 - 1.16 1.59
16.3 l1.522 76.45 - 1.21 1.56
21,2 1.516 101.25 - 1.51 1.49
21.2 1.516 101.28 - 1.58 1.56
Notes:= (1). Welght of the polymer sample taken = 0,8009 g.
(11). Zero reading on the capillary = 137.0 * 0.1 mm.

(I11). Vieight of the solvent glven in column two decreases

(iv)

3y

with increasing tempersature since greater welghts of

solvent were present as vapour 1ln the dead space of
the instrument at higher temperatures,
iieasurements of ap for the last four temperatures

were obtalned on the manometer !iil,



Thus if AL is, for example, 0.0 em. Ap can be caleulated as

Ap = 2 % 10.,0/5332 = 0,0150 om.
Very small differences of vapour pressure can thus be measured
in terms of relatively large differences in the height of
meroury in the eapillary C., An uncertainty of 1 perecent in AL
values still enables Ap to be determined to one or two wnits in
the fourth decimal place in the example considered above, The
over-all percentage accuracy is equal to that in the determi-
nation of AL,

Table IIvalso glves the calibratioﬁ data for the
auxiliary bulﬁs 8y, 85 ete, shown in Figure 1, ThesSe were used
to extend the range of differences of vapomr pressure which could
be measured on the apparatus. The volumes of the bulbs were
about 0,5 ml. and corresponded to the volume contained in & length
of the calibrated capillary C equal to about 50 em. The exaet
volumes in terms of equivalent lengths of the capillary are
recorded in Table II,

The maximum range of differences of vapour pressure
’uhich could be measured on the instrument using the auxiliary
bulbs a ., a2 etc. was 1 mm, of mercury so that for the determi-
nation of values of the lowering of vapour pressure larger than
1 mm. measurements were carried out directly by means of the mercury
manometer MM,

Since the differential vapour pressures for the
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solutions studied were measured at asbout ten to fifteen different
temperatures, values of 100 Ap/pO were interpolated at five
rounded temperatures (25°, 15°, 0°, -10° and -25%.) from

the actusl experimental results, A typical plot of the

actual experimental values of 100 Ap/po against temperature

for a methanolie solution containing 0.3389 weight percent

of the polypropylene glycol of molecular weight 1955 is shown
in Flgure 2. Each point represents the mean of at least two
readings on the calibrated capillary C at a given concentration
and temperature. The thermodynamic data for the range of
concentrations studied and for the four molecular welght
fractions exemined were caslculated from a number of other

graphs of 100 Ap/po similar to that shown in Figure 2, Typical
experimental data for AL, p, and 100 Ap/po in one experiment

are given 1n Table III for the polypropylene glycol (M.W. 1955) -
methanol system over a range of temperatures. Data for other
concentrations and polymer fractions are given in the form of
fugacities in Tables V to VIII.

A test of the accuracy of the differential manometer
was carried out by making differential vapour pressure measure-
ments on a solution of biphenyl in benzene. The concentration
of biphenyl was 04697l g. per 100 g. of solution and a mean of
8ix values of the concentration calculated from the measurements
of the lowering of vapour pressure gave a value of 0,7020 g. per
100 g+ of solution with a mean deviation of ¥ 0,005 g./100 g.

The investigations of Baxendale et al. (l4l}) show that the
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biphenyl=-bengene system deviates negliglibly from Reoult's law
particularly at such low concentrations. The agreement between

the figures 0.6974 and 0.7020 is considered to be satisfactory.

Ce Thermodvnamic Data from the Lowering of Vapour Pressure

The activity al of the solvent in & solutinn is glven
by
a, = rl/ro (100)

where fl and ro are the fugacitles of the vapours in equilibrium
with the solution and solvent, respectively, These fugacities
may be calculated from the respective vapour pressures Py and P,

using the general relationship
Inf = 1np + B/RT. (1o01)

The fugacity f of any vapour can be obtained in terms of the
vapour pressure p and the second virial coefficient B. The
values of B for methanol vapour have been expressed by Krelshmer

and wWiebe (89) in the form

B = = 100 2,148 exp (1984/T) em? mole™%  (102)

In the present work,the pressure Py of vapour above a solution
has not been obtained directly but has been derived from
knowledge of the measured values of po and Ap at a given tempera=-
ture, so that

P, = P, = bp. (103)

For the derivation of thermodynanic functions for the polymer-
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methanol systems from the vapour pressure measurements it is
necessary first to calculate the activities of the solvent in
the solutions (referred to pure solvent at the same temperature
a8 the standard state having unit activity). From equations
(100), (101) and(103) 1t follows that

In & = 1n £y = 1n (p, - ap) + B(p, - Ap)/RT

_ * 10
Lo I1n P, *+ Bpo/RT (10)

In the evaluation of 1n 8, and hence of &y from equation (104),
a difficulty arises concerning the niumber of decimal places to
which 1t is legitimate to express Py obtained from the values of
P, &nd Ap. As in the case of the typieal values of P, given in
Table III, Py (in mm.) should usually be expressed only to two
decimal placesy this would correspond to an accuracy of between
2 in 10,000 and 2 in 500 depending on the magnitude of P,e
However, the values of Ap(in mm.-) as determined on the Puddington
manometer can be specified in 8ome cases to a maximum of four
decimal places with an uncertainty of one percent in three
significant figures (see Table III). Calculation of values of
P (using equation 103) for use in equation (104 ) then involves
a difference of one term expressible to two decimal rlaces and
the other expressible to a larger number.

Por the purpose of cal culating activities of the
sSclvent corresponding in accuracy to that of the values of.Ap,

it is necessary to write P, and P, to the same number of deeimal
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pPlacea as for Ap even though P, is not known to more than two
decimal places. The relative accuracy of}po 18 however between
0.02% to 0.4% as stated above, This means that in calculating
val ues of 84, values of Py should be used which differ from those
of po.by exactly Ap, irrespective of the magnitude of p, or of
the actual uncertainty in any individual values of P,s even if
this uncertainty exceceds that in Ap. The uncertainty in Py will
affect the values of fi and ro to almost the same extent, so
that the accuraey of the values of ay is almost completely
determined by the accuracy of the values of Aps This is best

illustrated by the following numerical example,

If the vapour pressure Py of the solvent in an experiment

was for example 27.20 mm. and 8p for a corresponding solution

at the same temperature was O0ll5)4 mm. then the apparent pressure
Py of the solvent vapour in eq:ilibrium with the solution could
be written as Py = 27.046. In this example it is assumed that
Ap is known to one more decimal place than that to which P, can
be expressed., The fugacities of the vapour in equilibrium with
solvent and solution are then glven by equations (101) and (102)
as

£, = 27.061 mm, and L] = 26,909 mm. (105)

If however there was an uncertainty of unity in the
Second decimal place of P,s Say, for example,that Py might be

equal to 27.21 mm, instead of 27.20 mm., a&s written above, then

e
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the fugacities corresponding to fo and ;1 calculated as above,
would be
/ ’

/
for the same value of Ap. The activities 8y and 8, corresponding
to the two pairslof fugacities may be calculated from equatlions
(105) and (106) as

8y = 0.99438(3) and 4, = 0.99438(5), (207)

respectively. lhe uncertainly of 0.0l in 27.20 in P, in this
example thus affects the value of & to a negligible extent (i.e.,
to 2 in 9 x 105). It 1s therefore leglitimate, in the calculation
of the activities of the solvent, to obtain Py by subtraction of
Ap from P,s even though Py is now expressible to more decimal
places than 1is Pge Similarly the fugacities fo and fl may be
expressed to the same number of decimal places as Ap. ‘'his does
not however mean that the use of these extra decimal places in
the calculation of ay implies a knowledge of the absolute values
of these quantities to more than two decimal rlaces,

For the various systems studied,the values of p; and fy
are glven in Tables V to VIII and have been expressed to a number
of decimel places corresponding to those justified in expressing
Ap. ay has been given to four decimal places, i.e., within the
number justifled by the accuracy of the values of Ap.

The fugacities of the gure solvent at the five temperae

tures stated above are recorded separately in Table IV %o two,
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three or four decimal places as required for expressing the
corresponding values of fi at the same temperature (Tables V

to VIII), Tables V to VIII also include the values of Apl
calculated from the values of 8, using equation (78). The values
of Aul for the varlious polymer-methanol systems at one tempera-
ture (15°C.) have been plotted in Figure 3 as a function of the

welght fraction of the prolymers,

D. Computation of the Activity a. of the solute
By making use of the Gibbs-Duhem equation (40) in

the form

xldln;—i-=-x2dln;§; (108)

the activity of the solute a, can be determined by integrating

equation (108) to give
X;= X

log ﬂg = - fl. d log f;_. (109)
X2 X2 *

" where the two limits X, =X and Xy, = 0 refer to the corresponding

values of log :L.. There are two methods generally employed for

i !

the evaluation of this integral from experimental values of ag.
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TABLE IV,

The vapour pressures and fugacities of pure
methanol at different temperatures

Temperature , Vapour pressure Fugacities
Po fo
°Co mie mm,
25 121,30 119.94
119,936
15 - 69,42 68.85
68.853
0 27.23 27,09
27.092
=10 15.42 15,36
15,358
: 5.139
5.,1388
Note: = The values of fugacities at the various
temperatures recorded in column Z are
glven to two, three or four decimal places
as required for expressing wvalues of f

1.
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The activitles and the relativ
of the solvent in solutions
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TABLE V

e partfal molar free energles
of varying concentrations

of polymer (M.%. 150) in methanol

Polymer

Temp,

P a
welght 1l 1 1 AM-1
- fraction
¢, mm, mm, (Cal, mole=l)
0.1519 25 116,58 115,32 0.9615 w3242
0.1511 15 66,75 66,23 0.9619 -22,2
0.1504 0 26.225 26.093 . 0,9631 =20.,4
0.,1502 =10 14.871 14,814 0.9645 -18.9
0.1500 ~-25 4.975 4,964 - 0,9681 -16,0 ;
0.2374 25 112,51 111.42 0,9290 =4346
00,2367 15 64,42 63,94 0.9287 -42,.4
0.2362 0 25,280 25.16 0.9287 =40,1
0.2360 «10 14,317 14.265 0.9288 =3846
0.2359 =25 4.784 4,775 0.9292 =36,2
0,3061 25 109,50 108,47 0.9044 =59,5
0.,3035 (o] 24,69 24,47 00,9033 =-585,1
0.5024 25 96,25 95,45 00,7958 =135
0.5007 15 55,05 54,69 0.7944 =132
0.4993 0 21,58 21.49 0,7932 =126
0.4990 =10 12,25 12.21 00,7950 =120
0.4987 =25 4.120 4.11§ 0.8003 -110




TABLE VI

The activities and the relative partial molar free energles
of the solvent in solutions of varying concentrations

of polymer (M.W. 1120) in methanol

Polymer Tempy by a aM
welght | P1 1 1 1
fraction a
0Q. mm, mm, (Cal. mole™l)
9.1251 25 120,60 119,35 0.9951 2.9
0.1239 0 27,076 26,938 0.9943 -3.2
0.1237 =10 15,333 15,273 0.9944 -2,9
0,1236 -25 5.122 5,111 0,9945 ~2,7
0,2182 25 119,95 118,72 0,9898 5,7
f 0.2170 15 68,64 68,09 0,9890 -6.4
: 0.2160 o) 26,925 26,790 0.9888 -6,1
5 0.2157 -10 15,247 15.187 0.9888 -5.9
! 0.2155 -25 5,002 5,081 0.9887 «5.6
0.3554 25 117.88 116,69 0,9729 «17.6
0.3536 15 67 48 66,94 0,9722 -16,1
0.3522 -0 26.473 26,341 0.9722 -15,2
0.3515 -25 5.009 4,999 0.9728 -13,.6
0.5434 25 113,09 111.98 0,9336 -40,7
0.5405 15 64,75 64,26 0.9333 =39,6
0.5383 0 25,42 25,30 0.9339 =373
0.5375 =10 14.402 14,349 0.9348 ~35,5
0.5370 -25 4,814 4,804 0.9348 =32,2
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TABLE VII

The activities and the relative partial molar free energles
of the solvent in solutions of varying concentrations
of polymer (M.W. 1955) in methanol

Polymer Temp, P L a AM
welght ; 1 1 1 1l
fraction _

oc. mm . m. (Cal. mole=l)

120,87

119.62

0.1302 15 69,18 68,61 0.9965 -2.0
0,1298 <0 27,134 27,000 0.9966 -1.9
| 0.1206 =10 15,365 154303 0.9963 -1,9
g 0.1295 =25 5,131 5.120 0,9963 -1.8
{ 0.1790 25 120.71 119,46 0.9960 -2.4
| 0,1784 15 69,08 68,52 0.9952 -2.8
] 0.1779 0 27,099 26,960 0.9951 «246
| 0.1777 =10 15,346 15,286 0.9952 -2.5
0,1776 =25 5.128 5.114 0.9951 ~2.4
0.3463 25 119.41 118,19 0.9854 -8.7
0.3445 15 68,435 67.80 0.9847 -8.8
0,3431 0 26,824 26.687 0.9850 -8,2
0.3428 =10 15,198 15,139 0.9857 ~7.5
0.3424 -25 5.080 5.070 0.9866 =7.0
0.5284 25 116,13 114,96 0.9585 -25,1
0.5271 15 66.47 65,95 0.9579 «24,6
0,5259 0 26,092 25,964 0.9584 -23.1
0.5256 =10 14,798 14,739 0,9596 «21,.5
0.5253 =25 4,97 4,960 0,9652 -18.6
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" PABLE VIII

of polymer (M.W. 3350) in methanol

partial molar free energiles
f varying concentrations

Polymer Temp. P1 £y ay ally
weight :

fraction

oc, mm, rm. (Cal. mole=l)

