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ABSLxACT
LOWER CRITICAL SCLUJSICN 1ZisERALUKES BCK
cCLYDILI DAY LS T L OXANE
by George E. Vogel

Lower critical solution temperatures, TOL’ were
determined for five well characterized fractions of pcly-
dimethylsiloxane in n-pentane, n-butane, propane, neopentane,
tetramethylsilane, dimethyl ether, and meth;l chloride.

Linear relationships were found for l/I‘CL Vs l/x%,
where x is the polymer size function. These relationships
show that the L.C.t.T. data can be treated in a manner
similar to upper critical solution temperature data, as
given in the Flory-Hug:ins treatment, even though the
L.C.8.I. phenomena are not predicted by this theory.
Fntropy of dilution psarameters, V/l’ and eL temperatures
were calculated for each solvent. It was found tnat che

6., temperatures correlated reasonably well with the solvent

L
critical temperatures. It was also found that linear
relationships exist fcr TCL vs l/x%. This is in accordance
with a more recent theoretical treatmenc of Patterson,
Delmns, and Somcynsky5. Mlore and different types of data
are needed before any distinctions between the two treat-
ments can be made.
The effect of jressure on cthe L.C.2.i. data is dis-

cussed. Pressure corrections could alter considerably the
guantitative nature of the dataj however, the gualitative

nature would remain essencially unchansed.
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Although it now appears thet the exisctence ¢f lower
critical solution ter . eratures (L.C.¢.1.) may be universal
in polymer-solvent systems, this phenorenon was first
observed in vure hydrocsrbon mixcures only in very recent
years. A great deal of actention is teinz airected toward
this subject because ¢l cthe taeruvodyneuic inplications of
the L.C.5.T.'s, and the classical conventional polymer
solution theories will require some dracscic revisions to
provide a theoretical franework for che jhencmena.

Freeman and Rowlinsonl first observed the L.C.5.1.
phenomena for hydrccarbon soluticns of hyarocarbon polymers.
Nearly all the systems they invescisated exhibicted L.C.S5.T.'s,
all of which were between the normal boiling ;oint and the
gas-1liquid criticsl ;oint of the jure solvent. The
existence of L.C.5.1.'s in solutions of certain pairs of
polar liquids and even in aqueous sclutions of certain
polymers had been recopnized for scwe tiwe, but never had
they been observea in comple.ely non olar systews. In the

L J
former, the observed L.C.L.r.'s were attribuved to an eniropy
increase upon breazing hydro:en bonds betveen solvent and
solute. However in the latter cese (the cowpletely nonpolar
systems), the L.C.t.l.'s obvi5u513 result from forces of an
entirely different nacture. The authors of this initial
Treport attributed this phenomenon to the decreasing.-config-
Urational energy and increasin- nolar volume of the solvent

1
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which result in the solvent beconing thernodynamically
poorer at higher temperatures.

In conjunction with the above work, Rowlinson and
Freernan2 reported their findings of a study of the misci-
bility of a series of pure hydrocarbons containing between
24 and 37 carbon atoms wich ethane and propane. No liquid-
liquid phase separations were observed in the propane sys-
tems up to the critical end,oint of the solutions. However,
L.C.S.I.'s ranging from 5.70 to 27.700 were observed for
all the ethane solutions., These findin,s are an indication
of the importance of the molecular size and enerzy of inter-
action differences between the solvent snd solute.

5

Davenport and Rowlinson” have subsequently studied the
miscibility of 1liquid rethane with a large numwber of hydro-
carbons having from four to ei.ht carbon atoms. Some
hydrocarbons containing five carbon atoms and nearly all
those containing more than five czrbon atows vere incompletely
miscible with methane, wich many of the systews exhibiting
L.C.S.T.'s. In generzl the nriscibility decreased with
increasing numbers of carbon atcoms in the solute. However,
other factors were also found to affect the miscibility:
branched isomers were more miscible than straight chain
isomers, olefins were less miscible than paraffins, diolefins
and acetylenes were less miscible than olefins, cyclics were
less miscible than non-cyclics, and arowmatic comyounds were
found to be very insoluble. The authors suggest that a

L.C.8.T. occurs whenever the solute is a molecularly dense
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liquid of strong intermolecular forces ard the solvent a
liquid of low molecular density and weak incermolecular
forces. A solvent that is ap,roachins its gas-liguid
critical ;oint fulfills this last condicion well.

Baker ard co—'.'.ﬂorkersl‘L have studied the ; hase equilib-
ria of solutions of polyisobutene of various molecular
weichts in n-pentane, and also neasured the therrodynamic
croperties of these solutions. They found th.t polymer
solutions which are a; proeching a L.C.5.1. are incompatible
with the Flory-Hu:pins equation since they exhibit negzative
heats and entrories of dilution. These, indeed, are ther-
rodynamic requirements of any binary solution whose misci-
bility is decreasing with increasing cenjperacure, i.e.,
approaching a L.C.3.r. This also irjlies tha¢ vhe Flory
free energy of interaction paramecer, X , shoula be
increasing with temperature near a L.C.5.T. The authors
show that this is indeed the cese for the systen n-pentane-
polyisobutene. E£ince, in the lowrer teu,erature rezions
where the Flory-Huggins equetion is valid, {}% is negstive,
X passes through a minimum at some Genperature.

