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ABSTRACT

The specific effects of composition and structure on
the behavior of polymer solutions are not well understood.
In seeking to clarify this situation, we have undertaken
an experimental study of the solution properties of well
tailored polymers prepared via the living polymer technique:
namely, homopolymers and copolymers of styrene, Q-methyl
styrene and p-methyl styrene. Thus, we are studying how the
concentration and placement (in the repeat unit structure)
of the methyl group affects homopolymer and copolymer solu-
bility.

In accordance with the findings of previous investigators,
we observed an increase in copolymer solubility over that ob-
served by linear interpolation between the parent homopolymers.
This effect is most pronounced in plots of theta-temperatures (@)
versus composition which actually show minima. It is also
manifested in Flory-Huggins parameters obtained for moderately
concentrated (3% to 25% by volume) toluene solutions. Compar-
ison of our results with the few available in the literature
suggest that this phenomenon may be quite general, if not uni-
versal. Solubility under @®-conditions is partly explained

with the solubility parameter concept. The magnitude of the



ii

effect appears to be identical in both toluene at 37°C and at
the ®-condition for a variety of solvents; this reinforces

the notion that increased solubility arises fron inter-mer
repulsions which should be, as a first approximation, inde-
pendent of solvent. Finally, it is obvious that methyl groups
manifest a stronger influence bn polymer solution properties

than may have been previously appreciated.
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1. INTRODUCTION

The thermodynamic properties of a solution are gov-
erned by a series of molecular and submolecular scale pro-
cesses. It 1s of practical and theoretical importance to
understand these phenomena Nonetheless, the behavior of
pure substances and solutions in the liquid state is poorly
understood even frnr low-molecular-weight compounds. Because
polymer solutions i1nvolve more factors than ordinary solu-
tions, their study presents far greater difficulties.

The solution properties of polymers have been des-
cribed thecretically by considering the effects governing
properties individually For example. 1n the Flory-Huggins
Theory (l-3) the two principal phenomena are the mixing
process which gives rise to an entropy term, and a change
in the energy envipifnment of a polymer which gives rise to
an 1nteraction free energy (or enthalpy) term. More soph-
1sticated models include additional more complex phenomena,
but the descriptions of polymer solutions remain inadequate
for many purposes. A ma)or obstacle to a more thorough under-
standing 1s our lack of knowledge of the molecular factors
controlling the equilibrium state.

The long range goal of this research 1s to expand our
understanding of how such molecular factors as functional
groups, repeat unit structure, copolymerization, and tac-

ticity affect polymer solution behavior. In order to accomp-



lish this, we will obtain comprehensive, reliable, thermo-
dynamic data on model polymer solutions. This kind of in-
formation. noted for its paucity, should be useful in de-
veloping new theories or correlations of polymer solution
behavior.

in the current research program. we have studied how
‘methyl groups 1nflaence polymer solution behavior by the
careful construction of an experimental system. Specifi-
cally. we have studied the solution properties of a series
of well-tailored homopolymers constructed from closely re-~
lated styrene-based mor.omers; namely, styrene, G-methyl
styrene and to limited extent p-methyl styrene. Differ-
ences 1n the solution properties of the materials of inter-
est could then be attributed to specific differences in
repeat unit structure; namely, the number and location of
metryl groups. These differences, 1n turn, will be mani-
fested 1n chain stiffness and interactions. Polymers were
syntr.esized by the anioric living-polymer reaction to pro-
diuce amorpro.is materials with narrow molecular weight dis-
tributions. Irn addition the copolymers were homogeneous
and random. It shoild be noted too, that despite their
commercial importance, copolymers have been largely ne-
glected. Our study will help fill this void.

Since tne repeat units of the polymer are similar,



one might suspect that only small, perhaps unmeasureable,
differences exist. As a first step, we undertook an ex-
ploratory study to see 1f the materials actually exhibited
significantly different behavior. This included a search
for experimental parameters that were sensitive to the sub-
tle differences in our materials. The second virial coef-
ficient (SVC) 1n toluere, the @-temperature in poor solvents
and the empirically determined Flory-Huggins parameter, ¥,
in moderately concer.trated toluene solutions, were the pri-
mary parameters investigated. Tre measurement of SVC's is
subject to considerable scatter, whereas X can be ascertained
with better confidence. The 8-temperat.re,which can be de-
termined easily and accirately. is sersitive to difference
in solution properties: hLence 1t 1is an excellent parameter
for ccmparing sol.tion properties. n fact, minima ir @-
temperat.ire witr. copolymer composition were the most pro-
nounced property differerice observed-

Two salier.t findings emerged from this study. Random
copolymers are generally more soluble than their parent homo-
polymers, and methyl groups affect polymer solubility in
more complex ways than is normally appreciated. That is,
although styrene and o~methyl styrene are chemically similar,
they differ sufficiently to produce intermer repulsions which
increase copolymer solubility. 1In fact, comparison of our

solubility data with the few available in the literature for



copolymers indiéates that the phenomena may be quite general,
if not universal. The solubility parameter concept could

be extended to explain and amplify some of these concepts,
but 1n other instances this attempt resulted in less than
satisfactory results. Evidently, entropic contributions
arise, and tr.e complex influence of methyl groups cannot be
explained ir. terms of simple irteractior. energy effects.
Stidies of tlie sol.bilities of other styrene based monomers
will be required to aid in tre clarification of this situ-

ation.



1. LITERATURE SURVEY

A introd.ction

Polymer sol.tions are .sually divided into two groups
according to trelr concentrations- Dilute solutions contain
less than 1% to 2% polymer by volume, and concentrated solu-
tions contain greater thar 10% polymer by volume. The inter-
mediate range has received virtcally no attention in the lit-
erature. In dilute solutions polymer molecules are pictured
as randomly coiled chains existing as 1solated clouds in a
sea of solvent. <C(oncentrated polymer solutions are pictured
as a hromogerieous mass of solvent and entargled polymer chains.
Different theoretical ard analytical techriques are used to
study eact type of solution.

Tke literat..re on polymer sol."10n tnermodynamics 1s
vol.minowus Considerable efforrt ras been devoted to devel-
dplng tresretical models for describing dil.te and concen-
trated sol.tions; but. to date. no completely satisfactory

theories have been p.blisrned. Experimental studies of di-
l.te polymer solutions are much more common than those on
concentrated solutions. All experimental 1investigations
are fraught with difficulties. The solution properties of
copolymers, despite their commercial importance, have re-

ceived little attention in the open literature.



Those aspects of the literature whnich bear directly

on. this research. are reviewed in the following sections.



B. Concentrated Solution Theory

l. Introduction

Concentrated polymer solutions can be depicted as a
homogeneous mass of solvent and entangled chains. The concen-
tration at which chain combination becomes important depends
on molecular weight. The properties of interest are heats,
entropies, free energies and volume changes of mixing, as well
as phase equilibria.

The natural thermodynamic variable to describe solutions
is the Gibbs free energy of mixing since all thermodynamic
properties including phase equilibria can be computed from it.
The theoretical problem is to propose molecular models and
thereby devise adequate expressions for AGm. This is difficult
since the condensed state and liquid solutions are not well
understood even for small molecules. Two diverse approaches
have been followed. Some investigators have developed expres-
sions for AGm via first principles using molecular models
coupled with statistical mechanics. Others have proposed
empirical expressions for AGm. The former approach has the
great advantage that experimentally determined parameters
are related to a specific model for the behavior of a polymer
solution and hence to molecular processes. The empirical

approach has resulted in expressions for AGm that describe



the behavior of hydrogen-bonded polymer-solvent systems. These

systems cannot be described in terms of current theories.



2. The Flory~Euggins Treory

The oldest and best known theory for describing
polymer sol.tions was 1ndependently developed in the
early 1940 s by Flory 'l; and b.ggins (2,3). These
a.trors .sed the classical lattice model approach to
obtain an expression for the ertropy of mixing:

(1) ASm = -R:niznv‘ + nélnvzj

1 i

where AS“llS tr.e entropy of mixing, n 1s the number of moles,
v 1s volume fraction. and subscripts 1 and 2 refer to sol-
vent and polymer respectively. Note that this expression
contains r.o lattice or cr.ain stiffness parameter. Because
ASm deper.ds or the ratio of t:e r.amber of polymer confor-
mat.ions in t'e amorpro.s sol:d and sol.tion, the effect of
éhain stiff-ess carcels. Eqg.ation 1 was combined with a

Var. Laar erthalpy of mixing eg.azion

2 i = RT
W2 AI—’m anv2

to yield the well known Flory-kuggins equation for the

Gibbs free energy of mixing

+ RTXn_ v

2 - . .
3y AGm RT(nlznvl + nzlnvz, 1V2

1



where X is trne interaction parameter. For the first system

investigated in detail -- rubber and benzene -- X was found

to be a constant at fixed temperature, which lent support to
the treory.

As a res.lt of numercus studies, it was found that the
theory s.ffers from two serious shortcomings. Even in near-
ly atrermal sol.tiorns. ¥ may range as high as from 0.3 to 0.5.
if X merely represented ertralpic effects. it would be zero
in nearly athermal sol .tioms  This fact indicates that ¥y
contains ertropic as well as ertralpic components, and equa-
tiori 2 stw.ld be 17terrreted as a free energy instead of as
a~. ernt.alpy l.rrrermore. it f.as peern. fo.nd that X may de-
pe-d g.ite strongly o- corcer.iration. a circumstance not
acco.nted for by tr.is tneory.

Tre Flory-tiuggins theory is tre polymer solution ana-
logue of regular solution theory. This parallel can be seen

by comparing tre equations for AGm tnat follow:

Regular Solution Theory

"+ An_X

{4} AGm = RT;nlzuxl + nzzuxz 1%2

Flory-Euggins Tneory

(3) AG = RT{n_Anv, + n_ &uxv., + Xn,v

pEnvy F npkuv, 1V2!

where x refers to mole fractior, and subscripts 1 and 2 in

regular solutior. trneory refer to the two species in the

10



11
solution. In polymer solutions, volume fraction replaces
mole fraction. The development of equations for AHmin'
both theories is almost identical. For regular solutions,
ASm 1s calcuilated from the ratio of the number of arrange-
ments of cells containing the solution components in a lat-
tice of equal sized cells to the number of arrangements in
the pure state. The compuitation of the number of conforma-
tions of a polymer molecile i1n solution can be viewed simply
as a restriction on random mixing in regular solutions.

In spite of its many shortcomings, the Flory-Huggins
theory represented a significant advance in that it pre-
dicted gualitatively all the peculiar properties of poly-
mer solutions, and it 1s still widely used - in large part
beca.se of i1ts simplicity. The ©-temperature, a concept
of considerable practical and theoretical importance, is
based on the Flory-Huggins ttreory. Furthermore, polymer
solubility can be treated with this theory coupled with
the solubility parameter concept provided the entropic
guality of X i1s recognized. We will make use of this in

later sections.



3. Corresponding States Theory

In the past several years Flory and his coworkers
(4,5,8) Lave developed a corresponding states theory for
solutions of ordinary molecules as well as polymers. An
inherent difficulty with the lattice model approach is that
it does not account for the properties of the pure fluids,
which can be significantly different for polymer solutions,
and should be accounted for by any theoretical treatment.

Following the work of Prigogine et al. (7-11) Flory

developed a partition function which can be used to describe

ordinary molecules., polymers and their solutions:

ot *
6 2 = (comst) 4y - 1/3)3)rNcexp(-Eo/kT)

where E, 1s the intermolecular energy; (rNC) represents
the total number of intermolecular degrees of freedom; r
is the number of segments per species; N is the number of
species; C restricts the degree of freedom by accounting
for the location of neighboring mers in the chain. The
term y(vl/3 - v*1/3)3 , after Tonks ( 12 ), accounts
for the free volume where v is volume per segment and v

is the hard core volume per segment. The properties of the

pure components are expressed in terms of a reduced parti-

tion function:

12



1/3 _ 3rNC

(7) Z = (const) (v 1) exp (rNC/VT)

and a simplified equation of state

o~ o~ 3
@8 F=iv/3 . 15Y

. . ~ ~ " N
where p, v, and T are defined as

~ %*

v = v/v

~ * %

T = T/T = 2v CRT/Sn
~ * *2
p=p/P =2p /87

S 1s the number of contact sites per segment and n is a
constant craracterizing the energy of interaction. The
reducing parameters can be calculated from the volume
coefficient of expansion a = (l/V)(aV/aT)p = 0,
the compressibility y = (ap/aT)v
and the specific volume of the pure components. Aside
from a combinatorial entropy term the same form of the
rediuced partition function is obtained for solutions, but
the definitions of ;, ;, and ; depend upon concentration
of tre solution.

To develop an expression for AGm , Flory assumed

random mixing which he described by the Flory-Huggins

13



expression for ASm . Residual contributions to AGm
and Asm were computed from the solution partition function
as were expressions for Aﬁh‘and AVh. The final equations
contain *wo pérameters SZ/Sl, the ratio of segment contact
areas, and X12’ an 1nteraction energy term. Sz/Sl was
establisned from model studies, and'X12 was obtained
(preferably) from AHﬁ . Flory et al. compared, measured
and calculated val.es of X12 and AVm . In general this
theory predicted the form of the variationcfxlzwith
solution composition from parameters obtained from measure-
ments of AHm or Avm . The demonstration of the importance
of equation of state effects upon polymer solutions is the

key point.

14
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4. The Maron Theory

Maron and his coworkers developed an empirical equa-
tion for AGm (13-15). The chief feature of their equation

is that RTun which is analagous to RTxn1v2 in the Flory-

12

Huggins theory, is taken to be an interaction free energy

term. The symbol u replaceg X which is represented by an

arbitrary funétion of concentration and temperature, fit

to experimental resualts. For many polymer systems, such

as polystyrene in cyclohexane (16), y is a linear function

of concentratior up to about 50 percent by volume of polymer.
Maror. also i1ntroduces terms to account for changes in

‘free volume on mixing. Our unpublished calculations for

the system thtey stuadied reveal that trhese terms make negli-

gible contrib.tions. In addition, their theoretical justi-

ficatior. 1is obscure.

15



5. The Segment Interaction Equation

Heil and Prausnitz (17) proposed an equation for AGm
based on the concept of local volume fraction first sug-
gested by Wilson (18) and later investigated in detail‘b§
Prausnitz and his associates (19,20). Their equation
contains only two empirical parameters per solvent-polymer

pair, - gll) and (g12 - 922), and it can readily be

(9,,
extended to describe multicomponent systems plus those
which show strong interactions such as hydrogen bonding.
The equation below can be used to predict phase equilibria
in binary and multicomponent systems. It is rather cumber-

some in form, and it was not derived from first principles;

hence, the exact meaning of the parameters is not clear.