0.1167 25 121,13 119.87 0.9994 =03
0.1160 15 69,319 68,758 " 0.,9986 -0.8
0.1155 0 27.187 27,049 0.9984 -0.9
0,1153 =10 15,398 15,335 0.9984 =0.,8
0.1151 -25 5.1409 5.1296 0.9982 =-0,9
0.,2123 25 120,76 119.41 0.9956 -2.7
0.2110 156 69.11 68,55 0.9956 -2.6
0.2101 o 27,105 26,961 0.9952 -2.6
0.2098 =10 15,345 15.285 0.9952 2.5
0.,2096 -25 54122 5,110 0.9944 =2,7
0.3035 25 120,34 119,03 0.9925 -4,4
0.3020 15 68,85 68.29 0.9919 -4,7
0.3004 -10 15.284 15.224 - 0.9912 4,6
0.3001 =25 5,103 5,091 0.99208 -4,6
0.4575 25 118,58 117,37 0.9786 =12,8
0.4553 15 67,90 67 435 0.9783 -12.6
0.4534 0 26,650 26,517 0.9788 =11,6
0.4529 =10 15,100 15,042 0.,9794 -10,9
0.4525 -25 5.047 0.9799 -10,0°

5,038
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(1) Analytiocal methodt If the data for the activities of one
component can be expressed analytically és an empirlical funetion
of the composition of a two=domponent mixture it is possible in
S8ome cases to make a direct calculation of the values of the
activities of the other component at various compositions., This
method has been discussed by Lewis and Randall (90) in connection
with the results obtained by Hildebrand and Eastman (91) which
could be expressed satisfactorily by an empirical equation,

This procedure depends, however, on having e range of experimental
activities of .one of the components, particularly at low concene
trations, sufficient to enable an empirical equation to be
formulated which could be relied upon to represent the experimental
behaviour in limitingly dilute solutions,

(11) Graphical method: This consists in plotting the values
of xl/x2 against log al/x1 and determining the area under the
curve between the limits Indicated in equation (109), However,
the graphical integration presents a formidable difficulty as
Indicated by Lewis and Randall (90) since the curve of xl/x2
versus log al/xl (see Figure l;) 1s asymptotic to the axis of the
ordinate xlﬁkz and hence must be extrapolated to an infinite
value of x1/§2 in order to obtain the total area under the curve,
The graphical method as used hitherto (90) 1s onlv suitable

when velues of the activity a, of the solute in a solution are
mown and it 1s desired :to calculate the activities a, of - the
solvent. In such a case there is no embiguity In the integration
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and satisfactory values of &, can be obtained from known values
of 8,5, as In the case of the system thallium-mercury studied by
Lewls and Randall (92). A special method for carrying out the
grephical integration of values of a, from those of - by
algebralcally changing the function to be integrated in equation
(109 )has also been discussed by Lewls and Randall (90) but the
graphical plot 1s then so sensitive that even minute defects in
the experimental measurements are noticeable‘and render the
integration uncertain. Data of a very high order of accuracy are
required in order to justify the application of this method,

In view of these diffieculties the author has developed an
alternative method for obtaining the integral to an infinite
value of xl/x2 as log al/x1 tends to zero and the procedure used
is discussed below., This method is very convenient and direct
and avolds a number of the difficulties discussed by Lewis and
Rendall (90) which have been pointed out above,

(111) Method of integrations As in the graphical method the

values of xl/x2 are first plotted against log,al/xl (see Figure ),

The area under the curve from the point X in Figure l to infinity
is considered to be equal to an unknown constant C, so that the
total integral up to any point on the curve is equal to C plus
the ares under the curve i rom point X to that point., If C is
considered first to be equal to zero, we obtain epparent first
approximation values of log aa/xz. The values of X,/%x, are now

plotted against the apparent values of log a2/x o as shown in

Figure 5, It is found that the value of logz az/x2 for a value
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of xz/x1 corresponding to the point X in_Figure I is zero, so
that the curve in Flgure 5 does not pass through the origin as
it should do., This indicates that if we extend the curve
smoothly back to the axis of abscissae the point at which the
curve meets that axls should be the actual origin, Hence all
the values of ﬁhe abscissee must be increased by the constant
C equal to the shift of the origin slong the horizontal axis,
dithout any further information about the course of the curve
in the reglon covered by extrapolation there would be some
uncertainty in the value of the constant C. However, in order
to make a more correct extrapolation it is also possible to

utilize the fact that the arescal under the curve in Figure 5

between the true and apparent origins must be equal to log al/x1

at the point X in Figure l; this value is known directly

from the experimental data., The only assumption involved in
this method is that the activity coefficients of the components
are smooth functions of composition, reaching unity in the

case of the solvent for infinite dilution of solute., This

assumption is also the basis of the analytical method. However,

we make use of this assumption only in a small region of the
concentration range while in the analytieal method it applies

to the entire range,

The above method makes it possible to compute the value

A e ettt < e 4 e e een oo
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of C with satlsfactory accuracy* and hence allows the determi-
nation of values of 85, the activity of the solute, for various
values of 8. This method seems to have some advantages in
that 1t 1s convenient and is not very sensitive to any
inacecuracies in the determination of the experimental points
for solutions of.low concentrations,

The accuracy of this method of integration is
illustrated by applying it to the data on aqueous sugar solutions
discussed by Lewis and Handall (90, p. 275). From the given
values of molal concentration and 1ln 8., the author has calculated
the values of 1n al/N1 (shown in column ), Table IX). The
positive value of 1n al/N1 for the first concentration indicates
that the value of 8 is incorrect., The last three concentrations
were therefore used for the calculation of 1n a2/N2 by the
author's method and these values are given in column 5 of the
table. In order to test the validity of these calculated
values of 1n a2/N2, the values of 1n al/Nl were backecalculated
from those of 1n a2/N2 and have been reported in column 6,
Consldering that only three concentrations have been used in

these calculations, the agreement of the values of 1n al/Nl in

By extrapolation and 18ing the area A beneath the curve in
Figure 5 as a check on the extrapolation as described above, the
value of C can be estimated with an accuracy better than + 5%,

This gives values of 1n a2/N2 with accuracies inereasing Prom about

*+ 44 to 1% as the concentration of polymer is increased. 'The
corresronding values of a2 are accurate to better than + 0e5ibe

Ame A Frs e o
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colums l and 6 of the table is very satisfactory. An estimate
of the accuracy with which the values of 1ln aa/Nz can be
obtained is Also reported,

An attempt 'as also been made to883€S8 the approximate
value.. of 1n al/Nl for the first concentration, The value
obtained is equél to «0,00002 to an uncertainty of + 25%, The
value of 1ln 8y is therefore 0,00092 and it ean be seen from
Table IX that this figure is accurate to about 1+l percent,
Ferusal of the Table IX gives an idee of the convenience and
reliability of this method of integration,

The valuesa for the activities of the polymers in the
vérious polymer-solvent systems have been computed from the
activities of the solvent and are recorded in Lable X together
with the corresponding values of 8. .It is now possible to

calculate the free energies of mixing per mole using the relation

b G = x Ap +x, B, (110)

where
Aul = RT 1n aq
and

The values of the relative partial molar free energies
Aul and Auz of the solvent and solute respectively and the
values of the free energy of mixing per mole are siven in Table

XI., The values of Aﬁh are plotted in i"igure 6 as a function of
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TABIE X

The activitles of the solute and the solvent
in varlious polymer=methanol systems

at 15° c,

Polymer Polymer welght Activity ®  activity

mol. + fraction

welght ay ag

150 0.1511 0.9619 0.040

0.2012 0,9461 . 0,057
0.2367 0.9286 0,076
0.3047 0.9037 0.106
0.3911 0.8636 0,160
0,5007 0,7944 0.255

1120 0,1172 0.9948 0.006
0.1614 0.9922 0.011
0.2416 0.9864 0,024
0.3536 0.9722 0.081
0.4636 0.9535 0,235
0.5405 0.9333 0.423

1955 0.1187 0.9972 0,004
0.1553 0.9959 0,006
0.2456 0,9913 0.019
0.3445 0.9847 0,052
0.4627 0.9714 0.179
0.5271 0.9579 0.244

3350 0.1160 0,9986 0.002
0.1359 0,9979 0,004
0.2110 0.9979 0.011
0.3020 0.9919 0.030
0.4102 0.9855 0.087
0.4553 0.9782 0,112

¥* These are the smoothened values obtained from the graphs
of solvent activity against polymer concentration.
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TABLE XI

Calculations of the free energies of mixing
for the various polyger-methanol systemsa
at 15 °

Polymer  Polymer ~al, =AMgyx107F ~AG,
welght mole

fraction fraction

Polymer §M.W. 150}

(Cal. mole=1l) (cCal. mole™l) (cCal. mdle'l)

0.2012 0.0510 3l.7 16 114
0.236%7 0.0660 42,9 15 137
0.3047 0.085 62.1 12.8 166
0.3911 0.120 84 10,5 200
0.5007 '0.177 131 7.8 247
Polymer (M.W. 1120)
0.,1172 00,0038 2.9 29 14
0.1614 0.0055 4.4 26 19
0.2416 00,0020 7.8 21 27
0.3536 0,0154 16,1 14,3 38
00,4636 00,0241 27.2 8.3 47
00,5405 00,0322 3945 4,9 51
Polymer (M.W. 1955)
0.1187 0.00219 1.6 31 9
0,1553 0.00299 2.4 29 11
0.2456 0.00527 5.0 22 17
0.3445 0.0085 8,8 17 23
0.4627 0,0189 16,6 8.9 30
0.5271 0.,0179 24,6 8.1 39
Polymer (M.W. 3350)
0.,1159 0.,00125 0.8 36 S
0.1399 0.00150 1.2 31 6
0.2110 0.00259 2e¢5 25 o
0.3020 0.00418 4,7 20 13
0.4102 0.00657 8.4 13.9 17
0.4553 0.00803 12,6 12,5 22
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the welght fraction of the various polymers in solution.

E. Ihe Calorimeter and Measurements of Heats of Mixing

The determinations of the heats of mixing have been
carried out in an isothermal phase-change calorimeter of the
type previously described by Dainton et al. (63) employing
diphenyl ether as the dilsatometric fluid. The calorimeter
operates at the melting point, 26.9°C., of diphenyl ether, The
construction and operation of the apparatus are discussed
below,

() Constructions The calorimeter used in the present
investigations is illustrated in Figure 7 and comprises the
following main featuress

Mixing vessels The central tube 4 shown in Figure 7 was

the mixing vessel designed to accomodate sless bulbs B of 15 to
20 ml, capacity together with about 90 ml, of one of the come
ponents. A hollow evacuated stopper C made from a sitandard
taper Joint fltted into the top of the tube A, ilow of heat
through the stopper bebtween the vessel and its surroundings was
diminished by having the hollow stopper evacuated. A stirrer MS
passed through the stopper and carried two perforated metalllc
plates inside the vessel, The stirrer, which could be moved
vertically, was used bets for the purpose of breaking the glass
bulb and for mixing the two components,

Diphenyl Bther Jacket: The tube D surrounding the mixing

vessel A contained the dilatometric fluid (diphenyl ether)., A
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column of mercury supported the diphenyl ether above the level
hh as shown in Figure 7. Diphenyl ether purified by repeated
crystallization was distilled into the vessel D in vacuo, At

i1ts base the jacket was joined to a glass. tube in the form of a
spiral comunicating with the capillary F which was also full of
mercury. This dapillary was joined to a three-way stopcock T
which in one direction connected the capillary I' to the reservoir
of mercury R and in the other direction to the horizontal
calibrated capillary I,

Vacuum Jackets A jacket E completely enclosed the vessel D
and was evacuated in order to minimise conduction of heat between
the vessel D and the diphenyl ether bath J. This helped to
maintain the temperature of the diphenyl ether at its melting
point 26,9°C, without any signiiicant change of state of the

substance from solid to liquid or vice-versa and hence minimised

drift of the position of the mercury meniscus in the calibrated

cepillary,

(b) Temperature Control: The calorimeter and the water thermostat

K were separated by a bath of diphenyl ether at 1ts melting point
in order to maintain a steady temperature of 26.9°C. The water

bath was maintained at the same temperature and fluetuations in
temperature were less than tO.OOSOC. As an additional precaution
against the transfer of heat to and from the calorimeter, the

whole apparatus was enclo:ed in an air thermostat at 26.9° + 0.05°,

A "ten-test" cover on the apparatus (shown in Miure 7) also
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facilitated the maintenance of constant temperature,

(¢) Purification of Diphenyl Hther and Filling of the Calorimeter:

About 3 litres of diphenyl ether (Fisher Reagent grede) were E
recrystallised four times from the melt and a sample of 200 ml,
was finally obtained and distilled into the inverted calorimeter
in vacuo. After the required amount of liquid was distilled the
diphenyl ether was sealed by mercury under vacuum. The capillary
J, the stopcock T and the calibrated capillary I were then sealed
to the calorimeter. The calorimeter was held inside the diphenyl
ether bath J by & brass stand not shown in Figure 7. i
(d) Formation of the Mantles There was some difficulty initially
in forming the diphenyl ether mantlej crystallization was

initiated by lowering the temperature of the reaction vessel by
touching the inside of it with dry icej; this caused nucleation

and subsequent irregular crystallisation of the diphenyl ether,
The temperature of the water in the thermostat was then raised by §
1°C. in order to.melt away most of the mantle., The mantle was
then formed agein on the remaining crystals but this time more
slowly by circulating water at a temperature of 2500. in the tube
A,

(e) Proceduret In the determinations of the heat of mixing,
approximately 80 ml. of one of the components were weighed out
accurately and transferred to the reaction vessel, A weighed

amount of the other component in a sealed glass bulb was then
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placed in the vessel A which was carefully closed by the stopper
C holding the stirrer, The sharp end of the stirrer rested on
the glass bulb and the top of the stirrer outside the stopper
was covered by a cotton pad, The whole apparatus was allowed
to stand for about 6 hours; this was found to be sufficient time
for the drift of mercury in the caplllary I to become less than
0.2 Mm, per miﬁute. Such a drift rate represented constanecy of

the temperature in the inner vessel o better tham 2 x1075 g,

durlng one minute. The bulb was then broken by pressing down the
stirrer and the components were mixed by moving the stirrer up

and down. Movement of the perforated dises provided efficient_
mixing without producing any noticeable heat of stiéring, €eLe, a8
determined in a blank experiment, The heat of mixing was indiecated
by the movement of the mercury meniscus in the capillary I and the
position of the menilsecus was read every two minutes by means of

a travelling microscope. Prior to making a calorimetrie determi-
nation the rate of drift was always measured for about 20 minutes,