Using solubility parameter theory snd the molecular
theory of jolymer solutions aeveloped by rri<ozine and co-
>

workers, Delmas, Patterson, and Somcynsky” have developed

an expression for the frce energy of interacticn parameter,
X
Rx = A(rl/T) + B(T/rl) (1)

where T is the nunber of segmnents in the solvent molecule,
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and A and B are constants depending on the solvent-pclyuner
pair. The authors meazsured calcrinetrically the heats of
nixing for polyisobutylene (uniraction:=ted) in the n-slkane
solvents. Using values for A aud B calculated froi these
data and from other published data, chey ucsed equation (1)
to predict the L.C.S5.I. for these systvews. Their predicted
values are in fair a.reement wich tnose found exierimentally
by Freeman and Rowlinsonl.

. . £
Kinsinger and Ballard)’7,

as & result of a study of
the phase equilibria in solutions of well characcerized
fracticnrs of polyoctene-1l-iu n-pertane, have shocwn quanti-
tatively cthe cependence of the L.C.o..l. on the molecular
weight of the solute. A linear relationship was observed
when 1/1‘CL was plotted azainst l/xk, where x is the polyuwer
size function definea in the Flory-Bug:ins theory as:

X = prp/vl' (e)
Here, vp is the specific volure of the polyumer at Ghe
precipitation tenperature, Mp is the welght-average wolec-
ular weight of the polyrer, and Vl is tne molar volure of
the solvent at TCL’ In this respect, the L.C.S.l. | he-
nomena correspond to the fawilisr ujp,er critical solution
temperatures (U.C.S.I'.) where such plots are coruon, and
are used to calculate the entro,y c¢f dilution parcmeter,
V/l’ and the Flory tenmperature, 8. Tne authors, thereiore,
re-designate this Flory tenpecrature &s eU, and uefine a
corresponding teuperature, eL’ which is obtained from plots

of the sbove ty e, for systems exhibiting a L.C.S.r., by
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extrapolating to infinite moleculur weigat (l/xﬁ-—> o).

TetreaultE determined the L.C.c...'s for ch:racterized
fractions of a number of joly-a -clefins in n-rentane and
n-butane. He likewise observed a line:sr relationship
tetween l/fCL and l/M%. The author also re,orts, for the

first time, L.C.C.i1.'s of a three comp.onent s;stem (two
solvents and ore polyrer). Tane L.C.S... behavior in this
system is quite sinilar to that in binary systews.

The dependence of a L.C.o.l'. on pressure hss been
demonstrated recently by Allen and Bakera. Tney investi-
gated the L.C..... of the polyisobutene-iso,ecutane syscemn
as a function of gressure up, to 4lC p.s.i., and found the
fairly large pressure coefficients, dTC/dP, of C.46 and
C.40 degz. atm.-1 for vwo differenc fractions of ,olyiso-

butene. Ehrlich and co-workerslc’ll’ld

s on the other hand,
have observed that at ver)y hicih pressures (hundreds of
atmospheres) some systems exhibit negative pressure coef-
ficients. They have in fact deternined critical solution
rressures for pclyethylene in hycdrocarbon sclvents. FEow-
ever, these are of an entirely different nature than the
L.C.S.7.'s under discussion. Since the cemperetures
required were well above the solvent critical temperatures,
their work involved gss-liguld instUead of licguid-liquid
equilibria.

Virtually all the L.C.3... investigations made to

date have involved ;olymers with carbon-carbon or csrbon-

oxygen cheins and hydrocarbon solvents. The lone exception
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to this is a brief nrention by Freeman zud Rculinsonl cf a
silicore, errorecusly repcried s poljyairethylsilovane,
exhibiting & L.C.85.T. of -1°C vivh ethane. TIc wzc the
intent of the author, therefore, to investigate thorcugnly
the L.C.S... phenonena for a pclyrer s;sten cther than the
above mentioned crgenic types, 1u hopes that the results

of such a study would be of scne value to those attewpting
to interpret these phenonena on a theoretical basis. The
pelymer systewm thus chosen wes that of poljydimethylsiloxane

in carefully prrejared and well characterized fractions.



THrCRY

When two unlike liquids are mixed, nany ty.es of
behavior can occur, depenaing on the rature of the ,air.

The liquids mey be coupletely niscible st all ceunperatures
and concentrations, they may exhibit coumplete niscibility
cver only linited teuwperature aund concerntration ren es, or
they may be incom_.letely micscible for all tewperatures

over certain concentration ran.es. Those systems

exhibiting incomplete niscibility c¢re churacterized by
having either an uipper critical soiution tenpereture
(U.C.3.1.), above vhich the c¢wo components are niscible

in all proportions, or a lower criticel sclution tenperature
(L.C.5.T.), below which the two cunponenss are niscible in
2ll proportions, or both. Exan_,les of each cf these genercl
situations are illustrated as phuse diagrams in Figures 1
throu;n 4.