(9) AGm/RT = n Mell + 8,0, Q/nezz + (1 - sz)n2 ﬁnv2

+ n€,y,(9)5 = 99,)/RT

+ nye1,8,(9;, = 9,,)/RT

where €1 = vl/(vl + v2exp(--(g12 - gll)/RT))'

€ = 1 € = 1

21 - ell' 29 - 612, S$. is the number of

2

segments in the polymer chain and

e12 = (Vlexp(-(glz - 922)/RT))/(V1exP(_(912 - 922)/RT) + V2)

16



The main weakness in this equation from our point of view is

that it was nct founded on molecular principles.

17



C. The Solubility Parameter Concept

1. Introduction

intermolecular forces are an important factor in

determinirg solubility. The solubility parameter, §, defined

c. 172

1~
4

as AUV/V , the square root of tte energy of vapor-
ization of a compound divided by its molecular volume

1s a meas.re cf tctal i1ntermolecular forces; hence, it is
an 1mportant tool i1n predicting and explaining solubility
or the phenomena wh..ct deperd on intermolecular forces.
Fildebrard first proposed the concept in 1916 (21).
Scatchard 22, related the concept to regular solution
theory 1n 1931, and Hildebrand reviewed it thoroughly in
his book 1n 1950. The relationship between the solubility
parameter and solution tnermodynamics 1s reviewed in the

next sectior after which 1ts use 1n describing polymer

solubility is discussed.

18



2. Reqular Solution Theory

As originally formulated by Hildebrand in 1929)+La

regular solution Gibbs free energy of mixing was given by

(4) AGm = RT (nf%xl + njhxz) + Anlx2

The entropy of mixing term — easily derived from lattice

model statistics —- is the same as for an ideal solution.

(10) AS = -R(an/nxl + nz%xz)

When the concept of the regular solution was first formulated,
it was assumed that an athermal solution would necessarily
exhibit ideal solution behavior. Years later it was found
that this is not the case for polymer solutions; that is,
their solution behavior deviates widely from ideality even
when no heat effects are observed. In 1953 Hildebrand re-
formulated the concept to embrace all solutions for which
thermal agitation was sufficient to provide completely
random mixing. This interpretation still permits the separa-~
tion of enthalpic and entropic contributions to the free
energy of mixing.

The enthalpy of mixing term, Anlxz, for low molecular
weight species is derived below. The derivation for polymer

solutions closely parallels it. Consider a lattice with

coordination number z containing randomly mixed A and B

19
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molecules. The total energy of the system is given by

(11) U = (NAAwAA + NBBwBB + NABWAB)

where N is a number of bonds, w is the energy of a bond and
the subscripts refer to AA, BB and AB bonds respectively.

If the molecules are randomly mixed NAB = zxANB,

NAA = zxANA/Z, and NBB = szNB/Z, where NA and NB refer to

the number of A and B molecules in the system. Then

= 2 2
(12) U = zA(wAAxA/Z + wBBxB/Z + XAXBWAB)
and
(13) AUm =U - UA - U. = zZAWX_X
where
(13a) W = Wap ~ (wAA + wBB)/2

and A is Avagadro's number. If A(PV) = O, Ay = AH , and

A simple relationship can be developed between regular
solution theory and the solubility parameter provided dis-
persion forces are the only intermolecular interactions.

* - % -
Al = - = - . i i
Recall that UA AzwAA/Z and AUB AszB/Z If dispersion
forces are the only type, szAB/Z = -(AUAAUB)I/? Then re-

calling equations 13, 13A and 13B

*
Energy of vaporization



1/2 1/2 1/2 2
(14) A (2(AUA UB) (AUA + AUB)) (AUA AUB )
Thus
(15) a= (5, -8)%3°
A B
=0 (e} o .
where v = (xAvA + XBVB)' Thus, the regular solution par-

ameter A can be calculated.from solubility parameters via
equation 15 provided only dispersion forces exist. Since b
can be easily computed from pure component data, reasonable
estimates of the solution properties of compounds, which
satisfy the assumptions, can be made without experiment.
Regular solution theory can qualitatively predict phase
behavior, azeotropes and endothermic mixing. Since it is
based on restrictive assumptions, it should be expected to
apply to few real solutions. Evidently, more sophisticated

models are needed to represent real solutions.
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3 T-e Solebility Parameter Concept in Polymeric Systems

Tre sclubility parameter ccnrncept finds considerable
application in polymeric systems. Selection of the mixed
or paire solwvernts can req:.ire cornsiderable experimental ef-
forv. &y usirg the sol.bility parameter concept, the num-

ber of exper.me:r..s car be reduced 7t can also be used

to predict +“tre Flory--uggins parameter and to predict swell-

ing.

The sol.bility parameter 1s a measure of total inter-
molecualar forces. As criginally fcrmulated the theory
treats dispersion forces only. wrereas real systems often
invelve ctrer types as well. In corder to exterd the sol-
ubi1lity parameter corcept tc trese systems, it is resolved
i~.to comporents due to d.spersion (Lorndon), polar, induced
polar ar.d *ydroaen bonding forces. Methods are available
to meas.re or estimate dispersion forces {24-25). Tech-
rigaes nave been developed to estimate polar and induced
poclar forces {25-27;. No completely successful technique
l.as yet been shown to treat hydroger bonding effects, but
several approximate mettr.ods are available (27-30).

Two differernt tecnniques have been developed which
use tr.e soldbility parameter concept to correlate and pre-
dict pelymer solution properties; both are based on the

resolution-of the sclubility parameter into components due
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to different types of intermolecular forces. The first
tect.n1guie develored by, Lanser .27% and Crowly, Teague
and Lcwe 1! 1s ased %o predict and correlate polymer
solub.lit,. Eesults of sol.bility experiments are often
presen:gd or trree-dimersional figures who;e>;;es are
differert molecclar rorce compcnernts. The coordinate
space :s d.vided :..to soluble and ron-soluble regions:
eac* rcl,mer reg.ires its own crart. Once tris figure
ras been establisr.ed, tne sclvent power of a solvent can
be estimated by cons.ltirg tre ctart. A section of a
trree-dimensiondal solubilizy plot at fixed value of hy-
droger. bcndira parameter is presentea in figure 1.

A more q.astitative tec.aiqgie for predicting solu-
tior. properties was devised by zlanks ard Prausnitz (26)-
They devised a metl.od for estimating X, the Flory-Ezggins
parameter 1n polymer systems that do not exhibit hydrogen
bording As previoisly explained, X, the Flory-Huggins
parameter cor.tains a large entropic contribution. Hence,
one car write
16 X = XH + XS
After examiring data for many systems, Elanks and Prausnitz
assigned a mean valie of 0. .34 to Xsﬁ which they subsequent-
ly ased for all polymer systems. Various techniques were

used to calcalate XH according -to the polarity of the poly-
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mer and solvert. In non-polar polymer-solvent systems

wiere v 1s the molecslar velume of tle solvent and sub-
script P and S refer to polymer ard solvent. Different
metr.ods are .sed 1O estimate XF 1f trhe solution compon-

ents are polar Fcr pclar polymer-solvent systems

‘18" X = ‘US/RT}:;XS -A T+ T -T )

wnere T and \ are the polar ard non~-polar components of §.

Ir polar-nonpolar systems

[\§]
N

V20, X____. = :‘vs/m. ;‘(XS - AP‘. + TS - 295
wtere § 1s ar empirically determined function of A of the
ron-polar comporient tames T. Treir techrique was found to
be reasor.ably accuirate.

Tte solubility parameter of low molecular weight com-
pcocunds can be computed directly, from their heats of vapor-
1zation, wnereas an assortment of i1ndirect methods must be
used for polymers beca.se they do not vaporize. The sim-

plest method 1s to use & of the repeat unit as an estimate

25



of polymer solubility parameter. Small (32) devised a me-
thod of calculating them from group contributions. The
solubility parameter of a solvent that produces maximum
swelling in a lightly cross-linked polymer is often used
as an estimate; this technique can give erroneous results.
Other methods are available but they are often unsatis-
factory.

A number of factors limit the appliéation of the sol-
ab1lity parameter concept. Principally, the solubility
parameter of a polymer cannot be determined unambiguously,
and a range of values is often reported. The separation
of the solubility parameter into molecular force compon-
ents 1is empirical, although Bagley (24) has suggested a
technique for measuring dispersion forces. Hydrogen bond-
ing effects are not well understood. Since the solubility
parameter 1s based on the Flory-Huggins theory, the weak-
nesses of this theory add additional limitations.

Aside from its eminent usefulness, the main theoret-
1cal virtue of the solubility parameter concept is that
it relates polymer solution properties to molecular force
effects. Although theories have been developed which re-
late molecular phenomena to solution thermodynamics, they
rarely contain the specific effects of molecular factors

such as stiffness, mer geometry or intermolecular forces

26
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on solution thermodynamics. (An exception to this is
Flory's corresponding states theory.) Thus if solution
properties are compared, the solubility parameter con-
cept can give us some information about the influence

of molecular forces on observed properties.
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D. Dilute Solution Theory

l. TIntroduction

In dilute solutions (less than 1% or 2% by volume)
molecules are pictured as random coils existing as isolated
clouds in a sea of solvent. Since this model differs mark-
edly from the concentrated solutions case, in that the so-
lution is heterogeneous on a molecular scale rather than homo-
geneous, different analytical treatments are employed in
dilute solution theory. The Gibbs free energy of mixing is
still the natural thermodynamic variable. In addition to
free energies, polymer conformations are studied in dilute
solutions. Relationships have been devised to relate the

thermodynamic parameters with molecular dimensions.
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2. Elementary Thermodynamics

The free energies of dilute polymer solutions are pre-

sented in the form of a virial equation for ZE, as shown

2
(20) A 1 = RT %al = -RT(Alc + A2c eee )

where Ai is the ith virial coefficient, c is the concen-

tration in grams/liter, a, if the activity and the bar super-

1

script denotes partial molal quantities. The equation is so
arranged that the activity of the solvent is 1.0 at infinite
dilution of polymer. Activities and second virial coeffi-
cients (SVC) are commonly obtained from osmometry or light
scattering measurements.

Information about A the first virial coefficient, can

ll
be obtained by considering the equation for AGm of an ideal

solution whose free energy is givern by; AGm = RT(xfhxl + xﬁhxz).

In dilute solutions Za'= RTenxl = -RT(x2 + (1/2)x§ + eee )

Since x, ~ xz/xl = vcl)c/M2 where M, is the polymer molecular

2

weight. Hence,

— o o 2,..2
(21) AG1 = --R'I'vl(c/M2 + vlc /4M2 + see )

Since the solvent is ideal at infinite dilution

o
(22) Al = vl/M2

Information about A the SVC, can now be obtained by

2!
considering the Flory-Huagins equation

— 2
(23) 3G, = RT(én(1l-v,) + (1 - v‘l’/v‘z’)v2 + xV3)
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where v?/v; is the ratio of sclvent to polymer molecule

volume. In dilute solutions

—_— 0, 0 2
(24) A ) = —RT((vl/v2)v2 + (1/2 - X)v2 + oo )

Concentration can be expressed in terms of grams/liter by

Comparison of equations

2
polymer’

using the following; v, = c/ppolymer'

20 and 24 suggests that the SCV is related to (1/2 - x)/p

The ®-temperature rameter of polymer so-

N\
luticn theory, can '\oint. The excess

Non second and higher

v
1

Gibbs free energy
powers of concent - the square of the

concentration in 4. Ze equation 20 and

*

) Z . — 2
21.) We can then wri¥ JZ(W-k) where Asl Ryvz

and Eﬁ: = RTng. It is convenient to express the difference
(V-k) as follows:

(25) (V=k) = ¥(1 - B/T) = (1/2 - X)

where ® = KT/{. When =k, @=T; or equivalently, x=1/2, the
excess Gibbs free energy due to segment-solvent interaction

is zero. Other properties of polymer solutions at ® conditions

are discussed in subsequent sectiorns.

pr— u— ——
AH, and AS, are the enthalpy and entropy components of AG

1 1l 1Excess.
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3. Molecular Dimensions

Useful information can be derived about the dimensions
of polymer chains and the distribution of chain sizes from
elementary model analysis. If a chain is made up of o+l
randomly oriented elements of length L, the root-mean-square
end-to-end distance derived from random walk theory is

(26) hZ = on’

If the angle between bonds is restricted to free rotation on

a valence cone of angle 6, then

2 2
(27) h2 = oL (l+cosB)/{l-cosb)

For the freely rotating polymethylene chain
2 2
(28) h = 20L

If additional restrictions are placed on free rotation to
obtain more realistic models, the form of equation 26 is re-
tained, but different coefficients appear. In general,

(20) hZ = oB>

where B takes on numerical values characteristic of individual
polymers.

Polymer chain dimensions are obtained most directly via
light scattering as an average radius of gyration. For a

freely orienting polymer chain, the relationship between radius
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where v?/vg is the ratio of sclvent to polymer molecule

volume. In dilute solutions.

P
—

0o, 0 .2
(24) A 1~ —RT((vl/vz)v2 + (1/2 - XV, ¥ oeee )

Concentration can be expressed in terms of grams/liter by

using the followirg; v_ = c/p

P Comparison of equations

2
polymer’

The ®-temperature, an important parameter of polymer so-

polymer’

20 and 24 suggests that the SCV is related to (1/2 - x)/p

lution theory, can be introduced at this point. The excess
Gibbs free energy of mixing, which depends on second and higher
powers of concentration, is proporticnal to the square of the
concentration in dilute solution. ({CTompare equation 20 and

*

. e el — 2
21.) We can then write AGlExcess = Rsz(w-k) where AS1 vaz

and Eﬁ; = RTLV;. It is convenient to express the difference
(t-x) as follows:

(25) (b=k) = V(1 - B/T) = (L/2 - %)

where ® = KT/y. When V=, ®=T; or equivalently, x=1/2, the
excess Gibbs free energy due to segment-solvent interaction

is zero. Other properties of polymer solutions at ® conditions

are discussed in subsequent sections.

— —— % ——
AH1 and AS. are the enthalpy and entropy components of AG

1 l1Excess.
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3. Molecular Dimensions

Useful information can be derived about the dimensions
of polymer chains and the distribution of chain sizes from
elementary model analysis. If a chain is made up of 0+l
randomly oriented elements of length L, the root-mean-square
end~-to-end distance derived from random walk theory is

(26) h2 = O'L2

If the angle between bonds is restricted to free rotation on

a valence cone of angle 8, then

2 2
(27) h2 = oL (l+cos8)/{l1-cosb)

For the freely rotating polymethylene chain
— )
(28) h = 20L

If additional restrictions are placed on free rotation to
obtain more realistic models, the form of equation 26 is re-
tained, but different coefficients appear. 1In general,

(29) h2 = 082

where B takes on numerical values characteristic of individual
polymers.