After mixing,the movement of the meniscus was followed wntil 1ts

rate of drift became constant, The displacement of the
meniscus in the capillary arising from the heat of mixing was
obtained by a graphical procedure In which allowance was made
for the steady arift of mercury in the capillary occuring before
and during mixing, Tt is seen from the typical graph of mercury

displacement shown in Figure 8 that any unecertainty in

the displacement due to the heat of mixing 1s zero or small,



R

(YANATOd 40 NOILDOVYHA LHDIAM 8L06 ‘0) TONVHLAW ANV
(5561 "M"IW) HIWATOd JO ONIXIN HOd YILIWIIOTYD FHL 40 AYVITIAVD
QILVILITVD FHL NI INFWIADVTIISIA AMNDYAW TVIIdAL V 40 LOTd '8 ‘Dl4

SALNNIN NI JWIL
14°] 9s 8t oY (4 ve 9l 8 0

_ ' _ _ _ _ _ ' _ ' _ ' _

s N —" P

— 06
o OmeOm Qe O Oom O OO = h\ —Ps
O O QIIO
‘WO $°02-=1V 7
GG6l MINATOd o

("wd) AYVITAVYO A3ILVHSBITVO NO 9NIQY3Y



- 93 o

(f) Calibrationt The capillary I was calibrated by weighing
Inmown lengths of mercury in it and a mean of four such
measurements gave a value of 0,04654 g./em. The calibration
factor is defined as the weight of mercury displaced per calorie
evolved during fusionj this factor has been determined by
Dainton et al. (63) and their value of 0,05295 + 0.0001 g./ocal.
has been used in c:librating the movement of mercury in the
capillery in terms of heat evolved or absorbed in the calori-
meter. A displacement of the meniscus of mercury in the
caplllary by one centimetre hence corresponded to an absorption
or evolution of 0,879 calories depending on the direction of
movement of the menlscus.

As is evident from the dimensions of the vessel used,

the maximum range of compositions (polymer in solvent and solvent

in polymer) which could be examined could not be more than aboub

0-20% at each end of the composition range. In order to obtain

{
1
H

i
|
|
i
!

1

the heat of mixing over the remainder of the range of cqmpositions,}

a lmown welght of one of the pure components in the ~1lass bulb

was mixed with a measured weight of a mixture of lmown composition !

for which Aﬂm had previously been determined by direct mixing of
suitable amounts of the two components. From the determination
of varisus differential heats of mixing by this procedure, the

over-all heats of mixing for intermediate compositions were

calculated. Typical experimental data for the calculation- of the

over-all heats of mixing over a range of compositions of the
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polymer (M.,W. 150) in methanol are shown in Table iII. The first
and thelast lines in the tabie show the directly measured heats
evolved upon mixing quantities of pure polymer and pure solvent,
Other data between these lines are for successive dilutions of
mixtures of the polymer and the solvent with either more polymer
or more solvent in the directions shown in the table. Values of
the heat change upon dilution are shown in colum li and are
wrltten between the lines corresponding to the original and the
final concentrations for each dilution step. The total number of
moles of mixture at each stage of dilution is given In colum 3
and the numbers of moles of solvent and polymer constituting the
mixture are giQén In coluwms 1 and 2, respectively., The total
heat changes accompanying the formation of mixtures of the
compositions my +m, (indicated in colum 3) from the pure
substances may then be calculated and are recorded in colum Se
The heats of mixing per mole AH, may be ealeulated from the data
in colums 3 and 5 and are given in col:rm 6. The data given in
Tables XIII and XIV for the polymers of molecular weights 1120,
1955 and 3350 have been caleulated similarly,

The average error of the determinations of the heats
of mixing was less than 5% 1n the region of high concentrations
of methanol, but due to the highly viacous nature of the polymers
the error in the heats of mixing for the higher concentrations
of polymers may be somewhat larger, Tt is belleved that for the
viscous materials more vigérous stirring may be required in order

to achieve perfect mixing, This, however, conld introduce a
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TABLE XV

The verious thermodynamic fumctioms of mixing
for different polymer-methanol systems

at 1 CQ
Polymer Polymer
Molecular welght AGm 4 -l TASm
weight fraction (Cal. mole™ )
150 " 0.1511 -89 -9 80
0,2012 ~11h <12 92
0.2367 ~137 -1 125
0.3047 -168 -1 1l
0,3911 «200 -2 176
0.5007 =217 <31 216
1120 ‘ 0.1172 -1 -l 10
‘ 0.161% «19 -5 1
0.3536 - =13 25
0.4.636 47 -15 32
. 0.5405 =51 =16 35
1955 0.1187 ' -9 -2 7
0,1553 =11 -2 9
0.2l456 -17 -2 15
0.3k1,5 -23 -1 22
0.1.627 -30 0 30
0.5271 -39 6 4s
3350 0.1159 -5 -2 3
0.,1359 -6 -2 l
0.2110 =9 1 10
0,3020 -13 5 18
0.h102 =17 13 30
0.1,553 =22 20 42

Notes~ The values of AH, given in eolum 44 are interpolated
from the graphs of AHm against composition shown in
Figure 9,
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significant heat of stirring, thus complicating the inter-
pretation of the results.

The values of the heat of mixing for four polymer
fractions were determined throughout the range of composition
and are given in Tables XIII and XIV and plotted in Figure 9,

F, Caleulation of the Entropy of Mixing

From the values of the free energy of mixing AGm
given in Table XI and the heats of mixing 'AHm recorded in
Tables XIII and XIV, the values of the entropy . A-Sm, of mixing
have been e‘élculatod using the familiar equation

Agq, = OH, - T 48, - (111)

The values of AGm, ABm and T ASm are given in Table XV and
are plotted in Figure 10 for the four polymer fractions as
a function of weight fraction of the polymer samples in

solution .

SECTION 3

VISCOSITY DETERMINATIONS AND RESULTS

The work described in this section is supplementary
to the principal investigations concerning the thermodynamie
properties of the systems. The inference made from the

thermodynamic work (see section III-1) concerning the role

e S
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of end-groups 1n determining the thermodynamie behaviour of

the systems suggested that related informstion might be
obtained from rheologieal studies on th§ polymers and their
solutions, Interastion effects involving end-groups would be
expected to determine (in part) the heats, free energies and
entroples of activation for the flow progess. In solutlionsi
the influence of these interaetions and of molecular size on
the exponent a in equation (88) were also investigated. The
polyglycols are for the most part too short to approach the
configuration of ‘random coils', being intermediate between
simple monomeric molscules on the one hand and high polymers on
the other. It was therefore considered to be of interest to
investigate the deﬁandence of a upon molecular weight for these

short-chain molecules.

A. Viscosities of the Pure Bolymers and Polymer-Solvent Systems

The viscosities of the pure polymer fractions and their

solutions in methanol, ethanol and n-propanol were measured in
capillary viscometers of the Ubbelohde type. which are capable
of giving data of satisfactory accuracy for the determination
of intrinsic viscosities., The detalls of these measurements are
given below.’

(a). Viscometers: Determinations of the viscosities of the
various systems were made at temperatures ranging from S0°C, to
-25%, using speclal Ubbelohde viscometers having capillaries

of various lengths and dlemeters. In order to avoid evaporation
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of the solvent in the work on polymer solutions the three
vertical tubes on the Ubbelohde-type visqqmeters were connected
through stopcocks at their upper ends, By manipulation of
these stopcocks,the liquid could be made to flow in the visco-
meter without any free access of the solution to the atmosphere,
This arrangement also prevented any absorption of moisture by
the polymers dﬁring the determination of their viscbsities.
Three viscometers were used in this work having dimensions and
characteristic constants given in Table XVI, The volumes of the
bulbs of the viscometers were determined by welghing mercury
contained in-them between the etched marks, and the diameters of
the capillaries were determined by welghing threads of mercury
of lmown lengths,

TABLE XVI

Characteristic constants and dimensions of
the viscometers

Quantity Visecometers
A B C

V, the volume of the
buldb between eteched

ma.rkB. (m.lo) 5.03 ,4-038 5030
h, the average head of

liquid (em.) 12.7 7.1 12,5
r, the radius of the

capillary (em,) 0.049 0,059 0,031

K, the constant in
equation (112) 38 25 27

m, the coeffiecient in
equation (113) 1.13 1,13 1,13
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(b). Measurements of viscosities of pure polymers and their

solutions: Solutions of the polymers 1n'the purified
aloohols were made at various compositions by weighing the
polymer and then the solution in Stobpered bottles. The
viseosity determinstions involved (1) messurements of the times
of flow of the liquids in the viscometers; and (i1) densities
of the solutions. Similar determinations were also made on
the corresponding solvents. Five readings for the time of flow
were taken at each constant temperature and concentration and
the mean of these values was used in subseduent calculetions.
Measurements of th._timas of flow were reproducible to better

than 10,5 perecent. The densities of the solutions and of

the solvents used wore determined by means of 25 ml, pyknomsters‘

to an accuracy of:0,01 percent. The accuracies of the values
of the viscosities calculasted from thzse data are better than
¥ 1 percent, The messurements were made in a thermostat at

various temperatures which were maintained constant to * 0.08°C.

(e). Kinetic energy corrections: Owing to failrly large

differences between the times of flow for the solvent and
solutions except at high dilutions {see below), 1t was A
considered necessary to apply kinetic energy corrections to
the data. Viscosities were therefore caloulated by means of

the Polseullle equation in the corrected form

M at 1 1 J (112)
?o . {i 14 K (;g- - E )

o "0
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where the subscript zero refers to data for the reference fluild
of known viscosity 7; e The value of K 1s a constant for each

viscometer and is given by

K = m V2/T 2y g pt (113)

where V is the volume of the liquid held in the viscometer
bulb between the etched marks, h 1s the average head of
pressure of the liquid, r is the radius of the ecapillary and
m is a coefficlent having the velus 1.13. Values of these
quantities for the various viscometers are given in Taeble XVI,

The viscositiles ﬁg of the pure solvents at five
rounded températures have been interpolated from data given by
various workers(93). Values of '70 are recorded in‘Table XVII for
temperatures at which the viscosity data for corresponding
solutions are recorded. For ease of presentation, the data
on the viscositles and reduced viscosities for different
compositions of various polymer-solvent systems have been given
in Tables XIX to XXIII at the five rounded temperatures (50°, 30°,
10°, -10° and -259C.), Typical experimental results for one
oconcentration of polymer (M.W. 150) in ethanol are recorded in
Table XVIII,

The viscoéity data reported in Tables XIX to XXIII
are accurate to better thani0,5 percent, In cases where ’1 1s
substantially greater than '70 » the aceuracy of the reduced
viscositlies 1s about the same as that of the viscosity data

themselves. In the more dilute solution where '7 is coﬁparable

i
§
!
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TABLE XVII

Viscosities of methanﬁl, ethanol and n-propanol
at various temperatures

Temperature Viscosities of solvents in centipoises
%. Methanol Ethanol n-Propanol
50 0,403 0.702 1.13
30 | 0,510 1.003 1,72
10 0.680 1.475 2.87
-10 0.99 2.22 . 5.49
-26 l1.29 3.25 © 10,09

with '7 » the accuraecy of the reduced viscosities can be of the
o

order of *5 percent,

B. Viscosities of Dilute Solutions of the Polymers

In order to obtain intrinsic viscosities of the
polymers, measurements were made in solutions as dilute as
possible, Under these conditions accurate control of temperature
was desirable since small differences between the times of flow
for the solvent and dilute solution of the polymers in the
viscometer were measured., Measurements were made by means of the
viscometer C at 28,39C, 1n the same thermostat bath as that used
in the calorimetric measurements. The temperature of the bath
could be kept constant to better than +0.,005°C. which
corresponded to a constancy of viscosity of the solvent to about
¥0.02 percent, The individual values of timesof flow could

be reproduced to 0.2 percent and the mean deviation from the
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TABLE XVIII

Typical dats obtained for the determination of viscosities
of & solution of polymer (M.W. 150) in ethanol
at various temperatures

(Polymer weight fraction 0.4886)

Temp. Densities Times ot' : Viseosities
Solution reference a;if%fﬁ:gféierence‘ iolveﬁfsgélution
oc , fluid fluiad .