The stability of a binary liquid s;stei. can be char-
acterized through the cherical _ctential, By of each
component. For a binary sysbten whose conponenss are in
equilibriun, it can be shown from first principles of

thermodynanﬁicsl5 that

opl | 2wz ¢ g, (3)
3n2 anl

where n; is the number of roles of cow,onent i. Using the

Gibbs-Duhem relation, ic can be further shown that

dul _ xl(Bul) arg Qe _ _X2 _b_H.é) )
an2 n ax2 anl n axl '
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& L.C.&.T: with & L.C.5.T: with

U.C.8.T.> L.C.S5.T. U.C.8.1.< L.C.S.u1.
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wvhere Xy = mole fraction of corpowent i, and n = n; + Do,

Therefore, eguation (4) is equivalent to

9l ¢ o ana 8EE ¢ o <)
ax2 axl

A zraphical representation of this behavior is shown

in Figure 5. 1In curve 1, representing a tes; eracure below
the lower critical tenperature, TCL’ a single phase exists
and the corditions of equation (_) are alvays satisfied. On
the other hand, curve %, which represents a temperature atbove
the critical tenperature, consists of three parts: one cor-
respondin. to the solveunt-rich phase, one for the solute-rich
phase, and the horizontal line joining the wwo representing
the sinultanecus presence of two .huases. At TCL (curve 2),
this horizontal ortion reduces to a single point of inflec-

tion, C, which is mathematically characterized by the

condition )
oul .ﬁh&% - 0. (6)
ax2 ax2

Figure ¢,

Varistion of chenmical
potential with
composition
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The conditions for stability (5) can also be expressed
in terms of the molar free energy of the mixture, since it

can be shown that

o
F
Sul I o) (7)
( ax2>‘I‘,P e (8x22 T,P.
Therefore, the condition for stability is
>F
— > o, (8)
X2
and at the critical point
3°F
- = 0. (2)
ax2‘ c

The shape of the coexistence curve for a two component
system, i.e., whether the systei exhibits a lower or an
upper critical solution terperature, depends upon the nean

molar enthalpy of the mixture in the following way:laa

>°0
At a L.C.S.T., - > 0 (10)
d9x,°/C
R
and at a U.C.5.0., |-—> < 0. (11)
ax2 C
These conditions require that the heat of mixing, A HM’ is
decreasing with temperature for systems near their L.C.5.T1.
and increasing with temperature for systems near a U.C.S...
The above conditions can also be expressed in terms of
the moler entro,y of the systex by considering the relation

F = H - Ts. (12)

From equation (9) it follows that
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o°H 98

—_— = T|=—= (1%)
c c

3x2 C 3x2 C.

The curvature of the molar entro,y is therefore the sawe as
thet for the molar enthalpy, and from equations (1C), (11),
and (13), we have the additional critical conditions:

PR ) N

E;;;? c 0 for a L.C.5.T. (14)
s

and -
sz C

o for a U.C.S.T. (15)

The pressure dependence of solution critical temperatures

can be expressed as follows:l_jb
a7 X7 s
— . (S - (16)
dp ax,/¢/ \9x,/c.

From equations (14), (15), and (16), we can see that for a

L.Cc.s.T.,

dT, 32\7
—— has the same sign as —_— (17)
ap ax2‘ C

and for a U.C.S5.T.,
dr, 32\7
—— has the opposite sixn to - (18)
ap ox.“/cC.

-
The effect of pressure on the critical temperature is thus
determined by the curvature of the mean wolar volune, i.e.,
whether the volure of wixing is positive or nesative at the
critical point.

Until recently, the solution theory used almost



lc

exclusively for hi:h molecular weiyht polymers has been
the ccnventional Flory-Huggins liquid luttice theory14.
Although this theory treats the ;| heuonena of U.C.2.l.'s
adequately, it does not ex . lain nany features of L.C.S...'s.
The entropy and enthalpy of nixing expressions derived from
the liquid lattice model require that the solvent-;olymer
interactions continually decrease as the temperature
increases, ana this would be manifested in a corres;onding
decrease in the value of the free energy varameter, X .
With this restriction imposed, it is not pocsible to fulfill
the critical requirements (10) and (14) for a L.C.3... from
this model. It has becoie evident, therefore, that a more
rigorous theoretical creatment for ,olyrer solutions is
needed.