Polymer chain dimensions are obtained most directly via
light scattering as an average radius of gyration. For a

freely orienting polymer chain, the relationship between radius



of gyration and end-to-end dis*tance is given by R; = h2/6.
The dimensions of real polymers at the ®-conditions are often
characterized by the ratio, X, of the measured chain radius of
gyration, R.g , to that calculated frcocm equation 28. Thus,

’

since R2 = 0L2/3

g,of

2 2.1/2
X =3 L

(3R, /oL%]

The following gives the segment density distribution in
spherical coordinates of a freely orinting polymer chain, one
end of which is fixed at the origin while the other end is
contained within a spherical shell of volume 4wr2dr.

2 2
exp(—3r2/20L Y4rr dr
172 3
[L(2mo) /' %/3]

This expression can be modified to give the density of seg-

(30) p(r)dr =

ments around the center nf mass of the polymer molecule.

The foregoing rudimentary treatments are based on vol-
umeless polymer segments. For real chains, certain confor-
mations will be forbidden because of excluded volume effects.
Hence, real chains will be more extended than ideal chains.
This phenomenon is known as the intrachain-excluded-volume
effect.

The environment in which a polymer chain exists will
influence its dimensions. 1In a good solvent it will expand
since the environment is favorable, whereas in a poor solvent

it will contract since the environment is unfavorable. If
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a solvent is sufficiently poor, the contraction produced by
the poor solvent will cancel the expansion produced by the
intrachain -~ excluded-volume effect: then, a polymer molecule
-will behave as a volumeless freely orienting polymer chain.

These conditions are met at the ®-conditions.



4., Dilute Solution Theory

There are several ways of approaching the analysis of
dilute polymer solutions. An elegant method was developed
by B. H. Zimm (42) who applied the McMillan-Mayer theory (44)
to polymer solutions. This theory trests an osmotic equil-
ibrium situation anrnd obtains an expression for the osmotic
pressure which is formally *ne same as the virial equation
for a nonideal gas. The analogy arises because the virial
equation of state treats a relatively small number of molecules
which exert intermolecular forces, whrereas osmotic equilibria
involves a small number of molecules dispersed in a fluid
which exert intermolecular forces. Tre second, third and
higher virial coefficients in osmotic pressure equilibria
correspond to two body, tlree body, etc. interactions, while
the corresponding virial coefficients in osmotic pressure
equilibria correspord to two mclecule, tr.ree molecule, etc.
interactions. The theory permits reduction of a many body
problem to sucessively two body problems, three body prob-
lems, etc.

The osmotic pressure, m, i3 givern by
o n o
31 RT = (v } i
(31) n/ g Bn\vlc/M2 + vlc/M2
where Bi is the ith virial coefficient. The SVC is given by

(32) 32 = -1/2 S [exp(«w(r)/kT)]4ﬂr2dr
o

34
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where w(r) is the erergy needed to bring molecules from in-
finity to a distance of separation r. The polymer molecules
can be represented as a sphere of urniform polymer segment

density which is not affected when two spheres overlap. In-

tegration yields the following result:

(33) B, = szv°(1/2 - y) (1 - 0.324(1/2 - x)v2/v°vo +oeee )

where Vo is the segment volume, s is the number of segments
in the polymer molecule, Vo is the volume permeated by a
polymer molecule and V = sv°, If a Gaussian distribution

is used to replace a uniform spnere. the constant in equation
33, 0.324 is replaced by 0.354.

Flory (34) developed an equation relating the expansion
of a polymer chain from its random walk conformation induced
by the presence of solvent. The driving force for chain ex-
pansion is the decrease in free energy produced by dilution;
this force is opposed by an elastic force created by stretch-
ing the polymer chain from its random walk conformation. At

equilibrium (bG/ba)T p = 0 with AG = AGm + AGelastic Thic

calculation yields

(34) a° -ao = 2¢c_(1/2 - ximt’?

5/2_3/2 3/2

-2 - - -
where Cm = (27/(2 )) (v /Nv?)(hg/M)
Eo is the end-to-end dimensions of a polymer chain at ® condi-

tions (for an unperturbed chain); a is the ratio of polymer
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end-to-end distance to that for the unperturbed chain; v is
the specific volume of the polymer; N is Avagadro's number
and ;i is the volume of the solvent molecule.

This equation provides a connecting link between thermo-
dynamic interactions and chain dimensions. Note that when
X = 1/2, or equivalently T = 08, a = 1.0 . Hence random
flight statistics are followed at ® conditions. 1In the

amorphous solid v° is very large indicating that @ = 1.0;

1

therefore, random flight statistics are followed in the
amorphous solid. To rephrase these results, according to
theory interchain excluded volume effects disappear at ©

conditions and in the amorphous solid.



5. Intrinsic Viscosity

Of all the measurements performed on polymer solutions,
intrinsic viscosities are the easiest to execute. Hence,
much attention has been devoted to relating intrinsic vis-
cosities to molecular weight and polymer chain dimensions.

Two rudimentary models have been conceived to study the
hydrodynamics of polymer chains. These models provide use-
ful limits to the behavior of polymers and serve as a start-
ing point for the construction of more complex théories. In
the free draining model, the solvent penetrates the polymer,

but the flow perturbations do not interact with each other.

With this model the intrinsic viscosity is simply proportional

to the molecular weight (34). In the equivalent sphere model

the polymer molecule is assumed to behave as a rigid sphere
not penetrated by solvent. If the behavior of a polymer
molecule can be represented as a rigid inpenetrable sphere,
the intrinsic viscosity of a polymer molecule would be pro-
portional to Ma, where a = 0.5 in @®-solvent, and a > 0.5 in
better solvent media.
Flory and Fox (47-48) proposed the following equation

relating polymer chain dimensions, molecular weight and

intrinsic viscosity.

(35)  [n] = #m%)>%m

37
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where § was introduced as a universal constant. The value of
$ was found experimentally to be somewhat smaller than pre-

bdicted from the Kirkwood-Riseman theory (46,34). Equation 35
can be rewritten using the relationship (}_1-5)1/2 = aho where
ho is the root-mean-square end-to-end distance of a polymer

molecule at ® conditions as

36)  [n] = & m>/m > 2wt/ %>

Since (hi/M) should be independent of molecular weight

(37) [n] = KMl/ch3

where K = Q(h;/M):V2 = constant. At ® conditions where a = 1.
' 1/2
(38)  [n] = kM

The constant 3 has been found to vary slightly with solvent
power (49). A key assumption in this development was that a

is the same whether obtained from light scattering or intrinsic
viscosity measurements. Since the processes involved are fund-
amentally different, there is no reason to believe a priori,
that they should be equal. Although it is possible to cal-
culate polymer chain dimesions with equation 38, more assump-

tions are required than for light scattering.
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6. Stochmayer-Fixman-Kurata Method for Detrmining Un-

perturbed Dimensions

Chain dimensions under ©® conditions are of considerable
theoretical interest. To compute 8 dimensions from intrinsic
viscosity measurements Kb is required, which can be obtained
by measuring intrinsic viscosity at the ®-temperature in a
given solvent. Another technique for obtaining Kb was de-
veloped by Stockman, Fixman and Kurata (SFK) (50-51); They
proposed [ﬂ]/Ml/z to be a linear function of Ml/2 with
intercept Kb for a given polymer. The slope of the SFK
plot will decrease with decreasing solvent power; the slope
is zero for a solvent a ® conditions. The technique, which
has been studied in detail (52-56), has several limitations.
Extrapolations from good solvent data must be made with care

since the slope is large. Curvature has been noted in these

plots at molecular weights above 500,000 (52-55).



E. Phase Equilibria and the @-Temperature Concept

Polymer solvents are usually classified in two ways: good
solvents and poor solvents. Good solvents are those in which
phase separation cannot be induced by heating or cooling,
whereas poor solvents are those in which phase separation
can be induced. Some other methods of measuring polymer sol-
vent power are second virial coefficients, Flory-Huggins par-
ameters and the exponent a in the Mark-Houwink equation
(39)  [n] = KM

A phase diagram for a series of polymers differing in
molecular weight is shown in figure 2. Curves of this sort
have several salient features: (a) The critical temperature,
Tc’ increases with increasing molecular weight, (b) In the
vicinity of Tc the phase diagrams tend to be quite flat, and
(c) The curves are skewed over to the solvent side of the
phase diagram, whereas binary phase diagrams of low molecular
weight compounds tend to be centrally located.

The thermodynamic criteria for phase separation is that
the chemical potential of each component in each phase is
equal. If this condition is applied to the Flory-Huggins
equation, the following relations are obtained:

(40) = 1a+ w3

v2 critical

(41)  x 1/2

critical 1+ (vg/vi) )2/(2(vg/vi))

40
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urves

[

&



42

where vg and vi are the molecular volumes of the polymer and
solvent and critical refers to the concentration at the high-
est precipitation temperature. At infinite molecular weight

= 0 and ¥ = 1/2. As the polymer molec-

V2 critical critical

ular weight increases, Flory-Huggins theory predicts Vs eritical
decreases. Observations of actual polymer-solvent phase
diagrams (e.g., figure 2) bears this out (33). Substituting

equation 41 into equation 25 yields

42) [ 12 - @+ DD/ = va < o/m)
or

(43) 1/Tc = (1/8) (1 + b/Ml/z)

with b = vlp/v, where Tc is the polymer critical tempera-
ture and p is the density. Thus, ® can be evaluated in a
plot of (l/Tc) versus (1/M1/2) by extrapolating to infinite
molecular weight. At the ®-temperature (the critical temp-
erature of polymer of infinite molecular weight) x = 1/2.
This aspect of the 8-temperature concept is widely used, and
its predictions are repeatedly borne out.

Further, ®-temperatures can be used as a measure of sol-
ubility. For a series of polymers with different ®-temp-
eratures in a given solvent, polymer solubility increases
with decreasing ®-temperature.

Since most polymers are polydisperse, the actual phe-

nomena involved in phase equilibria are more complicated.
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Real systems are not binary but multicomponent. Koningsveld

and his associates have examined this situation in detail (34-35).
For practical purposes one would desire to know the average
molecular weight best for characterizing a polymer for phase
equilibria. Flory and Schultz (33) report a weight or z

average is better than a number average molecular weight for

these purposes.
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F. Copolymer Solution Thermodynamics

Despite the commercial importance of copolymers, their

solution properties have received little attention.because
of experimental difficulties. The few systems investigated
were examined only in dilute solutions. 1In order to‘study
copolymers, one must be able to measure not only their mole-
cular weight distribution but also their gross composition
and monomer arrangement along the chain backbone. Hetero-
geneities in any of these properties will complicate their
analysis.

Random copolymers behave in solution very much like
homopolymers, and their solution properties can be described
by the same theories that apply to homopolymers (37,38).
Block copolymers can show more complex behavior (39).

Kotaka et al (80) has investigated the effects on copolymér
solution properties.produced produced by random, alternating
and block copolymerization.

The random copolymers systems investigated in detail to
date are styrene-methyl methacrylate (37,40), styrene-methyl
acrylate (38), styrene-acrylonitrile (41), and methyl meth-
acrylate-methyl acrylate (42). SVC's, phase equilibria,
®-temperatures, molecular dimensions, and intrinsic viscosity-

molecular weight relationships were determined.



The unperturbed molecular dimensions of styrene-acry-
lonitrile and styrene-methyl acrylate random copolymers
were found to vary linearly with composition, whereas a
modest nonlinear variation was observed for copolymers of
styrene and methyl acrylate. With one exception (40),
this information was obtained from intrinsic viscosities.
Light scattering is a better technique for obtaining mole-
cular dimensions, but this method is fraught with difficul-
ties when applied <o copolymers.

SVC's were measured for styrene-methyl acrylate, sty-
rene~methyl methacrylate, and methyl acrylate-methyl meth-
acrylate copolymers. The SVC's of these copolymers are

larger than those obtained by linear interpolation between

those of the parent homopolymers (see figure 3 for example).

For styrene-acrylonitrile copolymers in methylethylketone,
a nonsolvent for polya~rylonitrile, a sharp maximum in SVC
was observed near the mid composition point (figure 4).
The magnitude of the SVC at the maximum was about the same
as that for polystyrene in toluene. This indicates that
methylethylketone is a good solvent for the copolymer.
The relative increase in SVC for random copolymers
has been tentatively attributed to intermer repulsions.
The following equation has been proposed to describe the

effects of intermer repulsions to a first approximation.

46



It can be written with various measures of interactions and

concentration (40,37).

(44) X

= Xawa + X, W, - wawb ab

Xcopolymer bb
where w is the weight fraction of monomer in the polymer,

subscripts a and b refer to the comonomers,X is the Flory-
Huggins parameter of respective parent homopolymers and Xab

is the intermer repulsion term. The intermer repulsion term,
wawaab, causes thé Flory~-Huggins parameter of the copolymer
to be different from that obtained by linear interpolation.
Two observations about the solution behavior of copolymers
can be drawn from equation 44. (1) To a first approximation
xab should be independent of solvent. (2) X ab should in-
crease as the chemical dissimilarity of the comonomers in-
creases. This is illustrated by comparing the differences
in SVC for copolymers of styrene and acrylonitrile with
styrene and methyl acrylate (figures 3 and 4).

As shown in figures 5 and 6, plots of © - temperature
vs. composition show minima near the midcomposition points
for styrene-methyl methacrylate copolymer in cyclohexanol
and styrene-methyl acrylate copolymers in 2-methyl cyclo-
hexanol. Since @ ~temperatures are quite sensitive to

changes in interaction parameters, they are an excellent

tool for examing solution properties. These @-temperature

47



minima, like the SVC results, have been attributed to the

effects of intermer repulsions.
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II. EXPERIMENTAL

Since one objective of this research was to interpret
differences in solution properties in terms of molecular
factors, it is essential that the polymers be well character-
ized. Thus, efforts were made to determine or eliminate
properties of our materials that could complicate the inter-
pretation of their solution properties. Several such factors
are discussed in the following sections.

In order to lend clarity and continuity to the following,
the detailed discussion of the experimental procedures and

the tabulated data are located in the appendices.



A. Polymer Preparation

The polymers are prepared via the anionic living poly-
mer techniques to produce linear, amorphous, homogeneous
materials as well as random copolymers, all with narrow
molecular weight distributions. An apparatus based on that
of F. Wenger (57-58) was assembled from standard taper glass-
ware parts. The reactions were run at -78°C in tetrahydro-
furan under high vacuum (1.5 to 10 microns) using sodium-
biphenyl as the initiator. In order to produce copolymers
with uniform backbone composition, two precautions were fol-
lowed. The mixed monomers were distilled slowly over a six
hour reaction time into the reaction vessel. The monomer
reservolr contained a large excess of monomer to prevent
drift in monomer composition during distillation. The slow
distillation time was necessary because styrene is considerably
more reactive than a-methyl styrene. If the mixed monomers
had been added more quickly ihan they could react, a polymer
whose core was rich in styrene and whose ends were rich in G-

methyl styrene would have been formed.
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B. Characterization Techniques

1 . Basic Measurements

The copolymer compositions were determined by material
balances of monomers around the reaction vessels. The solu-
tion compositions used in these calculations were measured by
gas chromatography.