. g./ml. g./ml. sec. sec. CeD. CeDe
-31.4 0.9541- 0.83456 740 87.2 3.79 36.1
-28,1 0.9316 0,8317 639 80.1 Se51 30.3
-17.1 0.9221 0.8220 36§ 65.2' 2,64 16.9
-14,9 0.9206 0,8200 340 62.2 2.49 15.4

=3.2 0.9108 0.8097 200.2 48.2 1.91 9.1
14,3 0.8963 0,9992 113,& 24,8 l1.16 5.13
32.2 0.8815 0,9948 68.5 17.2 0.76 35.03
49,2 0.8673 0,9884 45.6 " 13.9 0.5§§ 1.89

Notes:~ 1, Water was taken as the reference fluid in the deter=-
mination of viscosities at the last three temperatures
while at the other temperatures ethanol was taken as the
reference fluid,

2. The accuracy of the flgures underlined may be assessed

from the percentege accuracy in the measurements of
times of flow, as mentioned in the text,
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TABLE

The viscosities and the

XIX

reduced viseosities of

the solutions of the polymer (M.W. 150) in different
solvents at various temperatures

vV = Viscosity

R = Reduced viscosity

Polymer Visc: and Red. visc. at varlous temperatures®C.
weight .
fraction 80 30 10 =10 =235

Solutions in methanol

0,0531 V 0,435 0,577 0.750 1.04 1.46

R 0.0015 0.0256 0,019 0,010 0.025
0.1236 V  0.547 0.67 0,94 1.18 1.79

R 0.002 0,013 0,021 0.016 0,031
0.3582 V  0.95 1.09 1.70 2.75 4,39

R 0.0 0,032 0,043 0.051 0,068
0.5592 V o 1.44 £.36 4,07 844 15.3

R 0.046 0.065 0,089 0,134 0,194
007086 V 1099 4.05 806 25.4 6804

R 0,056 0,087 0,165 0.35 0.73
Solutions in ethanol
0.0511 V 0,720 1.08 1.58 2.42 3.57

R 0,004 0.015 0,015 0,018 0.020
0.1078 vV 0,80 1.22 1,77 2,85 4,37

R 0.2 0,020 0,019 0,026 0.032
0.2835 vV 1.00 1,72 8,92 5.00 845

R 0.015 0.026 0.035 0,044 0,087
0.4886 vV 1,88 3.24 5.9 12.1 25.7

R 0.037 0,046 0.061 0,091 0.141
0.6808 V  3.38 6.8 14.9 43.5 127

R 0.056  0.085 0,133 0,273  0.56

Note:~l.The viscosities given

2.The percentage accurac
reduced viscosity data

above are in centipoises.

Y of the viscosity and the
is reported in the text.
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TABLE XX

The viscosities and the redused visecosities of
the solutions of the polymer (M.W. 425) in different
solvents at various temperatures

V = Viscosity R = Reduded viseosity
Polymer Vise. and Red. visessat, various temperaturea °C.
weight
fraction 50 30 10 10 -25
Solut;ons in methanel |
0.0470 \' 0,430 0,585 0.78 .1905 1.42

| R 0,014 0,051 0.031 0.013 0,081
00,1238 v 0,540 0,860 0.93 1.3 1.84
R 0.087 0,024 0,030 0,026 0,034
0.,3522 v 0,25 1,32 2,04 Se21 5.48
R 0,038 0.045 0,087 0.064 0,092
0.,5592 v 1.78 2.86 4,73 . Be32 18,8
R 0,0€1 0,082 0,106 0,133 0.212
0.,74%76 \'4 3186 6,45 12,6 38 103
R 0,092 0.158 0.26 0.50 1.06
Solutions in ethanol
00,0527 v 0.7 1.11 1.69 2.56 383
R 0,001 0,020 0.027 0,029 0,022
0.1078 \' 0.85 1.31 1.98 3.00 4,54
R 0.019 0,028 0,032 0,033 0.037
0.3188 \'f l1.25 2.15 3,37 5.75 10,0
| R 0,024 0.036 0,041 0,050 0,066
0.5156 v 8.54 3.82 6,92 14.4 28.6
R 0.045 0,054 0,072 0,107 0.151
00,7851 v 4,90 10,3 27.82 877 339
R 0,076 0.119 0.22 0,55 1.31

Note:=- 1. The viscosities glven sbove are in centlpoisas.

2, The percentage accuracy of the viscosity and the
reduced viscosity data :1s - reported in the text.



TABLE XXI

The viscosities and the'réduoed viscosities of
the solutions of the polymer (M.W. 11280) in methanol
at varlous temperatures

V = Vigeosity R = Reduced viscosity
Polymer Visc. and Red, Visec. at_various‘tqmperaturés S¢c.
welght
fractlon 50 50 10 <10 -26
0.,0466 v 0,465 0.600 0,79 1.08 1.49

R 0.028 0.038 0.035 0.0820 0.033
0.1230 v 0.595 0.76 1.00 1,41 1,99
R 0,039 0.040 0.038 0.035 0.044
0.3511 v 1.18 1,68 2.63 3,98 6.23
R 0.055 0.065 0.082 0.086 0.109
0.5580 v 2,72 4,26 6.92 12.0 21.9
R 0.103 0.13 0.16 0.20 0.29
0.7466 v 2.75 4,47 8.6 22,9 59.0
R 0.078 0.104 0.16 0.30 0.60

Note:=- 1. The viscosities gliven above are in centipoises,

2. The percentage accuracy of the viscosity and reduced
viscosity data is reported in the text.
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TABLE XXII

The viscosities and the reduced vliscosities of
the solutions of the polymer (M.W. 1856) in different
solvents at various temperatures

vV = Viscosigz_ R S Reduced viscosity
Polymer Vise. and Red, Visec. at various temperatures <C,
welght
fraction 850 30 10 =10 -25
Solutions in methanol
0,0513 V  0.460 0.620 0,84 1.16 1.60

R 0.028 0,042 0.046 0,034 0.046
O.1118 v 0.64 0.85 1.16 1.62- 2.40
R 0.053 0,060 0.063 0,057 0.077
0.3271 v 1.42 2,18 313 4.94 7.9
R 0,077 0.100 0.110 0.122 0.156
0.5687 v 4,36 7.0 11.7 22,3 43.2
R 0.173 0.22 0.29 0.38 1007
R 0.25 0041 0.65 1.15 - o
Selutions in ethanol
0,0498 v - 1.10 1,72 2,78 4.13
R - 0.019 0.033 0.051 0.055
0.0920 v 0.76 1.27 1.98 3.42 5.16
R 0.008 0.029 0,037 0.059 0.064
0.3173 v 1.59 3.15 5.5 9.8 17.0
R 0.040 0.087 0.085 0.108 0,133
0.5099 v 3.81 7.2 14.0 28.5 54
: R 0.086 0.121 0.166 . 0.232 0.30
0.6618 v 7.6 15.8 34,2 88 230
R 0.147 0.22 0,33 0.58 1.05
Solutions in n-propanol
00,0401 v 1.25 1.99 Se34 5.97 10.8
R 0.028 0.040 0.041 0.022 0.012
0.1223 v 1,72 2,75 4.67 8.5 18.0
R 0.042 0.049 0.051 0.045 0,049
0.2942 v 2.88 5.03 9.2 19.5 37.8
R 0.053 0.085 0,075 0.087 0,096

Note:- 1. The viscosities given above are in centipolses.

2. The percentage accuracy of viscoslty data and reduced
viscosity data is reported in the text.
S« Flgure 13 shows Arrhenius plots for these data.
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TABLE XXIII

The viscosities and the reduced viseosities of
the solutions of the polymer (M.W, 3350) in different
selvents at various temperatures

V = Viscosity R = Reduced viscosity

Po}ym:r Visc. and Red. Vise. at various temperatures ©C.
we
fraggion 50 30 10 =10 =25
Solutions in methanol
0,0517 v 0,500 0.700 0.96 1.37 1.89
R 0,046 0,072 0,080 0.075 0,089
0.2016 -V 0.98 1,38 l1.94 2.80 4,15
R 0,071 0,083 0,092 0.091 0,11
0.3597 v 35.58 4.8 7.15 11.7 12.1
R 0,205 0.23 . 0.266 0.30 0.38
00,5597 v 8.4 14, 26,8 54:9 107
R 0,38 0,70 0,69 0,98 1.46
0,7024 V  28.7 44.8 85 209 478
R - 0,89 1.23 1.77 3.00 5.3
Solutions in ethanol
00,0876 v 0,746 1.27 2,03 3432 4,77
R 0,010 0,046 0,088 0,088 0.081
0.1219 v 1.086 l1.82 3.03 5,05 7.55
R 0.040 0.067 0.086 0,106 0.108
0,3052 v 2,62 4,82 8.9 16.4 25.8
R 0,089 0.125 0.165 0,210 0.227
0.5145 v 8,7 16.8 31,8 71 140
R 0.22 0.31 0.40 0,60 0.82
0.707) Vv 25,7 54,9 126 339 900
R 0.50 0.76 1,19 2.14 3690
Solutions in n-propanol
0.0432 \'s 2.44 3.85 6,31 11.5 19.7
R 0,27 0.29 0.28 0.256 0,22
0.1283 v 4,07 6.6 11.0 20,0 33.9
R 0.20 0.22 0,22 0,20 0.19
0.2895 v 5.,25 8.8 15.5 32.4 63.1
R 0.126 0.144 0.152 0.169 O.18
0.4841 V 14,7 27.9 55,7 138 331
R 0,29 0.31 0.38 0.45 0.66
00,6902 v 375 78 175 543 152 X 10
R 0.46%7 0.65 0.87 l.42 2,19

Notes- 1. The viscosities given above are in centipoises,

2. The accuracy of viscoslity data and reduced visc, data

is reported in the text.
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TABLE XXIV

The reduced viscosities of the dilute solutions of
polymers (M,W., 1955 and 3350) in diffepent
solvents at 28.3°¢c,

Polymer Conecentration Time of Solution Redueed

| flow density viscosity
(g. per 100 ml.) (sec.) (z. per mi,)
Solutions in methanol

1955 5.000 108.42 0,79317 0.05)
1.400 92,2 0.78633 0,052
0,700 89, 0.78478 0,085l
0.350 88,38 0.78138 0,069
0.175 87.0 0.78337 0,0}2
0,087 86,8 0.78318 n,055
0.000 86.46 0.78290

3350 5.040 116.31 0.794.00 0.073
1,330 95.58 0.78598 n,083
0.1100 88,92 0.78387 0,078
0.200 - 87.76 0.7833) 0.078
0.100 87.42 0.78311 0.10
0.040 86,78 0.78295 0.09
0.000 86,45 0.78290

"Solutions in ethanol

1955 l1.980 197.02 0.79511 Na 01N
1,140 178.70 0.795L8 0.N65
0.4,00 17041 0.78L88 n.060
0.200 169,00 0.78306 N.0
0.100 168.0 0.,78271 N.06
0.000 167.00 n.782h2

3350 5.020 232.37 N.793h1 N.080
0.980 181,80 0.78612 0,083
0.1400 17h.3 0.73420 n.N83
0.200 171.1 N0.7833L N6 07N
0.100 170.20 0,732R3 0. 080
0.000 168,88 0.78250

Notes~ Table continued on next page 111A,
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Table XXIV (continued) |

Polymer Concentration Time of Solution Reduced
flow density viscosity
(go Per 100 ml.) (sec.) (g. per ml.)

Solutions in n-propanol

1955 L.0k6 3&6.& 0.8034 0. osu
3.000 3303 0.,80123 0,052
2.000 316.2 ' 0.79906 0.052
1.000 302,2 0.79694 0,052
0.500 296,8 0.79870 0,06l
0,000 288,7 0.79267

3350 .280 392,6 0.80380 0.093
3,000 362,9 0.80203 0,091
2.000 337.1 0.80000 Nn.0R9
1.000 312.3 0.79712 0.088
0,500 299.3 0,79613 0,082
0,000 288,.7 0.79267

Notes:~ 1. The times of flow in colum 3 are averages
based on five determinations., The wnderlined
figures are included since the acouracy of the
mean times 1s about 0,05 see,

2. Reduced viscosities in ecolun 5 have been
calculated from the relative viscosities derived
from the times of flow and the densitles of
the solution and the solvent.
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TABLE XXV

The intrinsic viscosities of the polymers (M,W, 1955 and
3350) from visecosities of their sglutions in
different solvents at 28.3°C,

Polymer Intrinsic visscosities derived from the reduced
viscoslties of polymer solutions in different
solvents
, Methanol Ethanol n-propanol
1955 | 0.052 0.059 0.050
3350 0.085 0,084 0.086
TABLE XXVI

The viscosities of the pure posymers
at different temperatures (°C.)

Polymer Viscosities at different temperatures
(centipoises)
150 Temp., U5.1 o1 27.2 8.8
Vise, 16,1 %%.6 50.5 246
h25 Temp. L|.5.2 22.7 =0,9 -15.1
Vise., 19.7 76 502 316x10
1120 Temp., 43, 21,
Vise. hO.% 1h7 4
1955 Temp. }9.3 22,5
Vise,. 67 302
3350 Temp. 63.0 35.0
107 32

Notes~ The fccuracy of the viscosity data is reported
in the text,
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average of flve measurements usually did not exceed 10,05 percent,
The dilute solutions were made by first welghing the polymer and
then meking up the solutiqns to imown volumes with the solvent,
More dilute solutions were made volumetrically by successive
dilutions from original more concentrated solutiomg, Because of
the low degree of polymerigation of the polyglycols,the lowest
concentrations of polymers which could be studied were about 0,05
ge per 100 ml1, Adsorptign errors which are difficult to avold in
the viscometry of very dllute solutions, for example, 0,001 g.
per 100 ml. of high polymers, were therefore negligible 1in the
present workt‘ Reduced viscosity data for the polymers of
molecular welght 1655 and 3350 are recorded in Table XXIV,

In the work on very dilute solutions the inaccuraecies
in the values of reduced viscosities range from about 2 percent
to 10 percent because of the small differences between ’7 and
’vo o The Inaccuracies in the corresponding intrinsic viscosie
ties may be estimated to be about 5 to 7 percent and lead to an
uncertainty in log [ﬂ] (Figure 21) of about 0,05, The intrinsic
viscosities were derived by extrapolating the plots of reduced
viscosities against concentration (in g. Per 100 ml,) to zero
concentration (Figure 12), The values of[fﬂ] for the polymers
1955 and 3350 derived from reduced viscosities of their solutions
are reported in Table XXV, The intrinsic viscosities for polymers
150 and 425 (Table XL) were obtained from the reduced viscosity
data given in Tables XIX and XX, Tn order to obtain the. intrinsic
viscosities by extrapolation of the reduced viscositles, the wnits

of coneentration in which the reduced viscosities are expressed

(Tables XIX and XX) were changed to g. per 100 ml.