One quantitacive treatrent of tnis .roblew was proposed

>

by Delmas, Patterson, and SoncynsgKy” who used an approxi-
mation of the quasicrystalline lactice or cell model of
Frigoginel5. Frow consiaerations of the intersezment
potential energies they develop the following expression for

the heat of rixing, AHﬁ:

5 My - A - B(T/r,)° (19)
(no. base roles polyner) vy 1

where T is the number of segments in the solvent molecule,
and A and B are constants characteristic of a given solvent-

polymer pair, and are defined as:

A = zwlh = ze1162K/8 (z20)
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and B = 1C.5(k/ze])N. (21)

*
Here, z is the lattice coordination nuuber, eij

the minimum potential energy belween segments i and j with

represeuts

subscripts 1 and ¢ referring to the solvent aund solute
resgectively, k is the Boltzman constant, N is Avogadro's
number, and 6 is given by e;z/e;l - 1. The authors subse-
quently develop an expression for the Flory free ernergy of

interaction parauweter, X , which is piven by
Rx = A(rl/T) + B(T/rl). (22)

For a given solvent systeun, Ty is coustanrt, and for purely
hydrocarbon systeuws, ry = (rz+1)/2, vhere n is the nuwber of
carbon atoms in the solvernct. The above equation is a
quadratic in T and two roots are obtained for every value of
X 3 that is, X passes thrcugh a minimum. The tewperature,

TO, at which this riuimum in X occurs is given by

T

o N

- (A/B)r,”. (23)

Therefore, either increasing or decreasing cthe teuperature
from TO will result in an increase in X &nd hence the sol-
vent guality becomes poorer. At some critvical value of x ,
the polymer will precipitate from solution, and the rcots
of T at this joint should corres,ond to the U.C.t.I. and
the L.C.S.T. This behavior is illuscrated in Figure 6.

For a polymer of infinite molecular weight, the critical
value, x ., is 1/2, aund the U.C.5.0. and the L.C.5...

and 6

become 6 respectively. For polymers of finite

Is) L
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Figure 6. Derendence of x on T.

' - - - e - > - - - -

|
|
[
'
|
U.C.S.T. 2., L.c.o.i
T —>

molecular veight, X o is somevhat larger than 1/Z, and is

given by
Y.
vo = i+ 1/x" 4 1/ex. (z4)

Solving equation (cc) for Tc/rl, we obtain

2 Ve
RX :[(Rx ) -4AB] .

Depending on the constants A and B, various particular csses
may be distinguishea. If A=0 (the liguids differ only in
their chain lengths), one of the roots of T (the U.C.S.1.)

is zero, and the ouher (the L.C.5.l.) is given by
T /r, = R/ZB, (26)

assuming that Xo = 1/2 (moleculsr weight of polymer is

infinite). If 4AB<(%R)5, two real roots exist corresponding



n
v
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to the L.C.S.T. and U.C.S.r. If 4AB>(%R)2, there are no
real roots and hence no critical teuperatures; the polyner
and solvent are not soluble in all proporcions at any
temperature, there being only swelling of the pclymer to &
maximum value at TO. The authors compare the results of
the above treatment with experimental results obtained by

. 1 . . .
Freeman and Rowlinson™ with a considerable amount of success,

and Tetreault8 and Ballard'7 found fair agreement with
experimental data on hydrocarbons. However the merits of
this treatment with its many assuuwptions have yet to be

adequately demonstrated.

Flory, Orwoll, and Vrijl6 have rccently developed a
configuration partition function for liquids and liquid
mixtures of a homologous series. 1In this treatment they
use as a model a lineer sequence of segments, each of
which has a hard sphere tyge repulsive potential and an
intermolecular energy which depends only on the volume
of the segments. This treatment results in a reduced
€quation of state which is parametric in charzcter. The
Teégquired parameters can be evaluated fromw volume, thermal
€XT.ansion, and comrjressibility data. The authors derive
€XpPressions for the various thermodynamic functions
including an expression for the chenical potential,

Hy—p lo/RT, as a function of the characteristic parameters
©f each of the components in a binary system. Application
©f +the conditions for critical rniscibility, as given in

€Quation (6), to this expression for chemical potential
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results finally in the following equation:
* * 2 A . * -~ ~r -
5xlcl(1-Tl /To )=/ (1-4v T/T) )+exy Blg/Tvl = 1 (27)

where Xy is the number of segnenvs in the solvent, c and
*

T are chercscteristic paraneters of the solveunt, Tw is a

-
1
characteristic temperature c¢f a honolog of infinite chain
length, 71 is the reduced volume of the solvent, and B12
is a constant derived from the parameters of each of the
components. By inspection of equation (27) we find that it
has a quadratic forwm, and therefore gives two roots for T,
which are the U.C.t.T. and the L.C.S.T. res,ectively.

Al though this treetnent gives good to excellent agreement
with exjerimental results for a nunber of vre therrcdynamic
functions, the calculatea and experinentally found values
for the L.C.S.T. are in only moderate agreewnent. So it
ap;. ears tlhien thet further refiremenc of the abcve approach
will be required before tre L.C.S... phenonena can be

Predicted accurately from a strictly theoretical standjcint.



EXPIRILELTAL

Equipment

All the lower critical sclution texperature determin-
ations were made using a varicble temperature stirred bath
containing Dow Corning 55C Fluid. The rate of heating of
the bath was controlled by varying the voltage on a blade

type heater with a Variac.