Number average molecular weights were determined via
osmometry in toluene at 37°C using a Mechrolab Model 501
High Speed Osmometer* with S&S 08 membranes**. A linear
plot of [I/c vs. c represented the data adequately (where [
is the osmotic pressure and ¢ 1s the concentration of poly-
mer in grams per cm3).

Intrinsic viscosities of the polymers were measured in
toluene at 30.0°C with Cannon-Ubbehlode viscometers having
efflux times greater than 150 seconds. Viscosity average
molecular weights were computed for polystyrene, poly (a-
methyl styrene) and poly (p-methyl styrene) using the Mark-
Houwink correlations with constants determined by Papazian
(56), Sirrianni (59) and Tanaka et al. (52), respectively.
Since the Mark-Houwink correlation constants have not been
published for styrene-g-methyl styrene copolymers, viscos-

ity average molecular weights Mv were computed from

M =wM + M
(45) M = w M oW oM, ams

* Hewlett Packard Inc.
** Arro Laboratories, Joliet, Illinois



where Wy and wﬁMS are weight fractions of styrene and a-

methyl styrene in the copolymer and ﬁv's and ﬁv,aMS are
the viscosity average molecular weights of polystyrene
and poly (a-methyl styrene) computed from the copolymer
intrinsic viscosity. This equation should be valid provided
copolymer molecular dimensions vary linearly with composi-
tion. As discussed in Appendix I, the unperturbed molecular
dimensions of polystyrene, poly (a-methyl styrene) and a
24 weight percent styrene copolymer were found to be the
same within experimental error (Table 12); therefore,
equation 45 should apply.

Softening points were measured to within * 3°C with

a Dupont Model 941 Thermomechanical Analyzer. A ten gram

probe weight and a heating rate of Soc/minute were used.
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2. Tacticity

Tacticity can profoundly influence the physical prop-
ertiés of a polymer. The most familiar manifestation of
this effect is exhibited by polypropylene which in the
atactic form is an amorphous, rﬁbbery material and which in
the isotactic form is a crystalline , tough thermoplastic.

High resolution NMR is a powerful tool for investigating
polymer tacticity (79). Information is usually obtained
about triads (i.e., three consecutive monomer units) and
measurements are made on 5 percent to 20 percent solutions
of polymers in inert solvents.

The tacticity of polystyrene produced by the living
polymer reaction has not been determined. Poly(a-methyl
styreng) produced by the living polymer reaction has been
reported to consist largely of syndiotactic and heterotactic
triads plus an isotactic concentration of 0.13 (61). The
assignment of peaks in poly(a-methyl styrene) is, however,

subject to controversy.
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C. Properties of Polymers
l. Molecular Weight Distributions

A series of homopolymers of styrene and a-methyl sty-
rene plus copolymers of 24, 50 and 69 weight percent styrene
were prepared. The properties of these materials are given
in Tables 1 to 5. The ratio of (ﬁv/ﬁn) was used as a meas-
ure of the molecular weight distributions of these materials.
The molecular weight distributions of the poly (a-methyl
styrene) and some of the polystyrene samples were quite
narrow. The molecular weight distributions of some of the
copolymers were not as narrow as desired, but they proved

adequate for our purposes.



Table 1. Polystyrene Table 2. Poly(a-methyl styrene)
= -3 | = -3 = _ = -3 -3 =
Sample |M * 10 Mv- 10 Mv Sample Mh - 10 ° 10 Mv
Number n - Number -
: M M
n n
IXx-8 366 460 1.26 Iv-5 278 300 1.08
III-5 224 310 1.38 Iv-4 194 195 1.00
III-1 202 215 1.07 Iv-1 142 127 0.90
IXI~-7 169 225 1.33 Iv-3 127 127 1.00
III-2 165 170 1.03 V-2 122 120 1.01
.ITI-9 129 145 1.13 Iv-7 68.6 69 1.00
Preseure 97.4 o 1.06* Iv-8 56. /7 59 1.04
Chemicals
V-6 46.9 42 ' 0.90
III~6 50.9 73 1.43 “

+* Material specifications provided
by Pressure Chemical Inc.
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Table 3. 24% Styrene Copolymer

Sample Wt. % ﬁn' 10_3 ﬁv‘ 10—3 ﬁv
Number Styrene e
n

V-46 23.7 51.7 63 1.2

v-47 23.5 107.4 109 1.0

V-49 25.1 180 217 1.2

v-48 25.2 205 337 1.65

Table 4. 5C% Styrene Copolymer
- -3 - -3 -

Sample Wt. % Mn‘ 10 M ° 10 Mv
Number Styrene v e
n

V-36 47.9 106 150 1.4

v-37 53.0 163 245 1.5

v-38 50.0 253 305 1.2
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69% Styrene Copolymer

Table S.
- —3 - _0—3 -

Sample Wt. % Mh- 10 MV- 10 Mv

Number Styrene ¥

n

V=42 70.5 90.5 121 1.3

v-44 70.4 139 220 1.6
v-45 67.6 352 402 1.15
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2. Tacticity

High resolution NMR measurements were made on 10% solu-
tions of polystyrene and poly(a-methyl styrene) in carbon
tetrachloride. Our study was not definitive. Peaks attri-
buted to heterotactic and syndiotactic triads were observed
in our poly(a-methyl styrene) spectra (61), but no apprec-

iablelatactic concentration was detected.
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3. Sequence Length Distribution

Analysis based on an idealized kinetic model shows that
random copolymers should be produced by the synthesis technique
used in this study. As is discussed in Appendix B.l, styrene
reacts much more rapidly than a-methyl styrene, and when a
drop of monomer is added to the reaction vessel, much of the
styrene will react before the a-methyl styrene, If the co-
monomers are added dropwise to the reaction vessel and only
as fast as they react, the polymer backbone will contain short
segments whose composition changes periodically from styrene-
rich to a-methyl styrene-rich. 1In a typical reaction between
300 and 600 drops of mixed monomer are added yielding about
600 to 1200 blocks per polymer molecule. Since the average
polymer molecule of molecular weight 100,000 contains about
1000 monomer units, the average length of a block will be only
several monomer molecules. Thus, the copolymers should have
random structures, controlled in large part by mixing.

Evidence for the absence of gross inhomogeneities, re-
sulting from long runs of blocks was obtained from softening
point measurements. The softening point of-grossly incom-
patible copolymers will show two breaks in their temperature
versus modulus curves. The softening point curves showed only
one break; and, as shown in figure 7, the softening point

varied linearly with copolymer composition.
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D. Measurement of Solubility

Three quantities were used as measures of solubility:
second virial coefficients, Flory-Huggins parameters and
@-temperatures.

Second virial coefficients (SVC's) were determined in
toluene at 37°C from the osmotic pressure measurements used
to calculate ﬁn. Plots of (I'I/C)l/2 versus c were used in
addition to linear plots of ([I/c) versus c¢ to facilitate
comparison with literature resultsf The results are tabu-
lated in Appendix A-1] and are shown in figures 8 to 10.

Flory-Huggins parameters of polymer solutions ranging
from 3 percent to 25 percent by weight were determined for
polystyrene, poly (a~methyl styrene) and a 50 weight percent
styrene copolymer in toluene at 37°C by high pressure osmo-
metry. These materials were all of approximately the same
molecular weight. The results are tabulated in Appendix
A-2 and shown in Figures 11 and 12.

® -temperatures were computed from critical temperatures
determined by cloud-point measurements using a Flory-Schultz

oK). Since the copolymers

plot (33) of l/Ml/2 versus l/Tc (
had (ﬁv/ﬁn) ratios of 1.0 to 1.6, the Flory-Schultz plots
were smoother when viscosity average rather than number
average molecular weights were used.

* [ is the osmotic pressure and c¢ is the concentration
of polymer in grams/cm”.
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These data are presented in Tables 6, 11 and 13 to 18,

Appendix A-3, and Figures 13-15.

tained from the literature.

Polystyrene data were ob-
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E. Unperturbed Chain Dimensions

Unperturbed chain dimensions were determined from in-
trinsic viscosities measured in toluene and cyclohexane
using the Stockmayer-Fixman-Kurata technique. Measurements
were made only for poly (G-methyl styrene) and the 24 weight
percent styrene copolymers because the other samples were too
polydisperse. These results which are presented in Tables
25 and 26, and Figures 29 and 30, and are discussed in detail
in Appendix H.

Briefly, it was found that poly (a-methyl styrene) and
the 24 percent by weight styrene copolymer had the same un-
perturbed dimensions within experimental error. An examina-
tion of literature data revealed that poly (a-methyl sty-
rene) has somewhat larger unperturbed chain dimensions than
polystyrene. Studies of unperturbed chain dimensions of
these materials are not fruitful because chain dimensions
are not strongly dependent upon repeat unit structure, and
the differences in unperturbed chain dimensions of our

materials are too small to measure accurately.
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IV. SOLUBILITY IN GOOD SOLVENTS

A. Second Virial Coefficients

It is generally found that plots of SVC versus mole-
cular weight are linear on a log-log scale. Figure 8 is
such a plot for the data of interest, with the homopolymer
points shown closed and the copolymer points shown open;
the measurements were made in toluene at 37°C. The poly-
styrene data lie above those for poly (a-methyl styrene)
indicating that polystyrene is more soluble in toluene than
poly(%rmethyl styrene). All the copolymer data shown in
Figure 8 lie above those of poly (o-methyl styrene), and
most of them lie between those of polystyrene and poly
(c-methyl styrene). On closer examination, the SVC's
seem to increase with increasing styrene content at fixed
molecular weight. Since the difference in SVC between
polystyrene and poly (oa-methyl styrene) at fixed molecular
weight is not much larger than experimental error, it is
difficult to verify this conclusion. In general, as those
results indicate, the scatter limits the usefulness of
the SVC as a characterizing parameter. This is particularly
evident in systems such as styrene and a-methyl styrene
copolymers where differences in solutions properties are

small.

*
Figures 9 and 10 are plots of SVC versus molecular
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weight containing the results of Papazian (56) and Berry
(54,55) for polystyrene; Sirrianni (59) and Kato et al.
(62) for poly (a-methyl styrene); as well as data from
this research. The literature data and those from this

study are in agreement within experimental error.

* The SVC's used in Figures 9 and 1l 0 were obtained by
plotting (nﬁﬂl/z versus c; this was done to permit

direct comparison with literature results. See Ap-

pendix F-4.
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B. Flory-Huggins Parameters

Osmotic pressures were measured for polystyrene,
poly (a-methyl styrene) and a 50 percent by weight styrene
copolymer (sample V-36) of about the same molecular weight
(ca. 100,000) in toluene at 37°% for solutions ranging from
3 percent to 25 percent by weight polymer. The Flory-Huggins
parameter X offers a convenient way of comparing thermody-
namic data for relatively concentrated solutions. These
data are presented in Appendix A-2 and figure 11. They show
X to be a constant for all three polymers in the concentra-
tion range studied. Further ¥ for polystyrene is smaller
th=n that for poly(omethyl styrene) which indicates, in
agreement with our SVC studies, that polystyrene is more
soluble in toluene than poly(g-methyl styrene). The Flory-
Huggins constants for polystyrene and the 50 weight percent
copolymer are the same.

Bawn et al. (65) determined X for polystyrene dis-
solved in toluene via vapor pressure measurements and
found it to be a constant, independent of concentration
and temperature. The results from this study and those of

*
Bawn et al. are presented in figure 12. Evidently, scatter

* Values of X were calculated from values of p /pi, the ratio
of solution to solvent vapor pressure using thé equation

X = [Rran(py/P]) = (1= v3/vD)v, = gu(l = v,)1(1/v5)

Volume fractions were computed from weight fractions using a
density of 1.06 grams/cm3 for polystyrene. See Appendix E-4
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in Bawn's data makes it difficult to make meaningful compari-
sons.

There are two intrinsic sources of error in vapor pressure
measurements. In relativély dilute solutions (less than 40
percent polymer by volume), the difference in vapor pressure
between the polymer solution and the solvent is too small to
measure with the accuracy needed to obtain reliable values
of X. In very concentrated solutions (>90(vol.)percent
polymer), activity changes rapidly with concentration; hence
small errors in concentration measurements will yield large
errors in X. Despite its limitations, high pressure osmom-
etry is the superior method for investigating solution prop-
erties in solutions containing less than about 40 percent

by volume polymer.



C. Discussion

The principal finding to emerge from this phase of the
study is that X for the copolymer V-36 and the polystyrene
are about the same. That is, X for the copolymer is smaller
than that obtained by the linear interpolation between the
homopolymers X-values; this indicates that random copolymer-
ization of styrene and upmethyl styrene increases solubility.
Since increased solubility in other random copolymer systems
has been tentatively attributed to intermer repulsions, we
could reasonably hypothesize that these affects might also
prevail in this system. This idea is treated in more detail
in the following sections.

A comparison of solution properties in dilute and mod-
erately concentrated including the region of the onset of
molecular overlap is presented in Appendix F. A smooth trans-

ition was observed.
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V. SOLUBILITY IN 6- SOLVENTS

A. Introduction

Measurements of X in moderately concentrated toluene solu-
tions revealed that X varied with copolymer styrene content
in a way to increase copolymer solubility. Second virial
coefficients in toluene indicated that poly(a-methyl styrene)
was less soluble than polystyrene, but scatter prevented in-
terpretation of relative copolymer solubility. The ®-temp-
erature was found to be sufficiently sensitive to warrant ex-
tensive study. Unexpected increases in copolymer solubility
and rather perplexing variations in homopolymer solubility
were oObserved.

Discussions of solubility i1n ® solvents falls into
two parts: (1) homopolymer solubility, and (2) copolymer

solubility.
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B. Homopolymer Solubility

l. Results

The 8-temperature of polystyrene, poly(@-methyl styrene),
and poly(p-methyl styrene) in cyclohexane, methyl cyclohexane,
decalin and diethyl succinate are given in Table 6 and the
relative solubilities are summarized in Table 7. 1In cyclo-
hexane, polystyrene and poly (a-methyl styrene) have about
the same ®-temperatures, whereas poly(p-methyl styrene) is
soluble at all temperatures. The order of solubility in
methyl cyclohexane is polystyrene > poly(a-methyl styrene),
whereas in decalin ssomers, the order is reversed with
poly(a-methyl styrene) > polystyrene. Polymer solubility
also varies considerably in diethyl succinate. Polystyrene
is soluble in diethyl succinate up to its freezing point,
whereas poly(a-methyl styrene) has a O-temperature of about
145° c. The 0-temperature of poly(p-methyl styrene) of 16.5° ¢
falls between that of polystyrene and poly(&-methyl styrene).
Thus the order of solubility here is polystyrene >> poly(p-

methyl styrene) > poly(a-methyl styrene).