III, DISCUSSION

A survey of the existing literature onvpolymer
chemlstry reveals that the experimental data available on the
thermodynamics of polymer solutions are by no means sufficient
to verify or examine the current theories in the fleld., It is
therefore desiréble that further experimental information on a
number of systems of more diverse character be obtained,

The theoretical treatment of the propertles of these
solutions has been largely based on the 'idealized! quasie
crystalline lattice model of 1ignid mixtures involving certain
assumptions which have l1imited validity., The deviations from

ideal mixing behaviour observed in the cases of non-polar polymers

in nonepolar solvents are falrly adequately described by the
theoretical formulations already discussed in section I-2 on
theories of polymer solutions, In such systems random mixing of
the polymer segments with the solvent can be assumed except in
very dilute solutions, In the present investigaiions, however,
We are concerned with a rather extreme case of the mixing of
polar polymer wolecules with a polar solvent, OSpecific inter-
actions mostly arising from hydrogen bondin between methanolic
hydroxyl groups and both ether-oxygen and terminal hydroxyl
groups on the polymer chains may be expected in the systems
studieds It is of interest therefore to examine to what extent
the theoretical formulations of the thermodynamic properties of

polymer solutions can account {or the behaviour of such systems,
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For the thermodynamic evgluation of the polypropylene -glycole
methanol systems some important quantities such as the excess
thermodynamie functions for mixing, the polymer-éolvent'iﬁter-
action constant ¢ and the interchange energy w have beeh
calculated,

Some comblementary information on the polymer-solvent
interaction has also been obtained from studies of the rheo-
loglcal properties of the pure polymers and thelr solutions. The
values of the intrinsic viscosities and the heats of activation
for viscous flow, in various pure polymers and polymer-solvent
systems have been evaluated and are shown to be determired in
part by hydrogen bonding involving the terminal hydroxyl groups
on the polymer chains,

1. THERMODYNAMIC FUNCTIONS FOR MIXING

A, The Fxcess Thermodynamic Functions for Mixing

In any system the ideal free energy of mixing Aqi

may be defined as

- -
8 G = M%xilnxi. (11l=a)

For a polymer-solvent system, athermal free energles of mixing
can be calculated as discussed in seetion I, p«16 by making
allowance for the fact that the polymer molecule is composed of
segments which can be regarded as randomly mixed with the solvent.

Two such athermal free energies of mixing are defined by
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a
AG, = RT Zi x, 1n 9 (114-b)
and
/
a _
AG, = RT Zi x, 1n ;51 (11h=c)

in terms of the site fraction Oi or the volume fractlion bi of
the solution ocgupied by the component 1,

From knowledge of the free energy of mixing Aqm
(obtained from experimental data),we may compuﬁe three excess
thermodynamic functions for the free energy of'mixing corree
sponding to the three ways of expressing the iﬁeal and athermmal

free energles” of mixing. Denoting excess functions by a super-

seript E, we may wrilte

B - i
MG (1) = AG, - AG; (115-a)
B - a
AGh(a) = 4G, - AQh (115-b)
and
E,/ a, .
AGm(a) = Agm - Aqm . (115«c)

If the velues of AHm (which is itself directly an excess enthalpy
of mixing) are known, the values of the coppéesponding excess

entropies of mixing may be evaluated,

In the present investigations, the values of the ideal
free energy and the theoretical athermal free energles of mixing

have been calculated from the three equations (11ll;) and are given
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in Table XXVII, The values of the corresponding excess thermoe
dynemie functions of mixing have been calculated from the three
equations (115) and are reported in Table XXVIIIj; for the case
of the functions Aqg(i) and TAsg(i), the values are illustrated
in Figure 1l as a function of the polymer concentration for each
of the four polymer fractions studied.

Frorn an examination of the excess thermodynamic functions
1t seems that there is a striking, if not surpriéing, agreement
between the experimental values and the ideal values calculated
on the baslis of ﬁole fractions, This indicates that the mixing
of the polymer segments with the solvent molecules is not an
entirely random process as assumed In the theoretical treatments.
If this were so, the excess functions calculated in terms of site
or volume fractlons of the polymer should be nearer to zZero than
those calculated from the ideal mixing equation {115a) since the
latter i;nores the chain-like arrangement of polymer sepmentse.

This anomalous behaviour of the AGigi) functicn cannot be accounted
for by the finite heats of mixing observed., In fact, the

evaluation of ixae A%ﬁ functions shows (see Tahle XXVIII) that a

large fraction of each of the values of Aqg is accounted for by the
corresponding term -TAsg so that the finite hest of mixing determined
experimentally does not account for the mapgnitude of the excess

free energy of miring in these systems. This therefore sugggsts

that there may be strong interactions of the methanol moleciules
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TABLE XXVIIX

The ideal free energy of mixing and the corresponding
athermal free energies of mixing for 3ha various
polymer-methanol systems at 15° ¢,

Polymer N Y
weight AGh . agy AGH

fraection
' Cal. mole~1 Cal, mole™} " Cal. mole™}

Pol r (MW, 150

0.1511 «30 =120 -116
0.2012 <115 «131 =149
0.2387 «139 =159 - -182
0.304%7 «1685 «212 ‘ =220
0.3611 =210 -274 =278
0.5007 =267 «370 =363
Polxggr gﬁ.W. 11202
0.1172 14 -4 5 ' =81
0.1814 «19 -84 86
0.2416 =29 «100 «135
0.3538 45 =160 -211
0.4836 -85 =230 =301
0.5405 =81 «-290 «362
Polymer (#.%. 1955)
0.1187 -9 -43 =80
0.1553 =12 =58 «36
0.2458 =19 -97 133
0.3445 -28 ~149 «202
0.4627 -42 «225 «298
0.5271 =51 =278 «3650
Polymer (Ii.ii, 3350)
0.,1159 =5 =42 -57
0.1389 -8 =50 -68
0.2110 =10 -34 113
0.3020 =16 «128 -172
0.4102 -23 =189 «251

0.4553 «27 -224 =293
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TABLE XXVIII

The excess thermodynamié functions of mixing
for the various polyger-methanol systems
at 157°C,.

Polymer acl(1) aGE(a) aak(a) TSE(1) TASE(a) TASE(Z)

weight - -1
fraggion (Cal, mole™t) — (Cal, mole™")
Po, e MW, 150
0.1151 1 13 27 =10 22 =36
0.2012 1 17 35 =23 -39 -57
0.2367 2 2 hs -16 -36 =59
0.3047 -1 hé 5% <17 - -72
0,3911 10 7h 7 <3 =9 =102
0.5007 .20 123 116 <51 | 157 =147
Polymer (M.W, 1120)
0.1172 © 0 31 7 -l -35 -51
0.1 0 ks 7 -5 =50 =72
0.241 2 73 108 «10 - 81 «116
0.3536 g 121 173 20 -135 186
0.1.636 1 183 25y =33 -198 =269
0.54.05 30 239 31 =116 =255 . =327
Po er (M,W, 1
0.1187 0 3 o1 -2 -36 -53
0.,1553 1 7 69 -3 -18L9 =71
21156 2 0 116 -% -82 =118
0.3255 1 126 176 - -127 =180
0.l 12 195 268 -12 «195 =268
0.5271 12 239 321 -6 233 -315
PO r (M W 0 ®
0,1159 0 37 52 -2 -39 -
0.1359 0 L6 62 -2 =116 -(?it
0.2110 1 75 10k 0 -7h «103
e 1 I om ;o4 e
. -1 =21
0.4553 5 202 271 15 ~17h =233
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with the oxygen atoms of the polymer chain, which can bring
about (1) a restriction in the colling or in the distribution

of segments; and (i1) an orientation of solvent molecules near
the polymer chains, The first effect may be reinforeced by the
presence of the -CH3 groups on the polymer chain in close
proximity to the“oxygen atoms of the polymer chains, The
decreasing excess entropy of mixing with increasing molecular
welght of the polymers indicates that at least some parts of the
polymer chain may experience more restriction.than complete
randomness would indicate, It 1s possible to regard the
restrictions on conflguration of the polymer chains as leading to
a stretching of the polymer towards a somewhat more linear array
of segments with the GHBOH molecules attached to them at the
ether oxygen atoms through hydrogen bonds., iie may investigate
the likelihood of the occurrence of this effect by calculating
the change of entropy (Asst) of the polymer chain on stretching,

using the relation given by Baym: (94)
AS_, = -3/2 Nk Y2 (116)
where
Y= @, -1),

and for various assumed values of Y we obtain the following
values of AS_, (Table XIX) where L is the effective length on

stretching and L, the original effective length,
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TABLE _XXIX

The values of the entropy change of a polymer

molecule on stretching

AS TAS

~ 8% st

Cal, mole~t degree'l Cal. Mole™l
1,00 -2.98 858 |
0050 -007l|-5 ‘ -21“' "
0.33 «-0,32 - 93,3
0.25 . =0.18 - 53,5

If we attribute the values of the excess entropy of mixing,
corresponding to the values of TA%ﬁ glven in Table XXVIII, to the
stretohing effect, the values of'f would have to be in the range
zero to about 0,5 depending on the polymer fraci.on concerned,
The second effect involving changes in the entropy of
the methanol molecules due to orientation would alsoc be expected,

as discussed below. Liquid methanol is regarded as having a

quasi-crystailine structure (95) so that owing to the interaction
between the methanol and polymer molecules through hydrogen bonds
Some speciflc orimntation of the methanol molecules adjécent to the
polymer molecules may be expected. This could lead on one hand to
a positive 'structure brea'ting' entropy (96) due to disprurtion of
hydrogen bonds between the solvent moleeules tnemselves and

on the other hand to a diminution of the freecom of wmotion
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of the methanol molecules interacting with the polar polymer
chains, Such an effect would involve & local change of entropy
of the solvent molecules adjacent to the polymer chains to more
negative values. Since O=Hee=0 hydrogen bonds are involved in
both cases, it is likely that these two effects may almost cancel
in the systems sﬁudied in the present work.

B. Hests of Mixing

The curves of the heats of mixing AHh as a function of
composition of the methanolic solutions of these polymers show
considerable departures from some of those obtained by Tompa (97),
Newing (98) and Rowlinson et al. (85) for other systems. In the
case of the polypropylene glycols of low molecular weights there
1s agreement between the behaviour observed in the present work
and the general trend of results observed in other systems,
al though the curves are by no means symmetrical about the middle
point of the range of values of the abscissae (see Figure 9.),
Hoﬁever, in the case of the polymers of molecular welghts 1955 and
3350, the values of AHm become positive with increasing concen-
tration of the polymers., Since methanol has a quasi-crystalline
structure, it may be expected that with the orientation of the
methanol molecules with OH groups directed towsrds the omygen
atoms in the polymer chains, there are more methanol-methanol

bonds broken compared with the number of polymer-methanol bonds
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made™, This would mean that the interchange energy w 1s no longer

represented by the ordinary form of the equation (17) but the
value of w may be negative depending on the number of bonds made
and broken. Tompa has shown (97) that by taking into aceount
orientation effects in the lattice theory of polymer solutions,
a variety of differant kinds of thermodynamic behaviour can be
deduced using four empirical parameters., In particular,
assymetry of the curves of heats of mixing about the mid-point
of the composition range, negative values of the heats of mixing
and sigmoidal forms of the functions with respeect to solution
compositlon can be accounted for by allowing for specific inter=-
actlons involving orientation of the solvent in the solvent or
orientation of the solvent adjacent to the polymer molecules,
The forms of the theoretical results derived are very similar to
those found experimentally in the present work. Hence, although
Tompa's theory cannot be used explicitly for quantitative inter-
pretatlion of the present (or indeed any) experimental data owing
to the number of empirical parameters involved, it is clear that

the form of the present results appears to be expliceble only in

*

bl-functional hydrogen bonding centers, whilst in the bulk of
the solvent tri-functional sites (two through the 2P lone-palr
orbitals on the oxygen atom and one through H in CHBOH) exlst

(see also p. 155).

This arises since the ether oxygen sites on the polymer provide
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terms of specific orientation effects. Such a conclusion is
entirely in accord with the polar nature of the hydrogen bonded
systems examined in the present work,

When the heats of mixing were determined experimentally
1t was necessary, as explained in section II, p. 93, to make
mixtures both from rolymer in excess solvent and from solvent
in excess polymer in order to cover the whole composition range;
thus the composition contalning 50 percent polymer by weight was
approached from either end of the composition fange. When this
was done the regults gave curves of the heats of mixing for the
higher molecular welght fractions which were somewhat discon-
tinuous near the middle of the composition range as shown in
Filgure 9, despite the fact that the solutions were apparently
adequately stirred. The discontinuity may, nevertheless, be due
to microscoplc heterogeneity of the solutions arising, for example,
from the entrapment of the solvent in aggregates of polymer
moleenles., Such a possibility receives some smpport from the
recent paper of Huggins (99) in which he attempted to modify his
previous equations for % (58,59,60) by allowing for the possible
entrepment of the solvent molecules among groups of the polymer
molecnles, ills modified equation contains a correction factor
which involves empirical parameters. It is apparent from the
results for Agm shovm in Figure 9, that the entrapment of the

solvent may be indicated by the non-coincidence of the curves
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obtained when the heats of mixing determined by dilution of
polymer with solvent-polymer mixtures and of solvent by solvente
polymer mixtures are plotted in the same dlagram against compo-
sition of the resulting solutions, It is belleved that in the
more concentrated solutions of the higher molecular weight
fractions. entrapgent effects ecan be significant since the
solutions were otherwise satisfactorily stirred and only miero-
heterogenelities of concentration ecould have existed, After
normal stirring, the solutions showed no optieal striations
indicative of heterogeneity over any macroscopie distance, nor
was there any slow evolution of heat after the stirred solutions
Wwere left to stand. Polymer aggregation and solvent entrapment
effects have also been discussed by Gee (100) in relation to
anomalous thermodynamie properties of polymer solutions,

For the purpose of evaluating various other thermoe
dynamie fimctions, the iumcertainty concerning complete molecular
mixing in the calorimeter does not cause any serious difficulties.
since the vapour pressure data (and henee the partial molar free
energles and other derived fumctions for the solvent) could only ‘
be obtained over the range of composition 0 to 50 perecent polymer,
that is mostly below the range of concentrations of polymer over
which discontinuities in the curves for the heats of mixing oeccur,
Furthermore, this effect was only apparent for the polymer of
molecular weight 3350, the lower molecular weight materials

having glven satisfactory and wmambiguous results,
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2. THE POLYMFR=SOLVENT INTERACTION CONSTANT %

The Flory-Huggins expressions (equations 58 and 60)
have been widely accepted as the basis for the consideration of
polymer-solvent interactions. The original interpretation of X
has been modified and X is now usually regarded as determining
not only the heat éf mixing through equation (57) as suggested
earlier but also, in certain cases, the excess entropy of mixing

term., The constant % may therefore be written as

x = X-h + ?’-s (65)

where X, and X, are as defined as on p. 27.