The polymer solutions were contained in small sealed
ampules made of three mm. bore Pyrex capillary glass tubing.
The tubes were suspended in the bath with a srall wire
basket which held up vo four tubes at onetime. Accurate
temperatures were insured by using wercury thermometers
that had been calibraced against a certified Netional

Bureau of Standards thermometer.

Polymer Sanmples

All of the samples of polydirnethylsiloxane used in
this study were prepared and carefully fractionzted as the
research laboratories of Dow Corning Corporation. After
Preparing the polymer by conventional techniques, a solvent
fractionation was carried out by dissolving the polymer in
tOluene, and then adding acetonitrile, a non-solvent, to
Cause precipitation of cthe successive fracctions. The sol-
Vent was removed from the fractions by strip,ing at lOOOC,
O.1 mm. Hg pressure for eight hours. The moleculsr weight
©f each fraction was deternined also at Dow Corninsz Corp=-

Oration using light-scattering techriques. Five of these

17
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fractions were selected for use in this study. The weight-
average molecular weights of these five fractions are
listed in Table I. Number-average molecular wei_hts were
also determined for two of these fractions by intrinsic
viscosity measurewents using the Barry equationl7. These
are also listed in Table I. The close agreerent between

the number and wei.ht averzze rolecular vwelghts indicates

that the fractions are fairly monodisjperse.

TABLE I. Nolecular Weight Data for rolydimethylsiloxane

Fractions
Fraction b ox 1077 L x 1072
w n

A ’Cq 08 -

B 1v.5 -

C 8.01 -

D 4,78 4,25

F 1.17 .E66

Solvents

Technical grade normal pentane was twice distilled on
a 30" spinning band column, retaining only a center cut in
each distillation. The pentane thus purified had a constant
boiling point of 56.000. Research grade normal propane,
and pure grade normal butane and neopentane were purchased

‘ from Phillips Petroleum Company. Purities of 99.&4 mol.
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per cent and 99 mol. per cent are claimed by the sup;lier
for the research grade anu the pure c¢rade respectively.
Dimethyl ether, having a stated purity of 99.0 mol. per
cent, was purchased from the Lathcson Comjeny, and the
tetramethylsilane w:s n.m.r. standard ¢rede purchasea from
the Stauffer Cherical Cowparny. The methyl chlcride used
in this study was a commercial grede obtained frow the Dow
Chemical Company. The purity of these solvents wuas
deterrined or verified by passing a ssnple of each through
an F end M lModel 50C gas chroratograph. A two foot colurmn
packed with polydimethyleiloxane gum on Chrourosorb P was
used. TFigures 1) throu-h <4 in Ajpendix VIII show the
chrorato;rams thus obtained, and the purity data are

summarized in Table IT.

TAELE II. Purity of Solveuus

Solvent rer Cent Purity Celcul-
ated from Caroratogram

n-Pentane 99.c
n-Butane 750
Propane 99.9
Neopentane >52.9
Tetramethylsilane >u2.7
Dimethyl Ether >77.9

Nethyl Chloride >94v.9




Preparation of Tubes

The tubes containing ;entane solutlons viere rLede up
in the follcwing manner. Soluticrns of kumown concenuvrstion
of each of the five trascticns of ;clyner were rade u, in
sr.all vials. Successive dilutions of each of thece
solutions were used to obtain other solucicus of known
concentrations. Sanples of each solution were added to
the tubes with a hypoderric syrinpe. The tubes were then
attached one at a tine to a vacuum line. After freezing
the solutions with liquia nitrogen, the tubes were opened
to the vacuum system to remove the perranent gases, and
then sealed with a flane.

All of the other tubes contained solutions with eicher
gaseous or very low boiling sclvents anu were prepared in
the following way: Varying amounts of pentane solutions of
each of the fractions were added to previously tared tubes
with a hypoderric syringe. The pentane was removed by
heating the tubes in a vacuunr oven at 5500, after which the
tubes were re-weighed to determine the arount of poljier in
each. The tubes were then attached one at a tine to a
vacuum line where they were evacuated, and the solvent
distilled into the tubes. After cooling the tubes with
liquid nitrogen, they were sealed off with a flame. The
tubes were again re-veipgned to deteruine the amount of
solvent added to each. The poljyrer was soluble in all the
Solvents at room tenperature and solution wzas effected by

Simply shaking the tubes.
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Determination of Critical Solubtion Tenperatures

With the tubes containing the pclymer solutions im-
mersed in the bath, the temperature was raised at a rete
of about one degree per ninute until the polymer Jjust began
to preci; itate. Knowing the approxirmate precipitetion
temperature, the temperature of the bath was lowered a few
degrees, and the tubes were shaken again to insure solution
homogeniety. The temnperature of the bath was then raised
very slowly (at a rate of about C.Z dezree per minute)
until the precipitation tenmperature, Tp, of each of the
solutions was reached. This terperature wass taken as the
point where a very sudden increase in solution cloudiness
occurred. Shortly before this terperature vwas reached (a
few tenths of a degree below Tp) the solutions developed a
very slight haziness which grsdually increased until Tp was
reached. The endpoint is very shary snd so easily recognized
that Tp could be reproducea o witnin one tenth of a degree.
Immediately or very shortly alfter Tp was reached, the
heavier phase began to settle out. This phase separation
occurs quite rapidly because of the low density of the
solvent st these temperatures.