(c)
(d)
(e)

T. Kato et al. (62)

G. Tanaka et al. (52)

J. Cowie et al. (75)

Table 6. Homopolymer E-Temperatures
Qlvent Methyl- Cis- Trans- Commercial | Diethyl
Cyclohexane . . . ,
Cyclohexane | decalin |decalin Decalin Succinate
Polymer
PS 35% 70°¢ 13°% 21% 13% Soluble
(a) (a) (b) (b)
PpMS Soluble ——— -———— -— ———— 16.5°¢C
(a)
PaMS 3220- 94°%¢ Probably | 9+5°¢ | -5.6°% 145°¢
37°C Soluble (c)
(e)
(a) Polymer Handbook (67)
(b) G. C. Berry (54)
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Table 7. Relative Polymer Solubility

Characterized by 8-Temperature

Solvent Soiubility
Cyclohexane PpMS*>>PS“PaMS
Methyl cyclohexane PS>PaMS
Decalin PaMS>PS
Diethyl Succinate PS*>>PpMS>PaMS

*
Soluble to the freezing point of the solvent.
Hence, this polymer has no 8-temperature.
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2. Discussion

The patterns of solubility among homopolymers are per-
plexing. Specifically, explanations are required for:
(a) the change in relative homopolymer solubility in @ sol-
vents related to cyclohexane, (b) the variation in solvent
power of cyclohexane based solvents, and (c) the large
differences in ® -temperatures in diethyl succinate.

An understanding of these solubility patterns requires
a knowledge of the effects of many factors on polymer solu-

tion behavior. The influence of intermolecular forces are

the best understood molecular
solution properties, and they
approximation in terms of the

The solubility parameter

factors influencing polymer
can be described to a first
solubility parameter concept.

theory can be used to esti-

mate X and thereby predict relative polymer solubility.

is assumed constant

Following Blanks and Prausnitz (26),'XS

and equal to 0.34;)(H is computed from equation 17 for non-
polar polymer-solvent systems from the solubility parameters

in Table 8.

2
(17) XH = vs(bp - as) /RT

We now apply equation 17 to predict the order of solubility -
an approach which neglects the possible variation of entropic

effects among the various polymer-solvent systems. Polymer



solubility decreases with increasing values of X, and hence

2

with increasing values of (6P -8 )°. fThe solubility param-

S
eters for cyclohexane, methylcyclohexane and decalin isomers
are smaller than those of the polymers, whereas that for di-
ethyl succinate is larger. Hence, in cyclohexane, methyl-
cyclohexane or decalin one would predict the following order
of relative solubility from solubility parameter considera-
tions alone

PgMS > PpMS > PS
In diethyl succinate the reverse order would be predicted.
References to Table 9 shows that equation 17 fails to cor-
rectly predict the relative solubility of the polymers in
cyclohexane derivative solvents, whereas in diethyl succin-
ate the predicted order is followed. Since the relative sol-
ubility of our polymers in cyclohexane derivative solvents
cannot be explained in terms of the solubility parameter con-
cept, factors other than those embodied in this theory must
be involved.

The solubility parameter concept can also be used to pre-
dict the effectiveness of solvents towards polystyrene type
polymers. Cyclohexane should be a better solvent than methyl-
cyclohexane and cis-decalin should be a better solvent than
trans-decalin according to the solubility parameter theory -

two phenomena which were observed. Decalin isomers should
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also be poorer solvents than cyclohexane - the reverse order
was observed.

One possible explanation for the failure of the solu-
bility parameter to predict relative solubility resides in
the assumption that XS is a constant. Blanks and Prausnitz {26)
report that XS = 0.34 1 0.06; the range in XS is sufficient
to account for the failure of the theory. In other words,

X. could vary sufficiently from polymer to polymer to over-

]

come enthalpic effects as described by the usual solubility
parameter calculations. Molecular explanations for the var-
iation of XS with polymer structure have not beer developed
as yet.

It should be noted also, that the experimental error in
the solubility parameter can be larger than the differerces
in solubility parameters among the solvents, although data
from one source should be internally consistent. It is also
difficult to unambiguously estimate the solubility of a poly-
mer. Despite these limitations, the solubility parameter
concept offers the best means for resolving the effects of

intermolecular forces.



Table 8. Solubility Parameters

Material 6 Source
cyclohexane 8.19 a
methylcyclohexane 7.82 a
cis-decalin 8.05 b
trans-decalin 7.78 b
diethyl succinate 9.63

benzene 9.16 a
toluene 8.93 a
o-xylene 9.06 a
m-xylene 8.88 a
p-xylene 8.83 a
a-methyl styrene 9.10 a
styrene 9.33 a
methylethylketone 9.45 a
cyclohexanol 11.4 b
methyl methacrylate 9.23 a
methyl acrylate 9.38 a
acrylonitrile 10.56 a

(cont.)
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Table 8(cont.). Solubility Parameters
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Material 6 Model Compound Source
Polystyrene 8.84 ethylbenzene a
Poly (g~-methyl

styrene) 8.60 isopropylbenzene a
Poly (p-methyl

styrene) 8.65 p-ethyltoluene a
Poly (methyl

methacrylate) 8.64 methyl isobutyrate a
Poly (methyl

acrylate) 9.14 methyl proprionate a
Polyacrylonitrile 10.73 proprionitrile a

a. Table of Solubility Parameters, Union Carbide Corp.,

May 31, 1967

b. Calculated from Vapor Pressure Data in the
"Handbook of Physics and Chemistry",
The Chemical Rubber Publishing Co.



Solubility Predictions
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Table 9.
Polymer (6P - 58)2 Predicted Observed
Solubility Solubility
Cvclohexane
PS .424 least soluble same as PaMS
PpMS .212 intermediate most soluble
PaMS .178 most soluble same as PS
Methvlcyclohexane
PS 1.04 least soluble more soluble than
PaMS
PpMS .689 intermediate | —-—c—-—eeea-
PaMS .610 most soluble less soluble than
PS
Cis-decalin
PS .622 least soluble less soluble than
POMS
PpMS .360 intermediate | ———eemeceae—aa-
PQMS .304 most soluble more soluble than
PS
Trans-decalin
PS 1.12 least soluble less soluble than
PQMS
PpMS .759 intermediate | —-—-w-e———wo--
PaMS .672 most soluble more soluble than
PS
Diethyl Succinate
S .622 most soluble most soluble
PpPS .962 intermediate intermediate
PaMS 1.06 least soluble least solubte




B. Copolymer Solubility

l. Results

®-temperatures for polystyrene, poly(0-methyl styrene)
and their 24, 50, and 69 weight percent styrene copolymers
were determined in cyclohexane, methylcyclohexane and com-
mercial decalin. The results are presented in figures 13
to 15 plus Table 10. As the results indicate, minima in
@-temperatures occur in the mid-composition range. The min-
ima in ®-temperature in methylcyclohexane is sharper than
that in cyclohexane. Our findings in cyclohexane are sup-
ported by Kotliar (74) who measured ®-temperatures of two
sty;ene - a-methyl styrene copolymers by csmometry. Com-
mercial decalin was not a convenient @ solvent to use because
gels tended to form at low temperatures which made critical
temperature measurements difficult. Consequently, measure-
ments were made only for the 69 weight percent styrene samples.
The decalin results followed the same pattern as those in cy-

clohexane and methylcyclohexane.
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Table 10. Copolymer ®-Temperatures
o
Wt. % o °
- Cyclohexane Methylcyclo- Commercial
Styrene :
hexane decalin
0 32.5 94.4 -5.6
24 26. 71. -
50 24. 53. ———
69 22. 55. -2.
100 34.5 70. 13.
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2. Discussion

Minima in ®-temperatures have been observed by Matsuda
for styrene-methyl acrylate copolymers in 2-methyl cyclohex-
anol (38) (figure 6) and by Kotaka for styrene-methyl methac-
rylate copolymers in cyclohexanol (37) (figure 5). Despite
the fact that styrene-methyl acrylate and styrene methyl meth-
acrylate systems differ more in structure than the styrene-
o-methyl styrene system, the depression in @-temperatures ob-
served for these three random copolymers are about the same.

Shimura measured second virial coefficients for styrene-
acrylonitrile copolymers in methyl-ethyl-ketone — a non-sol-
vent for polyacrylonitrile (41). A sharp maximum was observed
near the mid-composition point (figure 4). The difference in
second virial coefficient between polystyrene and the acrylo-
nitrile copolymer with the highest second virial coefficients
was three to four times larger than the difference between

polystyrene and poly (a-methyl styrene).
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Calculation of Intermer Repulsions

Examination of the Flory-Huggins parameters in moderately
concentrated toluene solutions and ®-temperatures in poor sol-
vents for styrene-a-methyl styrene copolymers reveal that co-
polymer solubility is greater than that predicted by linear
interpolation between the parent homopolymers. In other co-
polymer systems increased solubility has been tentatively
attributed to intermer repulsions, but the origins of this
phenomena have yet to be examined in detail. It is relatively
easy to visualize the origins of intermer repulsions in sty-
rene-methyl acrylate, styrene-methyl methacrylate, and styrene-
acrylonitrile copolymers (especially in the latter since the
co-monomers are so different in structure), but the same ef-
fect in chemically similar, styrene-oa-methyl styrene copoly-
mers are harder to understand.

Let us consider two propositions concerning intermer
repulsions in styrene-qg-methyl styrene copolymers: (a) To
a first approximation these repulsions should be independ-
ent of solvent. (b) Since the measured increase in solubil-
ity of styrene-a-methyl styrene and styrene-acrylate copoly-
mers (as measured by the depression in copolymer @-temper-
atures) are about the same, the magnitude of intermer re-

pulsions in both systems should be about the same. To ex-
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amine this proposition, we have developed a technique for
quantifying the magnitude of intermer repulsions from sol-
ubility parameters. Calculations based on this technique

and a comparison of Xh the intermer repulsions term (see

bl
equation 44), obtained in toluene and @ solvents, support
the hypothesis that intermer repulsions are responsible for

the increased copolymer solubility.
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Comparison of Intermer Repulsions Computed for Polymers in

Toluene and © Solvents

One consequence of equation 44, which relates copolymer

and homopolymer Flory-Huggins parameters, is that)(ab,

= X -
(44) Xcopolymer Ya"a * beb wawb Xab

which represents intermer repulsions should be independent
of solvent. Hence, if values of Xab obtained from measure-
ments of solubility properties in a variety of solvents are
about the same, intermer repulsions may be responsible for
the increased copolymer solubility. In order to examine
this proposition,'Xab must be obtained from measurements of
X in moderately concentrated toluene solutions and ®-temper-
ature data. From our measurements in toluere (Table 24),')(ab
+

can be readily calculated as 0.08 = 0.04.

In order to calculate Xa from our @-temperature data

b
let us represent the difference in solubility between the

actual copolymer and that obtained by linear interpolation as

(46) T = (X, -X_)/(X )

where subscripts "in" and "me" refer to interpolated and
. . : =X, .
measured respectively Since waXa + wab in’ combin

ation of equation 44 with equation 46 yields

(47) J = wawbxab/xme



or

(47a) Xab = JXme/'wawb

Here, J represents the relative increase in copolymer sol-
ubility and can be computed from our Flory-Huggins parameter
data in toluene for our 50 weight percent styrene copolymer

from our data in Table 24 as

J50/50 = (0.434 - 0.416)/(0.416) = 0.05

where J is the value of J for a 50 weight percent sty-

50/50
rene copolymer. Methods for computing J from values of ©-
temperatures are developed in the following paragraphs from
which xab is calculated. The validity of proposition (a)

can then be examined.

In order to compute the value of J for the copoly-

50/50
mers in. ® solvents, values of X for the homopolymers and
copolymers must be obtained at a fixed temperature. To
obtain Xin.ia method for predicting the variation of X
with temperature must be devised. 1If X is strictly en-

thalpic, (XT) = constant (see Appendix G). Recalling that

X = 0.500 when T =@, at any other temperature X is given by
(48) X = (0.500)®/T

For a 50 percent by weight styrene copolymer xin is given
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by
(49) X in = 0.5 (o.5(®a/'r) + 0.5 (®b/'r) = (o.5®in/ ®me)

where subscripts a and b refer to components of the copoly-
mer. Combining equation 49 with 46 and setting xme = 0.5,

we obtain

(50) = (6, -@ )/@

J 50/50 in me me

Values of J computed for the 50 percent by weight styrene
copolymer in cyclohexane and methylcyclohexane are 0.05

and 0.09 respectively. This calculation serves as an ap-
proximate upper bound for the change in X equivalent to

our @-temperature minima. In the next paragraph a more
sophisticated model is developed.

Representing X in its entropic and enthalpic components

we have
(51) X = XH + XS

Using the Blanks-Prausnitz (26) value of 0.34 for)(s, at
the B-temperature where X= 0.5, Xy = 0.16. At the @-temper-

ature, AHM and the portion of 4S_  arising from interactions,

M

i A = .
Asi, would be given by HM nlv2R®(0 16) and

Asi = nlszuL34). The fraction of AGM arising from inter-

actions, AGi, is

(52) AG, =AHM-TASi f n v, R (0.16 ® + 0.34T)

x 98



+ 99

An equation for X can then be obtained as
(53) X = 0.168/T + 0.34

This equation predicts a smaller variation of X with temper-
ature than equation 47; larger values of XH yield larger
variation of ¥ with temperature. Equation 53 combined with
equation 46 yields values of J for the 50 percent by weight
styrene copolymer in cyclohexane and methylcyclohexane of
0.016 and 0.029 respectively. These values are smaller

than those obtained previously. These calculations also
illustrate the great sensitivity of @ -temperatures to

small changes in X.

Values of Xa computed from @-temperature data and

b
from Flory-Huggins parameters measured in moderately con-
centrated toluene solutions are presented in Table 1l1l.

An examination of the results indicates that approximately

the same value of Xa are obtained in toluene, cyclohexane

b
and methylcyclohexane. Hence, to a first approximation,
intermer fepulsions for styrene-0-methyl styrene copolymers
appear to be independent of solvent. This lends credence

to the notion that this phenomena is responsiblevfor

increased copolymer solubility in this system.



Table 1ll. Comparison of Xab Calculated from Solubility

Measurements

Solvent Estimated by JSO/SO Xab
Toluene a 0.05 0.08%0.04
Cyclohexane Eg. 48 (b) 0.05 0.10
Cyclohexane Eg. 53 0.01e6 0.03
Methylcyclo-

hexane Egq. 48 (b) 0.09 0.18
Methylcyclo-

hexane Egq- 53 0.29 0.06

a. Computed directly

b. Eg. 48 gives high estimates
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Comparison of Intermer Repulsions Calculated from

Solubility Parameters
A method for estimating the magnitude of intermer
repulsions has been devised in which the solubility para-
meter concept is applied to equation 44. First equation

»

44 is written in terms of the enthalpic portion of xcopolymer'

= X, X - X
(54) X’H,copolymer wa H,a + Yb H,b Ya'p ab

Combining no. 17 with equation 54 yields

2 2
(55) X H,copolymer - (Vs/RT)[wa(aa - és) + (bb - Gs)

- wawb(éa - bb)zj
Several calculations can be performed with equation 55
as a basis. First values of wawb(éa-és)z, which represent
intermer repulsions, were calculated for styrene-G-methyl
styrene, styrene-methyl acrylate, styrene-methyl methacry-
late and styrene-acrylonitrile copolymers and are presented
in Table 12. The magnitude of intermer repulsions are
about the same for all these copolymers but styrene-
acrylonitrile. Thus, provided this calculation is valid,
the effects produced by differences in structure as measured
by the solubility parameter for styrene and G-methyl sty-

rene are about the same as those produced by differences

in structure between styrene and methyl acrylate or styrene



and methyl methacrylate. Some supporting evidence for this
is given by the fact that reductions in @ temperatures for
styrene-G-methyl styrene and styrene-acrylic copolymers
are about the same. The value of the intermer repulsions
for styrene-acrylonitrile copolymers is considerably
larger than that for other systems as would be expegted
froh the large differences in structure for these monomers.