From the values of the activitles of the solvent in
various polyglycol soclutions at different temperatures given in
Tables V, VI, VII and VIII, the values ol X have been calculated

by making use of the expression

lna1=ln£51+(l-%)ﬂ2 +xb§ ‘ (58)

where m 1s the ratio of the partiel molar volume of the solute
to that of the solvent*. These values of X computed from

equation (58) are given in Tables XXX to XXXIII.

% . . a s R
Since the changes in volume upon nixing of the polymer with a

solvent are generally very small (as they are in the present case)

it 1s cnstomary Lo take the value of m as the ratio of the actual

molar volume of the polymer to that of the solvent. The values of

the molur volimes used in the present calculations are glven in
Teble XXXIV,
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TABLE XXX

The values of the polymer-solvent interaction eonstant
for the polymer (MW, 150) in methsmol
at different temperatures

Polymer Polymer Solvent ~1n 8, Intersction Z-HI
welight volume volime constant

fraction fraection fraction % (Cal, mole~l)
Temperature 25°C,

0,237} 0,2009 0.7991 0.0736 0.15 I
0.3061 0.2510 0.71490 0.1005 0.13 5
0,5023 0.4338 0.5662 0.228L 0.15 16
Ténperature 1 °C.

0.1511 0.1211 0.8789 0.,0388 0,18 2
0.2012 0,1623 0.8377 0,006 0.17 3
0.2367 0.2030 0.7970 0.07 0.15 L
0.3047 0.2521 0.7h79 0.,1085 0.00 0
0.3911 0.3306 0.669 0.1468 0.07 9
0.5007 0.7372 0,562 0.2303 0.15 16
Tmﬂmtm‘g 0°C.

0,150} 0.1216 0.878L 0.0376 0.25 2
0.2367 0.2146 0.795h 0,07 0.15 2
0.3035 o.zsgl o.7%59 0.101 0.11 Iy
0.14993 0.4380 0.5620 0.2317 0.1} 15
Temperature -10°C.

0.1502 0.1217 0.8783 0.0361 0.36 3
042360 0.2050 0.7950 0.0739 0.15 h
0.3032 0.2543 0.7%59 0,1015 0.11 %
0.14989 0.438) 0.5616 0,229 0.15 1

Temperature. -2520.

0.1500 0.1225  0.8775 0,032l 0..58
0505  osSe  ofim Qs 0.6

® [ ] 0. 00101 0.11
0.4987 o110 0.5590 042228 0.18

REen
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TABLE XXXT

The values of the polymer-solvent interaction constant
for the polymer (M.W. 1120) in methanol
at different temperatures

1

Polymer Polymer Solvent -1n a ‘Interaction 2;31
welght volume volume 1 constant -
fraction fraetion fraction X Cal. mole
Temperature 259 C,
0.1251 0,0995 0.90086 0.0048 0.47 3
0.2182 0,1771 0.8229 0,0096 0.48 8
0.3554 0.2986 0.,7014 0.0297 0.42 21
0.5433 0.,4787 0.5213 0.0687 0.53 70
Temperature 150 C,
0.1172 0,0941 0,9059 0.0052 0433 2
0.1614 0.1308 0.8662 0.0078 0.39 4
0.2416 0.1995 0.8005 0,0137 0.43 10
0.5536 0.2998 0,7002 0.0282 0,44 22
0.4636 0.4033 0.5967 0,0690 0.44 57
Temperature 0° C,
0.1239 0.,1009 0.8991 0,00859 0,32 2
0.2160 0.1796 0.8204 0.0112 0.42 8
0.,3522 0.3016 0.6884 00,0280 0.44 23
0,5382 0.4807 0.5193 0,0686 0,53 71
Temperature =10° C.
0.,1237 0,1011 0.8989 0.0056 0,33 2
0.2157 0.1797 0,8203 0.0113 0.42 8
0.3618 0,3017 0,6983 0.0279 O.44 23
0,5375 0.4805 0,5195 0.0680 0,54 71
Temperature =25° C,
0.1236 0.1016 0.8985 0.0055 0.40 2
0.2155 0,1805 0.8195 0.0113 0.42 8
0.,3515 0.,3029 0.6981 0.0276 0.45 23
0.5370 0.4818 0.5182 0,0673 0.54 72




TABLE XXXII

The values of the polymer-solvent interaction eonstant
for the polymer (M.W. 1955) in methanol
at different temperatures

—

Polymer Polymer Solvent -—1n ay Interaction .AHi
welght volume volume constant 1
fraetion fraction fraction x Cal. mole”™

Temperature 25° C,

0.1307 0.,1043 0.8957 0.0027 0.56 3
0.1790 0.,1439 0.8561 0.0040 ‘0451 8
0.3463 0.2904 0.7096 00,0147 0.52 25
0.5284 0,4641 0.5359 0.0424 0,59 73
Temperature 15° C,
0.,1187 0.0952 0.9048 0.,0028 0.42 2
0.1553 0.1254 0.8746 0.0041 0,49 4
0.,2458 0.2021 0,7979 00,0087 0.47 11
0.3445 0.,2915 0.7085 0.0154 0,52 25
0.,4627 0.4027 0.5872 0.0290 0.57 53
0.5259 0.4688 0.5312 0.0425 0.60 75
Temperature 6° C,
0.,1298 0.1063 00,8937 00,0034 0.49 )
0.,1779 0.1468 0.,8532 0.0049 0,47 6
0.3431 0.2936 00,7064 0.0150 0.52 16
0.5259 0.4688 0,5312 0.0425 0.60 75
Temperature -10° Ce
0.1296 0.,10861 0.8939 0.0037 0.39 2
01777 0.1472 0.8528 0.0048 0,47 6
00,3428 0.,2939 0.7061 0.0144 0.53 26
0.5256 0.4693 0.5307 0.0412 0.60 76
Temperature =25° C,
0.,1295 0.,1068 0.8932 00,0040 0.40 3
0.,1776 0.1478 0.8522 0.0048 0,47 B
0.3424 0.2950 0.7050 0,0144 0.53 26

0.5253 0,4683 0.5317 0.0377 0.62 a4
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TABLE XXXIII

The values of the polymer=-solvent interaction constant
for the polymer (M.W. 3350) in methancl
at different temperatures

—

Polymer Polymer Solvent -—1n - Interaction A Hl
welght volume volume constant
fraction fraction fraction Cal. mole=-1
Temperature' 25° C, _ _
0.1167  0.0932  0.9068  0.0005 10,59 3
0.2123 0.1724 0.8278 0.0045 - 0.49 8
0.3035 0.2514 0.7486 0.0075 0.49 19
0.4575 0.,3943 00,6057 0.02186 0.58 52
Temperature 15° C,
0.1159 0.0931 0.9069 0.0014 0.49 2
0.1359 0.1097 0.8903 0.0021 0.52 4
0.,2110 0.1756 0.8244 0.0045 0.49 9
0.3020 0.2550 0.7439 0.0082 0.53 20
0.4102 0.3517 0.6483 0.0146 0.58 41
0.4553 0.3990 0.6010 00,0220 0.58 53
Temperature 0° C,
0.1155 0.0945 0.,9055 0.0016 0.54 )
0.2101 0.1744 0.8256 00,0048 0.48 8
00,3007 0.2550 0.7450 0.0089 0.52 19
0.4534 0.3977 . 0.6023 0.0215 0.59 52
Temperature -10° C,
0.1153 0.0941 0.9059 0.0016 0.43 2
0.2098 0.1742  0.8251 0.0048 0.48 8
03004 0.2551 00,7449 0.0088 0.52 19
0.4529 0.3981 0.6019 0.0209 0.59 53
Temperature =259 C,
0.1151 0.0947 00,9053 0.0018 0.49 2
0.2088 0.1761 0.8239 0.0058 0.52 9
00,3001 0.2566 0,7434 0.0094 0.51 19
0.4525 0.3994 0.6006 0.0203 0.60 54

b i
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TABLE XXXIV

The molar volumes of polymers and methanol

at different temperatures

Temperature The molar volumes of

Polymer Polymer Polymer' Polymer Methanol

o¢c M, W, Mo Wa M, Wo - M. W,
150 1120 1955 3350
25 147 1119 1955 3350 41.4
15 146 1111 1942 3330 40,6
0 145 1088 = 1920 3202 39,5
-10 144 1090 1906 3271 39,1

-25 142 1078 1885 3237 38.4
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The values of the interaction constant obtained for
the various rolymer-solvent systems show some spread since the

calculation is rather sensitive to small uncertainties in al

- but nevertheless these 7 values show a significant derendence

upon concentration and a marked derendence on the molecular
welghts of the p‘olymers., The smoothed values of X are ;lotted

in Figure 15 as a function of tempersture at the highest
concentration of each polymer in the methanolic solutions, The
values of X at 15°C, are plotted in Figure 16 as a function of the
molecnlar weight for various constan: values of ﬂa.

Values of % in excess of about 0.5 have usually been
regarded as indlcating non-compatibility of the solvent and
polymer, i.8., mixtures of such components for which X was greater
than 0.5 would suffer Separation into two phases becaunse the free
energy of mixing as given by equations (60) and (61) would then
become vositive, The values of % for the higher :olecular weight
fractions studied in the present work rance from Oy to 0.6 and
must be considered unexpectedly high since the rolypropylene
glycols are completely miscible with methanol'. This anomaly may
however be understood when it is borme in mind that the X values
do not in fact determine in most cases only the AHm term. It has
already been shown that the polar character of both of the
constituents of the systems glves rise to relatively large nega-

tive excess entropies of mixing when the latter are calc:lated in
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terms of volume fractions, This means that the entroples of
mixing for the aystems studied are 1in fact not given simply by

the expression

Use of equation (60) for the evaluation of X implies that the
expression (117) accounts for the configurational free energy of
mixing. If, as suggested above, 1t does not, then any deviations
of the actual entropy of mixing from that given by the above
term will appear in the value of X . The §onatant % will then be
& paremeter not only determining the enthalpy of interaection of
the compone:;ts in the solutions but réflscting devistions of

the actual entropy of mixing from the theoretical econfigurational
entropy of random mixing given by the equation (117) above. This
may be shown more rigoerously as follows:

When the contribution of the entropy of mixing to the
experimentally determined free energy of mixing AGm differs from
the athermal values given by equation (117) we may write equation
(60) in the form

AG; = RT %) x; 1n @ - TasB(a) + AR (118)
but AHm may be written as
AHy = X,B (119)

where B = RT n,f, .
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Henece

- E
A@ = RTZE; x, In g, + XpB = TAS (a), (120)

If we write the over-all values of X determined directly
from equation (60) as ?Ch + XKg » 1t follows that

AN R =% - ms(a)s, (121)

8o that when the excess entropy of mixing is negative there 1s
a8 positive entropy contribution to X, In the present case for
the polymers of lower molecular welghts, AHm 18 negative but X
as deduced from the Flory-Huggins equnation is positive. 7Ch in
equation (65) must hence be negative and the fact that the over-
all X is apparently positive must indicate that the entropy
contribution to X 1s positive and larger than - X, for
exothermlc mixing, That this 1s so follows from the arpmment
glven above, since the excess entroples of mixing (referred to the
athermal entropies of mixing for the systems conéidered) are
negative for the polyrpers of molecular welights 150 and 1120
as shown in Table XXVIII,

Also, directly from the vapourv pressure data 1t is

apparent that ﬁl is very small, However,
H) = RI X4, (57)

and if the values of X deduced above are used to evaluate /Tﬁl
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{see Tables XMi and TXXITY) 1% 28 seen that relativels large
valuea of this therqodynamlie Mmoetion are obtalned, Thig agaln
Inileutes thot there is an imroptant entro;y gontritution 1in
the vilues of X calc:lated, ; rotably srising from the orientation
ffeots llacussed above., or other poler syslems [c.ge,
yﬁlyatyrenenmmthél-ethyl-ketane and mixtares of a slllecme with
benzene {68}] aimilar econclusions have Leen reached.

in the case of the ,olwmer of molagulsr welght i59, the

heat of mixine {setualle nepotive in thls nase) 1s 8i:miloantly

less tha: that for the hirher moleslap waloht Traetiomne wiere

the site or volume Cractlion Hoaiz 1o also sealler (move negative ),
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Atrher mnluealar wel nr Proptionge AL Khe game LDoe 1% =av he
obeserved thst, "pom eneral chenigol gocallepctlorg, X mmr he
ezpectod to be lowar for the Tmactln of ~oleg lop wel ht 109

Ehar “opr those of “igher mulec:ls T wel-his nwin, So the renterp
gpagopgzgﬁ of ter-inal hrwip sl cpousn per Ml weloeb of the
material,  hese cpata will e pes cosis)l: Top stronop intepe
petinona with tihe hydroxvlle rronra opn “he adlve-t = lee lez and
henee leat Lo cpeater ecnsidility {(4,a,, iowep Y af the

Talvmar Wit hhe golvent,
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considerations in Guggenheim's treatment (41, p. 83), the value
of the partial molar free energy cen be shown $0 be zlven by the

expresslion

Ay, _ 1-K
m“; 'ln01+%zln( , \fa)' (122)

where z is, as usual, the coordination number and K is given by
1-Ks=§ ?1 §2 ( /R 1) (123)

and other quantitites in equation (123) have been defined
previously. Eroh the inference of specific orientation discussed
above and from the sizes of the molecules concerned, it is hard
to believe that z could have a value greater than six,
Accordingly some estimate of the probable values of w for poly-
glycol systems can be obtained from equations (17°2) and (123)
using values of z of this magnitude.. Since we have no é_griori
lmowledge of the value of z, two sets of calculations have been
made by taking z equal to the reasonable velues of six and four
in order to examine how w depends on the compositlion of the
solution and the molecular weight of the polymers. Steps in a
typlcal calcnlation of K in equation (122) have been illustrated
in Table XXXV, The values of w then obtained from the values of
K using equation (123) for z equal to six and z equal to four are
given in Tables XAAVI and XXXVII, respectlvely., Iixcept in a few

cases the values of w are found to be positive. It is then
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possible to obtaln the values of the heat of mixing Aﬂh from the

expresslion
AH = z.W. El' ‘§2. (%, = ax,) (12y)
and these values are also given in Tables XXXVI and XXXVII, The

values of w and Aﬁa have also been calculated on the basis of

the volume fractions from the equations

dyy - 3 +1 z1n 1'K};.' 12
and
1 - K = K2, }'1' A (e2W/RT _ 1) (126)

which correspond to equations (122) and (123) written in terms of
site fractions; the results are given in Tables XXXVIII and XXXIX
for z = 6 and z = |, respectively.