Measurement of Specific Volume of Solvent at Temperatures
Corresponding to the L.C.S5.T.

Samples of each of the pure solvents were introduced
into tared 3 mm. I. D. glass capillary tubes similar to
those used above. The tubes were then cooled with liquid

1jitrogen, evacuated, sealed off, and re-weighed to determine
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the weight of solvent in each. These tubes had been previ-
ously calibrated for volume by introducing weighed incre-
ments of mercury into the tubes, and noting the change in
ligquid column height with a cathetometer. Usinz the density
of mercury at ambient temperature, the volume as a function
of liquid coluzn heisht was deternined. The tubes con-
taining the pure solvents were immersed one at a time in
the bath, which was then brought to the desired terperature.
Using a cathetometer, the liquid column height was measured,
the corresponding volume determined from the calitration
graph, and the specific volume computed from the weight of
solvent in the tube. These tubes had been filled fairly
full so the error due to solvent in the gas phase was

ninimized.



RESULLS AND DISCUSSICI

Phase Diagrams

Lower critical solution temperatures for solutions of
five fractions of polydirethylsiloxane (:zDLS) in various
solvents were determined. The precipitation tenperatures,
Tp, were determined as a function of concentration for each
polymer fraction. The L.C.:.l.'s were taken as the minina
in the resulting phase diagrans, plotting Tp against the
concentration in weight fraction. These phace dia.rams &re
shown in Figures 7 through lz. Because of higher than
normal pressures, which resultec in rupture of nearly all
of the tubes containin;; the methyl chloride solutions,
insufficient data was obtained to construct phase diagraws
for this systemn.

Volume fraction is also shown on the phase diagranxs
across the upper abscissa, since it is the conventional
concentration unit in the treatment of U.C.S..l. data.

Volume fractions were calculated from cthe specific volumes

of the solvent and of the polymer at the temperacures cor-
responding to the approxinate L.C.Z.I. with the assunption
that the excess volume of mixing is negligible. The specific
volumes of the solvents were deterrined experimentally and
the specific volume of the polymer was calculated from data
in the literaburelB. The values obtained for these specific
volumes are listed in Table III. The molar volumes of the
solvents are also included since they will te uced to calcu-
late the size function, x, of the polymer fractions (see

equation 2).

N
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Fizure 7. rhase diayrars for :uwS fractions in
n-pentane
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Figure 8. rhese dia.rars for rl.s fractions in
n-butane
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Figure 9. Fhase diacrars for rL.S fractions in propane
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Figure 1C. ©Phase dia:rams for r~£LilS frections in

neopentarne
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“igure 1ll. -hase aiagrams for .TLS fracticns in
tetranetaylsilane
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Figure 12. Phase diagranms for PDLE fractions in
dimethyl ether
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TABLE IIX. Specific Volume for Solvents and
Polydimethylsiloxarne

. Sp. Vol. Lolar Vol. Sp. vol. "

Temp. Solvent Solvent Solveut EDLiS

(OC) (cco/g.) (cc./umol.) (cco/g.)
7%.9 Propane 48 109.1 1.C76
110.1 Dimethyl Ether c.13 98.C 1.115
129.3% lMethyl Chloride 1.58 79.8 1.140
1%24.6 Butane .50 146.2 1.146
14C.7 Neopentane 2.33 167 .8 1.154
154 .6 Tetramethylsilane 2.9 <01.5 1.171
1£1.6 Fentane c.42 174 .2 1.207

‘These teuwperatures correspornd to the 6, temperature
of the polymer solutions in the respective sglveHCS (see
page 27).

* % .
These are specific volumes of PDuwc at T = 6,.

T
ej

In most respects the phase diagraws are quite siwilar
in character to those found for hydrocarbon polymer systems
. 4,6,7,9 : . : :
by previous authors: The generzl shape is the sane,
the L.C.S.T.'s occur in roughly the sane coucencretion range,
and the increase of L.C.5.T. with decreasing nolecular weight
is a similar characteristic. There does aypeur to be, how-
ever, a dependence of the critical voluwe fraction on molec-

ular weight. Although this dependence ranges from very

slight in some solvents (propsne, butare) to fairly pro-



Z

51

nounced in others (pentane, vetramethylsilsne), it is never-
theless present in all cases. This tyjpe of behavior would
be anticiiated if the L.C.c.l. assumed the ssue character

as she fewmiliar U.C.t.T., in which case the critical volume

l4a
.
fraction is given by v._ = 1/x° . This behavior is

cc
notably absent from previously revorted L.C.Z.[. data, however.
In Table IV are listed the L.C.S...'s, arnd the moleculer
weights for each of the polymer fractions in the various
solvents.
TABLE IV. L.C...l. ard ioleculer Vel -ht Data for

Polydinethylsiloxene Fracuvions in Verious
Solvents.