The value of the solvent-mer interactions were calcul-
ated from the first terms of equation 55,

2 2

- i -
wa (6a és) + oW ‘6b és) ,

and are also given in Table 12. Since cyclohexanol and
2-methylcyclohkexanol are hydrogen bonding compounds, solu-
bility parameter estimates of solvent-mer interactions
could not be computed. In the styrene-acrylonitrile

system the solubility parameter estimates of intermer re-
pulsions and solvent-mer interactions are about the same
magnitude for a 50 percent copolymer in methylethylketone.
This large value of intermer repulsions accounts for the
dramatic increase in solubility that Shimura observed {41).

@ ~temperatures for a random copolymer can be estimated

from values of @ (interpolated) through equation 55 combined

with equations 46 and 49.
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2 2
(56) @, - ®me)/(®me) = waw.b(ba-bb) /[wa(ba—ss) +

2 2
Wb(éb - GS) - wawb(aa - bb) ]

These calculations were preformed for styrene-a-methyl
styrene copolymers 1n cyclohexane and methylcyclohexane
and are shown in Figures 18 and 19. Surprisingly good
agreement was obtained in cyclohexane, but poorer agree-
ment was obtained in methylcyclohexane. The good agree-
ment in cyclohexane is probably due to the fact that the
calculated polymer-solvert interaction term in cyclohexane
is relatively small compared to that in methylcyclohkexane.
Variations in xs with solvent may also be responsible.

In conclusion, the main points of the preceding dis-
cussion are: (1) To a first approximation the intermer
repulsion term, X b’ is independent of solvent. (2)
Intermer repulsions calculated for styrene-a-methyl styrene
copolymers from solubility parameter considerations are
about the same magnitude as those of styrene-methyl acry-
late and styrene-methyl methacrylate copolymers. These
calculations together with the similarity in ®-temperature
depressions observed for styrene-a-methyl styrene, styrene-
methyl acrylate and styrene-methyl methacrylate copolymers

support the notion that intermer repulsions are primarily
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responsible for the increase in solubility of styrene-0-

methyl styrene copolymers.
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Table 12. Calculated Intermer Repulsions

Solvent - Intermer
mer inter-~ repulsions
Copolymer Solvent action
2 2 2
(O.S(GS-GA) (0.5) (6A-6B)
: 2
(O.S(bS—GB) )
S - aMs cyclohexane 0.295 0.014
S -aMs methylcyclo- 0.824 0.014
hexane
S-Methyl 2-methylcyclo - - - 0.0225
acrylate hexane (a)
S-Methyl meth- cyclohexanol - - - 0.010
acrylate (a)
S-Acrylo- methylethyl- 1.18 0.893
nitrile ketone

(a). Cyclohexanol is a hydrogen bonded solvent. Hence,
this calculation cannot be made.
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VI. METHYL GROUP EFFECTS
A goal of this research was to gain insight as to the
effects of methyl groups on polymer solution behavior. Cal-

culations of X the intermer repulsion parameter in Equa-

ab’
tion 44, from solubility measurements in toluene and several
B-solvents showed the increase in copoylmer solubility to

be approximately independent of solvent type, and values of
intermer repulsions calculated for styrene-g-methyl styrene
and styrene-acrylate copolymers were of the same order of
magnitude. Together with similarities in ®-temperature
depression between styrene-a-methyl styrene and styrene-
acrylates, these results suggest that repulsive interactions
produced by the presence-of methyl groups are responsible
fbr the increase in copolymer solubility in this system.

To our knowledge such estimates of methyl group effects

have not been reported before. It is certainly larger than
one might expect, inasmuch as the methyl group is often
considered "innocuous". Explanations for all the phenomena
we observed have not been devised, particularly for the
relative solubility of the homopolymers in chemically simi-
lar @-solvents. Before further definitive statements can

be made, additional work 1s necessary, particularly with a

variety of solvent systems (pure as well as mixed) and with

such methyl group containing monomers as p-methyl styrene.
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VII. SUMMARY AND CONCIUSIONS

The thermodynamic behavior of some styrene-based model
polymer systems has been studied in a variety of ways. This
study was undertaken to elucidate the influence of methyl
groups on polymer solution behavior as well ésffo explore
the solution behavior of random copolymers. The materials
of interest were the homopolymers and copolymers constructed
from styrene and a-methyl styrene plds, to a limited ex-
tent, p-methyl styrene. The polymers were synthesized by
the living polymer technique to obtain monodisperse,
amorphous'polymers as well as homogeneous, random éopoly-
mers. The solvents were toluene, which is a good solvent,
plus cyclohexane, methylcyclohexane, commercial decalin and
diethyl succinate, in which the polymers of interest exhibit
® temperature. Several parameters were employed to character-
ize solubility: second virial coefficients in toluene,
®-temperatures, and Flory-Huggins parameters in moderately
concentrated toluene solutions.

We obtained an increased copolymer solubility over that
obtained by linear interpolation between the parent homopoly-
mers. This phenomena is most pronounced in plots of 8-temp-

erature versus copolymer composition which actually show minima.



It is also manifested in the Flory-Huggins parameter obtained
from activities. This is the first evidence for the increase
in copolymer solubility obtained at moderate concentrations.
Scatter inherent in the SVC prevented a definitive interpret-
ation of these results, but they appear to follow the same
general pattern of polymer solubility. Comparison of our
evidence with the few available in the literature suggest
that this phenomena may be quite general. The systems for
which increased copolymer solubility have been observed are
given in Table 13. Evidence for increased copolymer solu-
bility comes from diverse polymer systems and solvents, and
it is observed in a variety of parameters. Specifically,
this phenomenon is observed in copolymer systems as chemi-
cally dissimilar as styrene and a-methyl styrene or methyl
acrylate and methyl methacrylate. 1Indeed, an increase in
solubility produced by such an innocuous group as the methyl

group is surprising. Furthermore, it has been observed in

good and poor solvents plus hydrogen bonding solvents. Finally,

it is manifested in measurements of SVC's, 8-temperatures and
Flory-Huggins parameters. On the basis of these observations
one is tempted to advance the notion that such an increase

in random copolymer solubility may be a universally occurring

phenomenon.
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Table 13. Copolymer Syster.s Exhibiting Increased

Solubility
Comonomers Solvents Comments References
Styrene- 2-Methylcyclo- | ©-Temps. 38
Methyl hexanol
Acrylate
Styrene- Cyclohexanol ©-Temps.
Methyl 37
Methacrylate
Styrene- Methylethyl- SVC Maxima
Acrylonitrile| ketone 41
Styrene- Cyclohexane, @-Temps. Current
a~-Methyl Methylcyclo- F.-H. Para- Research
Styrene hexane, meters

Toluene

Methyl Methylethyl- svc
Acrylate- ketone 42
Methyl
Methacrylate
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An attempt was made to explain the homopolymer solu-

bility data with the solubility parameter theory. Although

some of the solubility parameter predictions were followed,

the pérplexing patterns of homopolymer solubility in chemi-
cally similar solvents based on cyclohexane (Table 7) were
beyond the scope of the theory as presently formulated.
Variations in the entropic contributions to the Flory-
Huggins parameter, which are not embraced in the current
theory, may be résponsible for these results.

The solubility parameter theory was used to support
the contention that intermer repulsions are respornsible
for increased copolymer solubility in the styrene-a-methyl
styrene system. First if intermer repulsions dominate,
the increase in copolymer solubility should not depend on
solvent. Quantitatively, the intermer repulsion term,

X in Equation 44, should be independent of solvent.

ab

xéb was calculated for the styrene-Q-methyl styrene system
from solubility measurements in toluene plus several @8-
solvents and was to be approximately independent of sol-
vent (Table 11). Secondly, stronger evidence was obtained
by devising a method to calculate the magnitude of intermer
repulsions from solubility parameter considerations. Val-

ues ranged from 0.01 to 0.0225 for copolymers of styrene

and methyl acrylate, styrene and G-methyl styrene plus
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styrene and methyl methacrylate (Table 12). The simi-

larity in magnitudes of calculated intermer repulsions
between styrene-a-methyl styrene and styrene-acrylate co-
polymers (systems where the existence of intermer repul-
sions are comprehensible because of the dissimilarity

of the comonomers) supports the hypothesis that intermer
repulsions are responsible for the increase in solubility
for styrene-q-methyl styrene copolymers. These two cal-
culations together with the similarity in the depressions
in ®-temperature for styrene-a-methyl styrene and styrene-
acrylate copolymers are the bas\es of our theory.

The influence of methyl groups on polymer solubility
is considerable as can be seen from the foregoing discussion.
Additional experiments will be required before definitive
statements can be made.

Studies of SVC's and unperturbed chain dimensions
proved less fruitful. SVC's in toluene indicated that
polystyrene was more soluble than poly (a-methyl styrene),
but scatter prevented a definitive elucidation of copolymer
solubility by this technique. Unperturbed dimensions com-
puted from values of Kg obtained by a SFK plot for poly
(a~methyl styrene) and a 24 percent by weight styrene co-
polymer as well as polystyrene obtained from the litera-

ture were the same within experimental error. This per-
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plexing lack of variation of unperturbed chain dimen-
sions with chain stiffness requires further research for

an explanation.
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APPENDIX A-1

Solution Properties



e_l4. -methyl styrene
4% ) . o o} o o
Sample A2° 107 [nl: dl/gm |[n]: dl/gm Tc: C Tc; C TC; C T : C
Number in toluene jcyclohexane A . . ¢ )
mol-cm”™ /gm o o cyclothexane |mettiyl- diethyl commercial
at 30°C at 30-C i ) . , .
cyclolhiexane | succinate |decalin
Iv-5 4.2 .847 -416 22.2 -——— -———— 110.5
-4 4.4 .609 .332 20.5 69.8 -19.8 | ==---
-1 4.3 .460 -292 - -———— -21.8 | ==---
Iv-3 4.1 .460 .269 17.7 65.6 -22.3 | ==---
Iv-2 4.6 .440 .254 17.1 ———— ———— 99.0
Iv-7 4.8 .292 .210 13.8 55.1 ———— ]| ==
IV_6 5-9 0205 ~17l 9-2 47.7 -32c -----

* In toluene at 37°C

STT




116

Table 15. Polystyrene

4 * o
Sample A2- 10 : [n]: d1/gm Te: C
Number mol-cm3/ 2 in toluene in commercial

gm at 30°c decalin n

III-8 5.5 1.42 6.2
ITI-5 5.5 1.08 -
ITI-2 5.5 .698 -——
III-9 6.1 .610 -
Pressure 6.1 e o
Chemicals :
III-6 6.9 .386 -——

* In toluene at 37°C.

*



Table 16. 24 Weight Percent Styrene Copolymers

4 » .
Sample Weight a_-10° 7, [M]; dl/gm [n]: dl/gm T ; % T ; %
2 . . c c

Number Percent mol-cm3/ 2 in toluene in cyclohexane cvclohexane | methyl-

Styrene gm at 30°c at 30°cC yclot Y

cyclohexane

V-46 23-7 5.6 -288 0194 8.1 4095
v-47 23.5 5.8 -421 . 249 11.7 47.0
V-49 25.1 5.1 .692 .320 -15.9 53.2
V-48 25-2 4-9 9960 0458 1801 5700

* In toluene at 37°C

L1t




Table 17.

50 Weight Percent Styrene Copolymers

4*

. o
Sample Weight A_-10" . [M]; dl/gm T ; C T ; °C
2 , N c c
Number Percent mol-cm3/ n n toéaene cvelohexane méthyl-
Styrene 9 at 30°C Y ! ' cyclohexane
v-36 47.9 5.2 0 558 10.0 38.1
v-37 53.0 5.4 0.796 11.8 40-3
v-38 50.0 5.9 0.940 14.8 42.8

* In toluene at 37°C

8T1



Table 18.

69 Weight Percent Styrene Copolymers

. 4 * o) o o
Sample Weight A, - 10 [M]; dl/gm T ; C T ; C T C
2 ) c c c;
Number Percent 3 2 in tol-iene .
mol-cm™ /gm ¢} cyclohexane methyl- commercial
Styrene at 30°C .
cyclohexane decalin
v-42 70.5 6.8 0-46 9.2 31.1 -19.2
V-44 70.4 5.5 0.767 12.5 32.7 -14.5
vV-45 67.6 5.8 1.20 14.8 40.7 -12.3

* In toluene at 37°C

611
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APPENDIX A-2

Osmometry Data



Table 19. Flory-Huggins Parameters of Polystyrene
* o)
III-9 in Toluene at 37 C
Dilute Solution Data
3 2
c; gm/1 V2 °10 I; 9gm/cm X
2.41 2.27 .59 .400
4.82 4.56 1.36 .415
7.24 6.83 2.33 .418
9.65 9.10 3.47 .421
High Pressure Osmometry Data
w, . 10° v, 10 n; gm/cm2 X
2.617 - 2.915 26.5 0.415
7.859 6.338 122.5 0.414
11.32 9.266 263.7 0.417
15.93 13.16 599.9 0.413
21.52 17.99 1500. 0.409

* Density 1.06 gm/cm3
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Table 20.