The values of w*, although fairly constant for each
polymer system, show a small dependence on ﬁl. The equations
(122) and (125) appear to be inadequate for the deseription of two
of the polymer-methanol systems since in the case of the polymers
of M.W. 150 and 1120 the values of AH are negetive while the
corresponding values of w are for the most part positive. The

values of Aﬁm in Tables XIII and XIV also lead to the same

* The velues of w calculated (Tables XXXVI to XXXIX) sometimes
sliow an erratic dependence upon concentration of the polymers.
This is because w depends very sensitively upon 1 - K in
equations (123)and (126) and K is always very near to unilty.
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TABLE _XXXVI

The values of the interchange energy w for the various
polymer-methanol systems, ealeculated on the basis of site
fractionswith coordination number z equal to six

tfz K OH, w

Cal. mole™i Cal. mole~i

Polymer (M.W, 150)

0.0710 1.001 -2 -4
0.,0970 0.959 62 118
0.1238 1,007 =13 -19
0,1830 0,930 124 ' 124
0.,2763 0,862 €9 . 53
0.4068 0,952 23 57

Polymer (M.W. 1120)

0.0470 1.000 0 0
0.0687 0,999 2 5
0.1058 0,991 16 26
0.1690 0.989 22 22
0.2430 0.974 62 40
0.,3019 0,977 55 31
Polymer (M.W. 1955)
0,0468 0,994 10 36
0.,0627 0,992 13 a7
0.1056 0,989 20 32
0.1610 0.980 38 41
0.2302 0.971 61 45
0.2890 0,979 48 29
Polymer (M.W. 3350)
0.0465 0,991 14 54
0,0554 0.989 19 56
0.0920 0.991 16 30
0.,1407 0,977 42 52
0.2050 0,969 63 53

0.2399 0,967 70 51
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TABLE XXXVII

The values of the interchange energy w for the various
polymer-methanol systems, caloulated on the basis of site
fractions with coeordination number z equal to four

m

| Cal. mole~l Cale mole~l

Polymer QM.W. 1502

0,0628 1.004 -5 : . =20

00,0880 0,929 62 2056
0.,1100 1,015 -19 ' =46
0.14086 1,197 =153 =249
0.1936 . 1.217 -660 =788
00,2739 1.263 =565 =505
Polymer SM.W. 11202
0.0365 1.000 0 0
00,0521 0,962 49 173
00,0834 0,994 7 22
0.13582 0.993 9 17
0.1980 0,981 25 33
0.2496 0.977 33 35

Polymer (MW, 1955)

0.0380 0,994 7 46
040485 0.990 11 57
0.0828 0.985 17 83
0.1276 0.973 32 65
0.,1933 0.961 50 69
0.2365 0.968 42 50
Polymer (M.W. 3350)
0.,0342 1,023 -44 -313
0.0424 0.988 12 76
0.0714 0,985 17 60
0.1106 0.966 38 90
0,1639 0,952 57 23

0.,1922 0.979 28 38
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TABLE XXXVIIT

¥s K AR w
Cal, mole=l C(Cal, mole=-1
Polymer (M.W. 150)
0.0947 0,995 8 16
0.1282 0,962 63 90
0.1621 0.995 9 10
0.2454 0.848 230 218
0.3432 04790 337 261
0.4841 0.783 388 253
Folymer (M.W. 1120) )
0.0658 0.992 14 36
0.0927 0.980 19 36
0.1446 0.982 34 40
0.2252 0.962 78 60
0,3145 0.962 89 50
0.3820 0.935 162 78
Polymer (M.W. 1955)
0.0662 0.986 23 60
0.0881 0,988 20 32
0.1458 0.975 47 55
0.2170 0,966 70 56
0.3123 0,958 109 62
0.3699 0.949 130 62
Polymer (M.W. 3350)
0,0664 0,984 29 67
0.0763 0.988 21 46
0.1250 0.975 40 62
0.1876 0.966 66 61
0.2668 0,954 98 66
0.3081 0,951 113 65
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TABLE XXXIX

The values of the interchange energy w for the various
polymer-methanol systems, caloulated on the basis of volume
fractionswith coordination number 2z equal to feour

%o K DHy w
(Cal, mole=1) (Cal. mole-1)

Polymer (M.W. 150)

0.,0808 0.996 - 15
0.1101 0,936 62 ' 159
0.1399 0.998 1 ' 5
0.,1771 1.021 -28 -43
0,2398 0,999 2 2
0.,3316 1,024 =35 -31

Polymer (M.W. 1120)

0.,0511 0,990 11 55
0.0724 0.986 16 56
001144 0,976 28 64
0.1816 0,963 47 68
0.,2595 : 0,947 74 77
0.3207 0.918 : 120 108

POl!ger (M owo ;955)

0,0510 0.980 20 102
00,0682 0.982 20 74
0.1145 0.966 39 a8
0.,1736 0.950 61 93
0.2560 0,930 95 101
00,3079 0,924 111 100
Polymer fM.W, 33502
0,0475 1,017 ~25 =129
00,0587 0.981 19 a7
0.08976 0,964 39 104
0.,1490 0.946 62 111
0.2182 0.928 92 115

0.2508 0.929 96 104
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conelusion. It may therefore be appropriate to emphasise again
that the lattice model as at present formulated is inédequgte
for a complete description of the properties of these pdlar
systems. It appears that the lattice model is largely deficient
in that it fails to determine the entropy changes which arise
from the nonerandom mixing enticipated in polar systems. The
theoretical equations formulated so far are based on the
calculation of the configurational entropy changes for random
mixing and it must be in the direction of evalﬁating non-random
entroples of mixing that theoretical progress should be made,
for example,as discussed by Tompa (97). The problem of solvent
orientation near the rolymer chain as well as that concerning
restrictions on the configuration of the polymer segments
requires further consideration. Wuantitative treatment of such
problems would be very complex since the calculations require
lmowledge of the structural network of the Interacting units
and 1t 1s not at the present timne easy to set up the necessary
partition functions in such a way as to obtain explicit theoretical

equations free from emplrical parameters (cf. 97).

4. SOME RHUOLOGICAL PROPERTIES OF POLYPROPYLENE GLYCOLS

AND THEIR SOLTUTIONS

A complementary approach to the study of polymer-
solvent Iinteraction 1s afforded by measurements of the viscosity
of polymer sclutions. The polmmer-solvent interaction enters

into the determination of the viscosity in three ways as
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dlscussed below,
(i) The intrinsic viscosity is related to the molecular
welght of the polymer according to expression (88) where the

exponent 'a' depends on the molecular volume expansion factor o« ,

The equation (88) may be written as

(71 = &' w243 (127)

The factor o 1s, in general, dependent on molecular weight and
for a given po}ymer fraction depends upon the balance of
intramoleculor and polymer-solvént interactions. Its deviation
from unity reflects non-idealities in the polymer solvent inter-
action.

(11) The dependence of .reduced viscosity upon concentration
in the term k in the relationship (83) i1s related to the polymere
solvent interaction, and

(111) The temperature dependence of viscosity of a given
system 1s determined by the heat of activation AH#:for viscous
flow in the solution or in the pure polymer. The quantity AH#
is determined by a fraction of the energy necessary to separate
the molecules in a 11quid to form a hole and then to move a

#ris

neighbouring molecule into the hole. In a pure substance AH
related +to the heat of vaporization and in a solution to the

energy of interaction of the components.
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A, Intrinsiec Viscosities

In different solvents [ "] will in general vary
because of thé degree of expansion of the molecular random coil
as determined by the constant « , In the case of the short
chain polyglycols 1t 1s hardly likely that the random coil model
will be applicable except for the higher molecular weight
fractions and it 1s of interest to examine the value of the
exponent in equation (127) for the short chain molecules, The
relation between ["] and M when the material is somewhat polye=
disperse takes the same form as that of equation (88) except
that the weight average molecular welght should preferably be
used in deriving g. The molecular weights determined by the
analytical method described in Section II-1 are number average
quantities and cannot be directlylrelated to the corresponding
welght average. The short chain materials used in the present
work had slready been fractionated into samples of various
molecular weights, Further sub-fractionation 1n order to es-
tablish the molecular weight distribution is very difficeunlt to
achieve with the low moleculur weight polyglycols, As in several
other studies (86) on the behaviour of the polyglycols, the
number average molecular welghts have been used in relating ['7]

to M, assuming* that the number average and weight average

# No serious error is involved in this assumption. Thus if the
sample of molecular weight 150 was composed,for example,of 60%
trimer and [j0% dimer the number average molecular weight would
differ by only 3.5% from the weight average molecular weight.
Similar considerations arply to the fractlons of higher molecular

welpght where the relative range of degrees of polymerization in a
sample 1s likelvw to be much less than in the unfavourable case

consldered above.
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molecular weights are not seriously different.,

The reduced viscosity plots in Flgure 12 lead to
intrinsic viscositles which are not, within experimental error,
recognizably dependent upon the solvent in the series methanol,
ethanol and n-prppanol*. This is not unexpected since most of
the physical properties of these hydroxylic solvents are similar.
In order to examine the dependence of ['?] for the polypropylene
glycols upon molecular weight, the values of log [")] (see Table
XL) for each average molecular welght have been plotted against
the logarithm of the molecular weight as shown in Pizure 21,

The estimated uncertainty in the values of log ["] 1s indicated
by the height of the vertical bars,
TABLE XL
Intrinsic viscosities of the polymers

in ethanol
;ggfm;i. (7] Logl 11 Log M a
150 00019 "1.72 2.17 0037
%25 00025 "'1. 60 20 62 0.)4.1
l 55 0.059 -1.23 3029 0056
3350 0,08l -1.07 3.53 0.62

By taiting tangents to the curve in Figure 21 at the

appropriate values of log M the exponent & has been evaluated,

# It should be noted that on account of the unusually low molecular
Wwelghts of the polymers studied in the present work, it is ‘
impossible to obtain the same degree of accuracy in measurements
of relative viscosities at high dilutions as is possible with
polymers in the more usual range of moleculsr weights (50,000),
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Values of a obtained by this procedure are listed in Table XL
and it i1s seen that a varies from about 0.37 for the lowest
fraction to the more usual value of 0.5 to 0.6 for the higher
fractions, Notwlthstanding the small uncertainties in the values
of log [ 7], the change of g with increasing molecular welght (see
Figure 21) appears to be significant: A similap varistion of a
with Inereasing chain length in the case of polyethylene glycols
in benzene has also been reported recently by Sadron and Rempp
(86) who have suggested that an empirical equation of the form
M1 = a + KM
would represent their results better than the more usual equation
[N = xm®,
Two possible reasons for this change in values of g may now be
econsidered,

(1) The chemical nature of the polymers is effectively
changing with increasing molecular welght since the end-group
units comprise a '"fraction! of the molecule which is relatively
large but which decreases in inverse proportion to the molecular
weight of the polymer,

(ii) The fact that a decreaces with decreasing molecular
weight of the polymer implies that the values of [")] for the low
molecul ar weight fractions are larger than they woulu be if g
were 0.5 = 0,6 for all the Tfractions., It appears that this trend

of values of ['?] arises because the distribution of segments in
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the 'random! coll can no longer be reasonably assumed to be
Gaussian when the molecule is only a few segments long, A

value of a equal to 0.5 arises only if it can be assumed that

the rardom coll may be represented by an hydrodynamically
equivalent sphere (68) having a radius proportional to the

square root of tﬁe molecular welght of the polymer chain. As

the chain becomes very short and the sSegment distribution less
Gausslan, the particle will be represented more correctly by an
equivalent ellipsoid than by an equlvalent sphere., For a given
volume of the particle, the equivalent ellipsoid has a larger
hydrodynamic frictional coefficient than that of the sphere. (101),
80 that ['7] would tend to become relatively larger than if the
spherical random coll model was applicable down to very short chain
lengths. Such a direction of change of ['?] is indicated by the
experimental results as shown in Figure 21,

B. Actlvation Fnergy for the Flow Process

Information on molecular interaction in the pure
polymers can best be obtained from viscosity determinations by
measurements of the temperature dependence of vliscosity, which
then enables the heat, free energy and entropy of activation for
the flow process to be derived. These quantities are determined
by the manner in which the molecule or its segments Interact with
other similor molecules or segments, .