Polyrer

Solvent Fraction Lol. WU.(X156) L.C.s.T.(°K)
n-Fentane A c.48 455.5
" B 1.96 455.8
" C .801 456.4
" D 478 456.9
n E <117 459.1
n-Butane A £.48 4CL.6
" B 1.96 4C8.9
" C .8C1 4CI.4
n D 478 409.8
" E 117 4lc.2
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TAbLE IV. Continued
Polymer ~

Solvent Fraction Tol. wt.(X1C°) L.C.c.i.(°K)
Propare A c 48 48,0
" B 1.96 248.2
" C .301 34E.9
" D 478 349 4
" E 117 351.8
Neopentane A .48 414.9
" o .601 415.7
" D 478 415.3%
" E 117 419.1
Tetramethylsilane A c.48 428.8
" C .8C1 4:9.8
" D 478 430 .4
n E «117 4%3%.2
Dimethyl Ether A 48 34.0
" C LOC1 204 .6
" D 478 2E85.3
" E .117 387.2
Methyl Chloride A .48 402 .4

n

=1
-
—
~2
I
o
ﬂ
~J
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As is the case with organic polymers, the L.C.o.L.
phase diagrams for polydirethylsiloxane are quite broad;
much broader than the corresponding U.C.5.T7. phese diagrams.
The exact significance cf this is nct known; however, this
broadness suggests that the solubility parameter x is
much less concentration dependent irn the L.C.E.I. region

than in the lower tenperature U.C.5.71. rezion.

Molecular Weieht Dependence of L.C.S.l.

The molecular weight dependence of the familiar U.C.S.T.
(for sufficiently large molecular weights) is expressed in

the Flory-Huggins treatment as followslqb:

oo avypas) (14)
C

vhere y/l is the entropy of diluvion parameter, a.d x is the
polymer size function previously defined (equation 2). If
the assumption is made that the L.C.&5.l.'s exhibit a wmolec-
ular weight dependence of this sare cnusracter, then a plot
of l/TCL VS. l/x’yé should give a straight line. Plots of
this type were made for esch of the solvents used, and are
shown in Figures 13 through 15. It 1s to te noted that all
of these plots are, indeed, renarkably linear. Previous

authors6’7’8

also have found such linear relationships with
other polymer-solvent systems. So it apreurs fror these
findings that, at least within the range of experimental
results reporced, the L.C.S.J. and the U.C.t.l. data can

be similarly treeted in this one respect.

Therefore, as is done in the cacse of J.C.5... daca,
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Figure 1%. flot of 1/T.. vs. 1/x° for 2L.8S in
n-pentarve a€5 n-tutane
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FPigure 14. Z=lot of l/'l‘C vs. l/xﬁ for rL:S in
propane ana Eeopentane
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Figure 15. 2lot of 1/T, . vs. 1/x* for FLLS in tetra-
methyleilerdend direthyl ether
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the above graphs were used to caiculate the entro.y of
dilution parameter, gﬁ) and the critical miscibility
temperature for jcolymer of infinite molecular weiznt, GL.
These values are easily obtained frown the slcpe and inverce:. i

of the grephs. The values of gdl and €. thus corputed are

L
listed in Table V.

TABLE V. Entropy of Dilution Parcmecer ard €

Data for PLiS in Various Solvents L

Igtgicept eL

Solvert Slope (K TX10C0) Vﬁ (°K)
Pentane -.CLCH17 1994 -3.56 454 .7
Butane -.000778 c 4520 -%.15 4C7.8
Propane -.0C1%c3 c.C814 -z.18 247 .1
Neopentane -.CCOES1 c417C —c Bl 413%.7
Tetramethylsilane -.CCC79E c 5585 —Ce2A 427 .6
Dimethyl Ether -.0CCI73 6030 -2.68 28%.3

lethyl Chloride (-.0C134) (2.486C) (-1.86) (40Z2.3)

Values in parencheses only apjroxiuate.

There are a nunber of thinzgs to be noted abcutc the
calculated values of the entropy of dilution para.eter:
They are all negative in sign which requires tiiat uvhe excess
entrojies of nixing for these solutions at tnelr lower
critical temperature ere also negstive. Baxer and co-

workers4 have shown this to be vtrue in tie systenm polyiso-
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butene-n-pentane. Althoush the calculited values of V/l
are relatively constant with changing solvent, there is
a definite trend for the absolute value of g}l to incresse
as the solvent size increases. Finally, tuey =zre all of
relatively large magnitude which indicates that excess
entropy contributions are quite important in determining
solution properties near its L.C.&.l.