* o
styrene) IV-3 in Tolyene at 37 C

Dilute Solution Data

Flory—-Huggins Parameters of Poly(a-methyl

3

c; gm/1 v, - 10 ; gm/cm2 X
1.98 1.83 .43 .473
3.96 3.67 .98 .455
5.94 5.85 1.58 .455
7.91 7.32 2.25 .456
High Pressure Osmometry Data
2 2

Wz- 10 V2 <10 I; gm/cm2 X
4.529 3.591 26.0 .454
8.853 7.086 99.6 .456
13.33 10.95 249.4 .462
18.33 14.99 645.7 .444
26.32 21.91 1592. .455

* Density 1.08 gm/cm3
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Table 21. Flory-Huggins Parameters of Styrene-o-

*

‘Methyl Styrene Copolymer V-36_ _in Toluene

at 37°¢

Dilute Solution Data

i 2
c: gm/1 V2 . 103 I; gm/cm X
1.88 1.76 .51 .412
3.76 3.51 1.08 .436
5.78 5.40 1.78 .442
7.61 7.11 2.57 .438
High Pressure Osmometry Data
W2 . 102 v, %102 Iz gm/cm2 X
4.072 3.255 25.6 .443
8.269 6.668 132.8 .416
11.28 9.154 263.1 .414
18.77 15.48 872. .415
27.52 23.13 2302. .420

* Density 1.07 gm/cm3
Copolymer contains 50 percent styrene by weight
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APPENDIX A-3

Flory-Schultz Plots



+3

x 10

/T
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Flory-Schultz Plot for
PaMS in Cyclohexane
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Figure 17:

Flory-Schultz Plot for PgM$S
in Methylcyclohexane

1/2 +3
1/M x 10
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Figurc 18 Flory-Schultz Plot
for Copolymers in
Cyclohexane

® 24 wt. % styrene

O 50 wt. % styrene

O %9 wt. % styrene
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Figure 19: Flory-Schultz Plot for
Polymers in Commercial
Decalin

O Polystyrene
DO 69 wt. % s Copolymer

® Poly( a-methyl styrene)

1/2 +3
1/M x 10
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® 24 wt. % styrene
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069 wt. % styrene

Figure 20: Flory-Schultz Plot

for Copolymers in
Methylcyclohexane
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Figure 21: Flory-Schultz plot for PaMS in Diethyl
Succinate
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B. Synthesis

l. Introduction

The basic idea in producing polymers with narrow molecu-
lar weight distributions is to initiate instantaneously all
active centers and for the chains to grow without termination.
Thﬁé; aside from random fluctuations, all active centers will
grow at the same rate and will all be the same size. Number

average molecular weights can be computed from

(57) Moo= (Grams Monomer Reacted) (Active Centers/Molecule)
n (Moles Active Centers)

The anionic living polymer reaction fulfills these require-
ments with appropriate initiators. Sodium-biphenyl is an
effective initiator for styrene and @-methyl styrene polym-
erizations.

Provided initiation is instantaneous, the keys to making
polymers with narrow molecular weight distributions are good
mixing and rigorous exclusion of terminating reagents. They
can terminate by extracting hydrogen from water or alcohols

and by reacting with CO_,. Hence, polymerizations must be

2
conducted in a well stirred reactor from which impurities are
excluded.

Different reactors can be used to conduct this reaction.

We chose a method based on that of Wenger (57-58) modified

to suit our needs and facilities. The apparatus was as-
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sembled from standard glassware components (figure 22); the
only custom glassware was the ground-glass jointed high-vacuum
stopcocks. The advantages of this apparatus are: Glass-
blowing skills and tools are not needed; The apparatus can
be easily disassembled for cleaning; Glass-jointed devices
are more robust than complex, one-piece devices. The main
weaknesses with this appafatus are: Joints are sources of
leaks, and the stopcock grease can dissolve in the reaction
medium.

Several precautions were followed to insure random
copolymerization. Preliminary studies indicated that if the
comonomers were added to the polymerization vessel more rapidly
than they could react, then, upon shortstopping the residual
reaction mixture was much higher in a-methyl styrene content
than was the comonomer feed. Hence, a-methyl styrene copoly-
merized much more slowly than does styrene. For this reason
the mixed monomers were distilled into the reaction vessel
only as fast as they could react. If the monomers had been
added more rapidly, molecules whose cores were rich in sty-
rene and whose tails were rich in a-methyl styrene would
have been formed. A large reservuvsr of mixed monomers was
used to prevent drift in distillate composition. The appara-

tus was positioned so condensate fell directly into the
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Figure 22: Polymerization Apparatus
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reaction medium. If condensate ran directly down the vessel
wall, clumps of polymer would form at the interface of the
reaction medium and the vapor space. The condenser temperature
was kept between -40°C and -30°C to keep the monomers from
freezing.

The reaction medium was stirred with a 3/4" x 1/4" Pyrex
covered stirring bar. Teflon coated bars reacted with sodium-
biphenyl. Stirring was effective except for high concentra-
tions of high molecular weight polymers. When effective
stirring ceased, reactions were terminated. Although a high
torque stirrer would be desirable, the stirring bars were
cheap, easy to clean, disposable and eliminated sources of

leaks.
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2. Vacuum .

Vacuum for the system was supplied by a twdlstage mechan-
ical pump and a mercury diffusion pump. Ten ﬁillimeter bore
high-vacuum stopcocks joined with heavy-wall rubber tubing
completed the system which is shown schematically in figure 23.

Fluid; were injected into the evacuated reaction system
through a silicone rubber septum clamped in a standard 24/40
Teflon port. -

Since the reactions were run at pressures from 1.5 to
10. microns, precautions were taken to prevent leaks. Joints
were cleaned with potassium hydroxide solutions. A silicone
high-vacuum grease was used; because it dissolved in tetra-
hydrofuran (THF) and aromatic monomers, care was taken to
prevent the reaction medium from coming in contact with the
stopcock grease. All joints were secured with mechanical
clamps. The system pressure was monitored semi-continuously

with a Stokes gauge.

te
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3. Reagent Preparation

Reagent grade styrene was vacuum-distilled prior to use
and stored in a freezer. a -methyl styrene was distilled at
atmospheric pressure under nitrogen and stored at room temp-
erature.

For copolymerizations, about 150 gms of mixed monomers
were tared into a 250 cc flat bottomed flask together with
20 to 40 gms of barium oxide - a powerful dessicant. The
vessel was sealed with a high-vacuum stopcock with standard
taper joints and purged with nitrogen to remove oxygen.

Pure tetrahydrofuran (THF) was provided for reactions by
distillation from solutions of sodium-naphthalene or sodium-
biphenyl. The sodium compounds destroyed any harmful impur-
ities in the THF.

The initiator was prepared by reacting biphenyl with
excess sodium in THF. Several days were allowed for the
reaction to go to completion. The solution was then stored
in a freezer tqvinhibit the evaporation of THF. A major diff-
iculty with this technique was that the exact concentration

of sodium-biphenyl was unknown.
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4. Procedure

A copolymerization procedure will be described in de-
tail. This technique can also be used to synthesize poly-
styrene and poly (a-methyl styrene). A variation useful for
producing poly (a-methyl styrene) will also be described.

The apparatus was assembled the day prior to the run
and evacuated with the mechanical pump. This permitted the
early detection and elimination of leaks. The day the re-
action was run the system was evacuated with the diffusion
pump for 1/2 hour. The stopcock on the monomer vessel was
opened briefly; this flooded the system with nitrogen and
evacuated the monomer vessel. The system was then flamed
to remove adsorbed water and carbon dioxide and allowed to
cool. The condenser was cooled to dry ice temperature after
which a small amount of THF was distilled into the system
to remove any traces of impurities in the condenser or glass-
ware. The reactor was cooled to —78°C, and 200 to 400 gms
of THF were distilled in from the sodium-biphenyl solution
in 2 to 3 hours. Care was taken during the distillation
to prevent the THF from bumping.

After the THF distillation was completed, 3 to 4 drops
of monomer were distilled into the reactor. A small quan-
tity of initiator (0.1 to 0.3 ml) was added to the reactor
by syringe to deactivate any terminating agents in the solu-

tion. If all the impurities were destroyed, the solution
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remained pale red - characteristic of styrene and a-methyl
styrene anions. The main charge of initiator (0.5 to 10. ml)
was added next, and the reaction medium became blue - the
characteristic color of sodium-biphenyl. Twenty to thirty
grams of monomers were distilled into the reactor at a rate
of 1 to 2 drops per minute for about 6 hours. During the
distillation,ythe condenser was kept at —30°C to -40°C to
prevent the monomer from freezing. The reaction was termin-
ated by adding 5 cc of methanol by syringe.

A modified form of this procedure can be used to make
poly (a-methyl styrene). At room temperature the stable
anionic form of o~methyl styrene is a tetramer. Hence, if
the required quantities into the reaction vessel and the
mixture was warmed up to room temperature, initiator could
be added without forming high polymer. Small quantities
of initiator were added to destroy impurities followed by
the main charge of initiator. When the solution was then
cooled to -78°C, the polymerization proceeded. This tech-
nique can be used with sodium naphthalene which does not
instantaneously initiate polymerizations at -78°C but does
at room temperature (57). Several of our poly (a~methyl
styrene) samples were made by this technique with sodium-

biphenyl.
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5. Recovery

The polymers were recovered by precipitation from THF
solution by adding the polymer solution dropwise to methanol
. in a Waring blender. The polymer precipitate was filtered
from the suspension, washed with methanol and vacuum dried

overnight.



C. Copolymer Composition

Compositions of copolymers were calculated via a
material balance around the reaction vessels. The quan-
tity of mixed monomer distilled was determined by weighing.
The final mixed monomer composition and the residue of
mixed monomers in the reaction vessel were measured by gas
chromatography. The composition of liquid in the cold
trap was also obtained by gas chromatography. From these
data copolymer compositions could easily be calculated.
Conversions were generally over 95 percent.

Two solutions had to be analyzed; a simple mixture of
styrene and a-methyl styrene and a THF solution containing
less than 1 percent monomers. A Hewlett Packard Model
700 Gas Chromatograph containing a Carbowax packed column
and a thermal conductivity cell was used. A carrier gas
flow of 60 cc/min. of helium was used with oven, detector
and injection port temperatures of 95°C, 230°C and 190°C
respectively. Two microliters were used for the mixed
monomer analysis and a five microliters were used for
the polymer solution analysis. Replicate measurements were
made, and the instrument was calibrated on the day of use.
Good separations were obtained. Monomer compositions could

+

be measured to within _ 0.15 percent, and residues as small

as 0.0l percent could be detected. Overall compositions
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+

could be measured to within about _ 2 percent. Typical

calibration curves are shown in Figures 24 and 25,
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Figure . 24.; Chromatograph Calibration Chart
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(S)/(S + aMS) Peak Height Ratio
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D. High-Speed Osmometry

Number average molecular weights and second virial

~ coefficients were determined with a Mechrolab Model 501
High Speed Osmometer in toluene at 37°C with an S&S 08 mem-
brane. Osmometry may be characterized as being a standard
but by no means a routine laboratory procedure.

l. Assembly

In assembling the osmometer several precautions were
followed. The osmometer chamber was kept clean, and the
solvent lines were filled only with hot, filtered, degassed
solvent. The osmometer head was tightened evenly to insure
a tight membrane seal. At times the capillary tube was
cleaned. On reassembly, solvent was forced through the
Teflon line (which connected the solvent cup on the ele-
vator with the capillary tube) while the glass capillary
tube was inserted into the Teflon line. This procedure
prevented the formation of microscopic bubbles at the
junction of the capillary tube and Teflon line that are
supposed to slow the osmotic equilibria measurements. The
optics were carefully adjusted. The membranes, which were
conditioned according to the procedure recommended by
Arro Laboratories, were the source of many difficulties.
They often contained pinholes or creases that caused leaks

or were too stiff to seal properly. It took as long as a



week after the membrane was installed until the osmometer
operated properly. During this period, the osmometer head
was tightened occasionally. The osmometer was always
checked with a sample of known molecular weight after
assembly.

2. Operation

Best results were obtained when the polymers were
dissolved inbdistilled, filtered, degassed reaction grade
toluene. The solutions were made up in 8 dram polyethylene
capped vials according to the following:

l. Dissolve about 0.5 gms of polymer in 50 cc of toluene.
2. The solution was filtered to give solution D.

3. Dilute 20.0 ml of D with 20.0 ml of toluene to give B.
4. Combine 10.0 ml of B with 10.0 ml of D to give C.

5. Dilute 10.0 ml of B with 10.0 ml of toluene to give A.
A 10.0 ml sampie of D was evaporated to dryness to obtain

solution concentrations.

The following procedure was followed in osmometer oper-

ation. The osmometer was first zeroed with solvent several

times. The solutions were added in increasing order of con-
centration - A, B, C and D. At least two replicates of each

solution were run with a precision of t 0.015 cm. The solu-

tions were kept at about 39°C before they were put in the

osmometer. From 10 to 40 minutes were required to attain
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equilibrium. Longer times were needed when concentrations
were changed than when replicates were run. It was found
that flushing the solution chamber with four sample tube
heights of solution removed any traces of previous solu-
tions for concentrations A and B whereas five sample tube
heights were needed for samples C and D.

After the run was completed the solution chamber was

flushed with concentrations C, B, A and solvent; the osmom-

eter was allowed to equilibrate at several intermediate con-

centrations. This was done to reduce membrane shock from
rapid changes in concentration. It was also useful to add
the solutions by syringe and to drain the solution chamber
slowly.

Aside from scatter and occasional spurious points the
major difficulties encountered in osmometer operation were
end-point drift and low magnitude oscillations in osmometer
output. Draining the solvent chamber slowly tended to re-
duce oscillations.

3. Data Treatment

Two different methods can be used to treat osmotic
pressure data. One can plot II/c versus c to obtain SVC's
and ﬁn based on the virial equation for osmotic pressure

with third and higher order terms neglected

(58)  n/RT = (c/M_ + A2c2)
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One can also plot (ﬂ/c)l/2 versus c which is based on the
observation that the third virial coefficient, A3, is given

by

- 2
MnAz

A

o -

3 =
In general, linear plots described our data. A sample curve

is shown in figure 26.
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Figure 26: Osmometry Results for Sample IV-5 in Toluene at 37°C




E. Phase Equilibria Measurements

Phase equilibria were determined by cloud points
after Schultz and Flory (33). Between four and six solutions
of a given polymer sample were prepared in either Teflon
lined screw cap test tubes or ground glass stoppered test
tubes. The former were preferred since they were dispos-
able and seaied tightly. The polymers were dissolved by
heating in an oven overnight at a temperature higher than
their critical temperature. Phase separation was detected
by clouding of the polymer solution as the temperature was
lowered below the polymer solution critical temperature.

. The temperature at which a scale held behind the test tube
could no longer be read established the precipitation temper-
ature. Cloud points could be detected to within Y o.15 ¢
and cooling ;ates of 1% to 3°% per hour were used. A
typical phase diagram is presented in Figure 27.