The heats of uctivntion for viscous flow in the pure

polymers h ve been deduced from the tenperuture dependence of the
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viscosities of the various fractions. AH* as a function of
molecular weight 1s shown in Figure 20. It is apparent that
substantially higher values of AH#: are to be cobserved with

the low molecular weight fractions than with the higher molecular
weight materlals (see Table XLI). This is the converse of what
is generally found (102), namely that oEF 1s either approximately
constant or increases with increasing moleec:l ar weight, e.ge.,

in the serles of polyesters studled by Flory (103). The'résults
shown in Figure 20 suggest that the hydroxylic end-groups play

an important role in determining the viscous properties of these
polymer fractlions, probably owing to association effects through
the formation of hydrogen bonds. Thus it appears that more
hydrogen bonds have to be broken for the flow of molecules of
low molecular weizht than for those of higher molecular weighte.
The site fraction of terminal OH group8 in the lower molecular
welght fractions 1s clearly much larger than that in the higher
fractions, where secticns of the molecule can evidently move with
less dissociation of hydrogen bonds, It is of interest to
calculate the free energy and entropy of activation for viscous
flow in the pure polymers. The mobile sepment in polyesters
contains about 30 chain atoms, l.e.,has a molecular weight of
about }j00, In the polypropylene glyvcols (where the molecular
weight of the monomer unit equals 58) 1t is hence likely that at
least for the fractions of molecular weight 150 and 125, the

whole molecule is the flow unit., e can then calculate AG’é for




-

TABLE XLI

The heat of activation for vliscous flow in the pure polypropylene
glycol polymers and in the pure solvents (methanol, ethanol
and n-propanol) at 15° ¢,

AH’é | Keal, mole™t |,
Molecular Wt, - visc,
150 '1 13.2)
hes 12,74
1120 11.12
1955 10.64
3350 10.13
Methanol® 2.65
Ethanol® 3.20
n=-Propanol® LL.56

¥ The values of AH"visc for these solvents have been calculated

from viscosity data glven by various workers at different
temperutures and swmarised in the Handbook of Chemistry and

Physics, 39th Edition,
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the activation process from the rate equation (89), assuming
that the volume of the flow segment is equal to the molear
volumes It 1s also of interest to calculate AG# for the
fractions 1120 and 1955 using the data given in Table XXVI
for the viscosities of these fractions. With the values of
AH# given 1In Figure 20, AE&’é can be estimated, The values of
the various th;nmodynamic funetions for activation in the

flow process are given below in Tsable XLII.

TABLE XLII

Apparent thermodynamic quantities for the éctivation process
in viscous flow of the pure polypropylene glycols

Mol. Wt. ad” (T °c.) e s (7 °c.)
(Kcal. mole-I) (Kcal, mols™t) (Kcale. mole™t)
150 5e5 (45.1) 13.2 2 (45.1) 24 (8.8)
425 6.7 (45.2) 12,7 19 (45.2)
1120 Te3 (L3ey) 11,1 12.1 (43.4)
1955 8.1 (49.3) 10.6 T8 (149.3)
3350 9.2 (63.0) 10.1 2.9 (63.0)

Note:= The Va}ues of AGf, AHf and Asf are accurate to
ebout =2 percent.

AS# decreases with inereasing molecular welght in the case of

the fractions of molecular weight 150 and 425, The further

apparent decrease with inereasing molecular welght up to 3350 is

more smblguous since we can perhaps no longer assume that the
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whole molecule -is the flow Segment in these higher fractions,
However, 1f the flow unit in the 1955 fraction was as small as
the polymer molecule of molecular welght 425, AS# would still

be only 11 e.u., l.es98ubstantially less than that actually
found for the 425 fraction assuming (more Justifiably) that for
this fraction‘almost the whole molecule is the flow unit., There
thus appears to be a real decrease of AS# with increasing
molecular weight. This could be understood if there were a
greater degree of structure in the more hydrogen bonded fractions
of lower molecular weighte, The cetivation process would then
requlre a relatively larger increase in entropy than in cascs
where the initial state was already less ordered. In this
respect the behaviour of these polymers resembles that of the
alcohols, and HZO and D20, where positive entropies of’activatiqn
are found for molecular relaxation, greater values of AS# being
found with the "more ordered" liquids, e.g., in the cases of the
palrs D20 and.HZO, end H20 and CHBOH (104).

It 18 of interest to examine these results for the
entropy of activation in relation to the excess entroples of
mixing given in Table XXVIII, If the lower moleculnr welght
polymers have a larger degree of hydrogen bonded structure than
that in the higher fractions, we may anticlpate that on mixing
of the polymer with the solvent, some of the 'structural!
negative entropy (due to hydrogen = bond 'ecross-linking'!) will be

lost. The excess entropy of mixing would then be larger on a
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TABLE XLIIT

The values of heat of activation (Aﬂﬁ)oror viacous
flow of polymer solutions et 15°C,

Molecular Values of AH# at different eoncentrations
welght of of the polymers in aleohols
polymer (Keal. mole™l)

Solutions in methanol
150 Cone 12,36 35,22 59,92 70.86
s 2.8 3 b9 6.8

h2s Cone, 12,30 35.11 55,80 7l .66
Ria 2.k 3. h.2 7.0

11.20 Cone 12,30 35.11 55,80 7h .66
AH£ 3. , 3.3 by ' %.2

1955 Cone., 11 018 . 32.71 56. 87 ' 70079
AH# 208 30&- !‘-os 6.’-]-

3350 Cones 20.16 33.78 55.97
Al 3.0 3.5 5.5

Solutions in ethanol

150 Cone 5.11 10,78 28,25 118,86 68,08
AR 3.h 3.6 . 2 7.0

425  Cone 5.27 10,78 31,66 51,56  78.51
A 3.4 3.5 he3 Sel 8.4

Cone 4.96 9.20 31,73 50.99 66,18

3350  Come, 76 12,19 30.52  S1.45  70.71
Nia E.o L. .5 5.9 7.2

Solutions in n-propanol

1955 Cone 032 12 .83 28 095 8o,-l-l 69002
AER ﬁ.S L.5 5.0 bl 7.2

3350 Cone h.01 12,23 29.11 50,70 69.51
AP Ll b5 5.3 5.8 7.3

Notes- 1. The concentrations given above are expressed in
g. per 100 g, of the solutions,

2. The values of AH given above are obtained from the
Arrhenius plots similar to that shown in Figure 13,
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volume (or weight) fraction basis for the more hydrogen bonded,
lower molecular weight polymers, than for the higher molecular
welght fractions. The thermodynamic results fop TASﬁ in Table
AXVIII, calculated on the basis of site or volume fractions,
lend suprort tO'Qﬂs view, since the value of TASﬁ for the
fraction of molecular weight 150 is significantly less negative
than the corresponding values for the higher fractions.

Since the above results for the pure polymers eppeared
to he related to the molecular structure or fraction of polar
end-groups in the polymers, it was considered that similep
studies on solutions of the polymers in aleocholic solvents right
be of Interest, The free energy of activation for flow in ideal
mixtures is related to the corresponding values for flow in the
pure components by equation (93); if the mixture 1is non-ideal
the relationship corresponding to equation (93) is equation (95)
which may be written in terms of the corresponding heats and
entroples of activation and the heat of mnixing. The activation
energies for the flow process in solutions of the polymers of
various molecullar welghts in the aleocholic solvents are shown as
a function of composition in Figures 17, 18 and 19, and recorded
in Table XLIII, It 18 clear from the behaviour observed
(Figures 17, 18 and 19) and from the data on the heats of mixing

(Tables XIII and XIV) that even for the solutions of the low

molecular weight fractions equation (95) does not represent the




14

13 ’O
| /
V4
,l
12— ,/
/
. ,I IA
/ /0
= / ///,
N 10 /, /’/
) / /77
o / /l’/ ,/
il / Y/ 4
= ’,' V4
o g /17
< /7 /
= ! 17,
! 7 4
S T O, X/ /
» /” /
#°S vy
O
(72
g 6 7
%
v
S /o
a

' ° /%
3 V. O 1I150°P

D—"
) " X 425P
X
ol A 1120 P
O 1955P
| - v 3350P
| L | ! | l I I ] |
0]

0 Ol 0.2 03 04 05 0.6 07 0.8 0.9 I.0
COMPOSITION (WEIGHT FRACTION OF POLYMERS)

FIG. 17. HEAT OF ACTIVATION FOR VISCOSITY AS A FUNCTION OF COMPOSITION,
FOR THE POLYMER-METHANOL SYSTEMS.



AHvisc. (k. CCIIS. m°|e—l)

14

0
13 ll
X
II/I
12 - 1/
/7
/7
//
e /1
/7
1/ A
/o
10— TARAYs
1" s
Ay
9|- ,’/ Va;
4////,//
8} /g
v’ 7
/II
7L 9// o
6 o
A
X
5 B A
s
4 o AV
A
/Q/Q
3P O Is0P
X 425 P
ol A 1955 P
O 3350 P
| L
0 | | | | | | ] | | l
0] 0.l 0.2 03 04 05 06 0.7 0.8 0.9 1.0

COMPOSITION (WEIGHT FRACTION OF POLYMERS)

FIG. 18. HEAT OF ACTIVATION FOR VISCOSITY AS A FUNCTION OF COMPOSITION,
FOR THE POLYMER -ETHANOL SYSTEMS.




12

(N jo
/
/
10 — X
/ ’
7 /
/
~ 9 .,
T
2
o
€
v
]
(3]
x
o
o
H >
e o
<
3
O 1955
2 |- x 3350
|
o N I I S R R A
o o.l 02 03 04 05 0.6 0.7 0.8 09 1.0

COMPOSITION (WEIGHT FRACTION OF POLYMERS)-

FIG. 19. HEAT OF ACTIVATION FOR VISCOSIT
FOR THE POLYMER -n-PROPANOL SY

Y AS A FUNCTION OF COMPOSITION,
STEMS.



"LHDIZM ¥VTNOITOW ¥IFHIL 4O NOLLONNA
V SV SHIWATOd TUNd 40 ALISODSIA ¥Od NOLLVAILDOV 40 LVAH 07 "OId

(W) SY3WAT0d 40 SLH9IIM  ¥VINIIIONW

oos¢ 000¢ 0062 0002 0051 0001 00§ 0 o
_ _ _ _ _ _ _

+

(,—2low "s|po"y) %A e




o'v

"'SEINATOL THL 4O SLHDIAM
AVINDITONW 40 WHLITYVDOT ISNIVOV SYIIWATOd AHL 40
SHILISODSIA DISNIYINI TFHL 4O WHLIYVDOT THL JO LOTId ‘12 "DI1d

W 901
G'e o'e G'¢ 0°¢ Gl

_ [ [ _ G'0-

[&] 907

0°2-



e 158 -

results very satisfactorily, since deviations from proportionsal
additivity in the heats of sectivation are much larger than the
heat of mixing. It appears that the inter-polymer hydrogen
bonding, whieh leads to g dependence of L\H"é upon molecular weight
in the case of the pure polymers, is swamped in dilute alcbholic
solutions by interactions with the more plentiful hydroxyl groups
on the solvent moleecules,

Some conclusions cancerning the interpretation of the
values of the heats of mixing may also be madé in relation to
the values of AH# » In general for relatively low concentrations

of polymer, the heat of mixing is negative for the low molec-ilar

weight fractions but increasingly positive for the higher fractions

particularly at higher polymer concentrations, For the pure low
melecular welght polymers, the values of AH# have indicated more
hydrogen bonding than in the higher fractions, The restrictions
imposed on the interaction between the hydroxylie end-groups
because of the length of polymer chain Separating them could lead
to a smaller chance of hydrogen bonding per OH group on the
pol;mers than 1s rossible between OH groups on the smeller
methanolic solvent moiecules. However, when such low molecular
weight polymers are dissolved in methanol, the end-groups can
now be "solvated" with less restriction by the excess of smaller
more

Solvent molecules so that/hydrogen bonds could on %he average be

formed. This could account for the higher exothermic heat of
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mixing of the lower than the higher prolymers with methanol.
For the higher molecular welght fractions, the rdle of terminal
OH groups in determining AH# and &lso probably the hest of
mixing, is less for & given welght fraction of the polymer.
However, a bigger rdle will now be played by the ghain atoms
(particularly efher oxygens) in making new bonds between the
solvent molecules and the polymer backbone at the expense of
solvent-solvent hydrogen bonds. It has been indicated
breviously (p.122) that this could lead to a ﬁet decrease in
the number of hydrogen bonds in the system and hence to more
endothermic mixing as tends to occur with increasing molecular

welght of the polymers (see Figure 9),
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IV. GLAIMS TO ORIGINAL RESEARCH

1, The differential manometer devised by Puddington has
been improved in various ways,

2. Differential vapour pressure measurements for the
polypropylens glycol-methanol systems have heen made.

Se Measurements of the vapour pressures of these systems
have been made over a range of temperatures lncluding
relatively low temperatures,

4. Heats of mixing for these systems have been determined.

Se Activities of both the solvent and the polymers have
been evaluated.

6. A seml-empirical method of calculating the solute
activities using the Gibbs-Duhem equation has been

_ developed.,

7. The free energies and the entroples of mixing have been
calculated for these systems,

8. The molecular weight dependence of all thermodynsmic
functions have been evaluated in all these systems.

9. The excess thermodynamic functions for the systems have
been determined and an interpretation of the results
suggested,

10. Orientatlion effects in the solutions are indicated from
theoretical considerations in relation to the

experlimental results obtained,
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The polymer-solvent interaction constant X has bsen
evaluated as a function of temperature, molecular welght
of the polymer fractions and the composition of the
solutions,

The signifieance of the interaction constant X in the
terms of enthalpy and entropy contributions to the free
energy of mixing has been discussed, |

The parameters for the interchange energy are derived
from previous theories of polymer solutions.

Intrinsic viscosities of the polypropylono glycols in
several solvents have been evaluated and it has been
shown that the exponent in the relstionship between the
intrinsic viscosity and molecular weight of the polymers
decreases significantly with decreasing molecular weight,
The heats of activation for viscosity of the pure
polymers and their solutions have heen evaluated.

The hydroxyl end-groups in the polypropylene glycols

have been found to be important in determining the
thermodynamic and rheological properties of the polymers.
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