Water baths were used for temperatures from 3OC to
60°C, and silicone oil baths were used at higher temper-
atures. An acetone bath cooled by a pumped, externally

chilled water-methanol mixture was used at temperatures

below 3°C.
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»’ High-Pressure Osmometry

1. Construction

A high-pressure osmometer, similar to that of Daoust
and Flory (73) was constructed at the City QOllege. The
osmometer was constructed from type 316 stainless steel
and consisted of three parts; a head-A, a mid-section-B,
and a base-C. The base contained the solvent chamber and
a place for the ;late which suppérts the megbrane. The
mid-section clamped the membrane firmly in place over the
plate. The head contained a stirrer and formed a solution
chamber when clamped in place. &iton O-Rings sealed the
osmometer faces and a gland and packing nut with Teflon
braid pécking sealed the stirrer shaft. A valve incor-
porated into the head provided a solution reference level.
As suggested by Daoust and Elory, a stirrer driven by a
2.8 rpm high torque motor was inserted in the solution
chamber to prevent dilution of the solution near the mem-
brane. The membrane plate was pitched to minimize membrane
ballooning. A 10 inch long lmm capillary tube with a
10/30 standard taper joint was used to monitor the move-
ment of solvent. The ground-glass joint on the capillary

tube was gasketed with a Teflon sleeve and secured with

rubber bands.
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. ?he O-Ring grooves in the osmometer faces were cut

too deeply to permit effective O-Ring seals. To correct
this problem twisted Teflon tape, which deformed to fill
the bottom of the O-Ring grooves, was used to reduce groove
depth to give the O-Rings adequate compression. A 10 mil
Teflon gasket was placed under the plate to aid in sealing
the solvent chamber. This combination proved to be effect-
ive.

Leaks developed in some of the silver solder joints
and a pin hole leak was detected in the solvent chamber.
The Teflon gasket on the 10-30 jointed capillary tube leaked
slightly. This was corrected by using a small amount of
silicone high vacuum grease. To prevent contamination of
the solvent, the solvent chamber was purged after each run.
The existence of these leaks, which were unexpected, indica-
ted that the osmometer had to be carefully leak tested prior
to use.

Pressures below 20 psig were measured with mercury or
water manometers. Pressures above 20 psig were measured
with a Statham* Gold Cell transducer with a pressure adapter

containing a 50 psig diaphragm. The transducer was powered

*# Statham Instruments, Inc., Los Angeles, California
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by a Hewlett Packard model 6215A power supply. The trans-

ducer was calibrated with a dead-weight tester., A calibra-
tion chart for the appropriate pressure range is shown in
Figure 28.

2. Osmometer Assembly

The solvent chamber in the base was filled with tolu-
ene after which the Teflon gasket and plate were inserted.
Care was taken to insure the elimination of all bubbles
from the solvent chamber. The membrane-conditioning sche-
dule is described in Table 22. The final pembrane treat-
ment was done in the osmometer. Distortion occurs in the
final step, which shrinks the membrane onto the plate and
holds it firmly in place. The osmometer cavity above the
plate was filled with 50 cc of 75 percent toluene - 25
percent acetone mixture. A 600W membrane was placed over
the plate and held in place with a weight. $Since the mem-
branes were invisible in this solution, the weight pre-
vented them from drifting about. The membrane was then
carefully clamped in place with part B. Excess toluene-
acetone solution was removed from the solution chamber,
which was then filled with toluene. The solvent chamber
was purged with toluene to remove any traces of acetone.
Several hours were needed for the membrane to completely

condition.
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Figure 28: Transducer Calibration
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The osmometer was then leak tested. A Teflon gasket
was placed in the solution chamber undey the lip of the
head to prevent the membrane from being cut. The solution
chamber was filled with toluene and the head was clamped
in place. The capillary tube was then inserted in place
and held there with rubber bands. The osmometer was thermo-
statted and a pressure equal to the head of liquid in the
solvent chamber was applied. No motiog in the capillary
was noted when the two pressures were equal.

3. Operation

About 10 cc of solution were placed in the solution
chamber. A Teflon gasket was inserted in the solution
chamber to keep the membrane from being torn. The head was
then clamped in place, and the capillary tube was inserted
in place and secured with rubber bands. The osmometer was

then placed in a thermostatted bath. The stirrer was at-

156

tached and activated and the solution chamber was pressurized.

It required one to two hours for the system to come to ther-
mal equilibrium and for all membrane distortions to be elimi-
nated. During this time pressures were applied to the solu-
tion to minimize motions of the solvent level. After this,
the pressure was adjusted to give zero motion to the capil-

lary level. Equilibrium was obtained when no motion in the



capillary was observed for about one hour. The level of
fluid in the capillary was measured with a cathetometer.
After equilibrium was attained, the osmometer was
removed from the water bath and opened. A sample of poly-
mer solution was evaporated to dryness to determine the
solution concentration. The solution chamber was then
éleaned. To clean the head, a 30 cc syringe was used to
force toluene through the solution level valve and through

the pressure port.
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Table 22.

*
Treatment Procedure for Type 600W Membranes

50 Percent Water 100 Percent 50 Percent
50 Percent Alcochol Alcohol Alcohol
50 Percent
Acetone
2 Hours 8 Hours 4 Hours
100 Percent Acetone 75 Percent 50 Percent
Acetone Acetone
25 Percent 50 Percent
Toluene Toluene
4 Hours 4 Hours 4 Hours
25 Percent Acetone 100 Percent
75 Percent Toluene Toluene
4 Hours 4 Hours

* Arro Laboratories,

Joliet, Illinois




4. Data Treatment
The Flory-Huggins constant was calculated from values

of the osmotic pressure using
2 o o, 0
(60)  X= (L/v,) ((-Nv;/RT) -4A(l-v ) -(1-v /v, )v,)

The osmotic pressure must be corrected for the head of
fluid on the solvent.

Densities are required to calculate volume fractions.
There is disagreement in the literature as to the density
of polystyrene; some values are given in Table 23. Density
is essentially constant at molecular weights greater than
30,000 (69). In any event, a change in polystyrene density
from 1.04 to 1.08 gm/cm3 reduces the Flory-Huggins parameter
by only 3 percent. We measured the density of hot pressed
pellets of polystyrene, poly (a-methyl styrene) and copoly-
mer V-36 and obtained values of 1.06, 1.08 and 1.07 gm/cm3
* 1 percent respectively; these values were used in our

calculations of X.
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Table 23. Density of Polystyrene

'Source T oC ps gm/cm3

M. Gordon and I. MacNab (70) 20 1.052
40. 1.048

G. S. Martin, S. S. Rogers and 20 1.048

L. Mandelkern (71) 37 1.041
60 1.036

Polymer Handbook (67) and "Styrene" ambient 1.04-1.06

(68)

Flory and Schultz (33), Bawn et al. 25 1.083

(65)

NBS PS 705 ambient 1.077

Partial Specific Volume (66)

D. Goldwasser et al. ambient 1.06
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G. Solution Behavior in the Region of Molecular Overlap

Studies of the behavior of polymer solutions in the
concentration region where molecular overlap occurs (1 per-
cent or 2 percent to 10 percent by volume polymer) have
been reported by only three groups of investigators.

Daoust and Flory (73) found that X for polyisobutylene
dissolved in benzene and pentane, two poor solvents, varied
smoothly with composition. Krigbaum and Carpenter (49)
observed similar behavior for cyclohexane solutions of
polystyrene. A modest minima in X was observed for poly-
isobutylene dissolved in cyclohexane, a good solvent, by
Daoust and Flory (73), but they suggested that this pheno-

mena was caused by experimental error.

le6l

In order to explore the solution kehavior in this region,

X was computed for the samples used in the high pressure

osmometer and from the dilute solution, high speed osmometry
*
measurements. The results are tabluated in Appendix A-2

and are summarized in Table 24. Similar values of X were

observed for polystyrene and poly (0-methyl styrene) in

* The relationship between SVC and the Flory-Huggins para-

meter X is given by
(1/2 - X) = voA_f¢%
=" Z;ppolyme 5

where A2 has units of (mole-cm™ )/ (gm)



162

dilute and moderately concentrated solutions. The modeét
difference in X for the copolymer sample V-36 was probably
caused by errors in the high speed osmometry results for
this material. Examination of figure 8 shows that the SVC
for sample V-36 is too small when compared to those of the
other 50 percent styrene copolymers. A larger value of SVC
would yield a smaller value of X. Hence, X appears to be a
constant in the concentration range from very dilute to

25 percent by volume. Additional data would be needed to
verify this observation.

The Flory-Huggins parameters were apparently constant
in the concentration range of 0 percent to about 25 percent
by volume polymer. Thus, the Flory-Huggins theory appears
to represent solution behavior in moderately concentrated
solutions and 1n dilute solutions. This suggests
that molecular overlap may not strongly influence solution
behavior in good solvents. The molecular interpretation
of this finding is not clear. The transition from dilute
to concentrated solution behavior may be smooth; the
classification of solutions into dilute and concentrated
types may be a requirement needed for analytical investi-

gation but may have no real physical basis.
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Table 24. Comparison of Solution Behavior in Dilute and Moder-

———

ately Concentrated Solutions

Sample X
Dilute Solutions Moderately
Concentrated
Solutions
PS III-O 0.418 0.413
POMS IV-3 0.455 0.454
Copolymer V-36 0.439 0.416
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H. Variation of the Flory-Huggins Parameter with Temperature

As originally formulated the enthalpy of mixing term

RTanv2 in the Flory-Euggins theory was written as En

where B equals a constant, characteristic of the differences

1V2

in mer-solvent, mer-mer and solvent-solvent interaction
energies. Hence, (XT) is a constant. This situation can

be clarified via the fundamental thermodynamic relationship
(61) ( - 2

3(aG /T)/3T = -4H /T
If this equation is applied to the Flory-Huggins equation
(62) -(B(AGm/T)/BT) = Rn,v, (3X/3T)
or with equation
(63) AH = -T2n v {aX/3aT)

m 12"

To maintain the original form of the equation forAAth

it follows that
(64) AX/AT = -y/T
or equivalently

(65) (XT) = constant
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I. Unperturbed Dimensions

l. Light Scattering Data

Unperturbed chaim dimensions are usually compared in
terms of the ratio R = CR®/M1/2) / (Rof/Ml/z), the ratio of
the radius-of-gyration for that of an unperturbed chain to
that of a freely-orienting tetrahedyl chain. Literature
data for the molecular dimensions of polystyrene, poly-
(a-methyl styrene) and poly (p-methyl styrene) are pre-
sented in Table 25. Poly (a-methyl styrene) and poly
(p-methyl styrene) have about the same values. The greater
value of R for poly (p-methyl styrene) compared to poly-
styrene could be attributed to the greater volume of the
paraphenyl group. The greater expansion of poly (g-methyl
styrene) compared to polystyrene could be attributed to
chain stiffness, mer-volume or a combination of the two.
Conversely, the value of R is not particularly sensitive
to polymer structure, as it varies only from 1.61 to 2.72
for polymers as different as polypropylene and polyacry-
lamide, respectively( 51,72).

2. Intrinsic Viscosity Studies

Some literature values of K@ and R computed from
are given in Table 26. The values of R computed from light
scattering andl&) correspond for polystyrene but not for

poly (0-methyl styrene). No comparison is possible for
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poly (p-methyl styrene). This discrepancy may be attribu-
table to experimental error or a weakness in the theory
correlating intrinsic viscosity witr chain dimensions.

3. Experimental Results

Stockmayer-Fixman-Kurata ‘SFK) plots for poly (a-
methyl styrene) and a 24 weight percent styrene copolymer
are shown in Figures 29and 30 and K®‘s derived from them
are presented in Table 26 . Some literature values of K®
obtained from intrinsic viscosity studies are also tabu-
lated. K® obtained for poly {&-metlyl styrene) is 1in
good agreement with literature values. K® for our copolymer
is about the same as that for polystyrene and poly <{o-methyl

styrene).

4. Discussion

SFK plots require values of Mw” which were not measured.
Since the copolymers had (ﬁv/ﬁn) ratios of 1.0 - 1.6,
SFK plots were made only for the 24 weight percent styrene
copolymer because this copolymer series had the narrowest
molecular weight distributions. Intrinsic viscosity mole-
cular weights were used as estimates of ﬁw,

The results cited here and those in the literature
indicate that unperturbed chain dimensions are not sensi-

tive to chain structure or stiffness, whereas both are more
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strongly manifested in Tg. The error in measurement is as
large as the difference inK® between polystyrene and poly
(o-methyl styrene). No useful information could be ob-
tained from this aspect of our work: hence,. tnese studies

were discontinued.



Table 25.

Molecular Dimensions from Light Scattering Data

Material Temp. C Solvent (R®/Ml/2) (Rof/Ml/z) R Source
(a) (a,c) (b)
PS 34 cyclohexane 690 302 2.28 Polymer
Handbook (67)
PS 35 cyclohexane 730 302 2.42 Polymer
Handbook
PS 35 cyclohexane 670 302 2.22 Polymer
Handbook
PS 35 cyclohexane 705 302 2.33 Polymer
Handbook
PS 34.8 cyclohexane 675 302 2.24 J. C. Berry
15.0 decalin (54,55)

891




Molecular Dimensions from Light Scattering Data (continued)

1/2 1/2
Material Temp. C Solvent (Rg/M ) (Rof/M ) R Source
(a) (a,b) (d)
PpMs l6.4 diethyl 714 284 2.52 G. Tanaka et al.
succinate (52)
PpMS 16.4 diethyl 680 284 2.39 G. Tanaka et al.
(c) succinate (52)
PQaMS 34.5 cyclohexane | 711 284 2.50 T. Kato et al.
‘ (62)

(a) Angatroms-lo_3

_ 1/2 1/2
(b) R = (Ry/M"7)/(R /M) .
(c) Corrected for polydispersity

(d) (Rof/Ml/z) = 3.08/(Degree of Polymerization)1/%(Angstroms)

691



Table 26.

Molecular Dimensions from Intrinsic Viscosities

-5
Material K®°10 (Rb/Ml/z) (Rbf/Ml/z) R Solvent Temp.C Source
(a,d) (c,d) (b)

PS 83 661 302 2.19 |cyclo- SFK Papazian (56)
hexane plot
toluene

PS 82 658 302 2.18 |cyclo- 34.0 Krigbaum
hexane and Flory (77)

PS ga t 2 664 302 2.20 [eyclo- 34.5 Altares et al.
hexane (76)

POMS 73 634 284 2.23 Jcyclo- 34.5 T. Kato et al.
hexane (62,64)

POMS 70.6 627 284 2.20 |trans-
decalinvy 9.5 T. Kato et al.

(62,64)

0LT



Molecular Dimensions from Intrinsic Viscosities (continued)

Material K®-10-5 (&D/Ml/z) (Rof/Ml/z) R Solvent Temp. C Source
(a,d) (c,q) (b)
POMS 74 T 10 636 284 2.24 benzene + 30 Polymer
' methanol Handbook (67)
PaMs 72 ¥ 6 631 284 2.22 cyclo- SFK plot Goldwasser and
hexane Williams
toluene
24 Percent by |73 t 6 634 292 2.17 cyclo- SFK plot Goldwasser and
Weight Styrene hexane Williams
S~-agMS toluene
copolymer
. . 1/2.3 21
(a) Computed from Flory-Fox Equation K = NRE/M )", &= 2.87 (10)

(b)
(c) (Rof/M

(a)

) = 3.08/(Degree of Polymerization)l/z;

-3
Angstroms - 10

R = (M%) )
1/2

Angstroms

TLT
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Figure 29: Stockmayer Fixman Kurata Plot
for Poly( @ -methyl styrene)
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