In the treatment of up.er critical solution teu, erature

data, the determination of the Flory temperature, 6 is of

U’
significance since it represents a temperature where there
are no net thermodynaric interactions in solutions of
polymers of infinite moleculsr weight. It has been sug-

6,8

gested similarly that the temnperature 6, determined

L
from L.C.S5.I. data also represents a temperature where
thermodynamic depsrtures frow ideality vanish. It is
pointed out, however, that in the latter case, the balance
of thermodynamic forces acssumes a different chzracter;
namwely, that favorable solvent-polymer interections Jjust
balance the solvent-solvent interactions which cause the
solvent to expand as it nears its critical ceunperature.

In considering tnre treatment of L.C.S.I.'s given by
Delmas, Patterson, and Somc;nskyB, which results in eqguation
(25), if either A = O, or the product 4AB <L (Rxc)2, then

the equation can be re-written as

Tep = TR Xc/B' (28)

Since from equation (24) it is secen that X c is proportional




%9
to 1/x%, the above equaticn 1ncicotes thut a jlot of TC vVS.
l/xy2 should give a scraipht line (sivill assuming either of
the above mentioned conditicrs). One plot of this type,
for ~-he pentane-rDiS systew, is shown ir Figure 16, and it
can be seen that the data does indeed give a suraight line.
The data from the other solvent systems zive siniler line:sr
relationships.

In the zbove treatuent, the first condition (that A = C)
seems hardly Jjustifiable in the precent case since it has
been shown5 that tnis condition is true when the polymer

and solvent differ only in chain length. Polydimethylsiloxeane

in a hydrocarbon ty.e solvernt obviocusly does not fall into
this category. This neans thzt if the LDelmas-Patterscn-
Somcynsky treatment 1s valid for this system, then the
second condition, 4AB << (& X C)E, rust hold, at least within
the range of the experimencal results. Unfortunately, the
independent evaluation of the constants A and B is not
possible at the present time, due to lack of sufficient
therrodynamic data on the PLLS system. Likevise, the value
of T is also unknown for the PDiS syster,

From the experimnental results obtained then, no
distinction can be rade becween the theory of Delmas,
Patterson end Somcynsky and treatment wnich is analogous to
the Flory-Huyzzins thecry. The irobuble reason for this is
that the range of experiiental data is Lot sufficiently
broad to allow this distinction. If the L.C.5...'s were

studied over a much brcaaer pclyner nolecular weil ht range,
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y
Figure 16, Tcp, VS- 1/x” for PLiS in pentane
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and therefore a broaaer tenperature ranze; ; €rhe,.s sore
distinction cculd be nade.

IS5 is not poessible to actew, bt any correlacions of the
experirental results obtained with Flory's most recent
theoretical treatmwert cf this groblem16 ir wiich he derives
eguation (27) from a confipuration partition function,
because the data required to calculate tie necessary para-—
rmeters for thne PDiS were not experirentally obtained arnd

are not in the literacure.

Solvent Dependence of L.C.S.1.

A variety of solvents were used in this investigation
in order to study the effect of cnunses in solvent character
on the position of the L.C.E.T. Tne choice of solvents was
limited, however, by two factors: The polymer had to be
conpletely miscible in the solvent at some ternperature, and
also, to avoid thermal rcarrsrgewment of siloxare bonds in
the polymer, solvents in which the lower critical terper-
atures were not over ca. «CC°C had to be chosen.

For the PDiS systenm, it is observea c¢hat in any given

solvent, the ©. temperature is considerably hi:her than

19497,6’9

L
those found for pure orzanic pclymers This is
interpreted to be nainly a reflection of the relative
ragnitudes of the heats of rixing for rL.il and orgunic
polymers in these solvents at rocm tenperature. Newlingla,
for exarple, has found lar;e values of ‘AHR for PDLS compared
to those of most orgenic polymers, and this would account for

the greater miscibility (higher eL) observed in the PD.S




system.

As Allen &nd Bakerﬁ have pointed out, tre position of
a L.C.5.T. depends both on the cherical nature of the tvo
corponents, and on the relative molecular csizes of the
solvent and solute. If we exanine, therefore, soclvenis of
a similar chenical nature, such as vae homociolous series of
n-alkanes, then the depenaence of the L.C.5.1. should be
strictly one of molecular size. 1In Figure 17, the GL
temperatures of PDLS in propane, n-butane, snd n-pentane
are plotted ageainst the molar voclumes of the solvents at

the corresvonding 6, ternperatures. It is found that the

L
dependence is indeed linear. It is of interest to rote
that the L.C.S.Z. of -1°C re,orted by Freeran zna Rowlinsonl
for a silicone polymer in ethane also falls nearly on this
line. Their polymer, however, wss not a true PLL.: but a

dimethyl-vhenylnethyl siloxane cojolymer.,

If, on the other hand, we examine solvents of the samwe

0

molecular size, the L.C.t.r.'s snould e in sorne - &y

de; endent on the chernical nature of the solvernt. This can
be illustrated by exawining the solvents propane, dimethyl
ether, and methyl chloride, which are roughly comrparable
in size (see Table III). If the chenical nature of these
solvents is expressed in terms of their di,.ole noments,
they fall in the oraer

propare £ dimethyl ether &£ methyl chiloriae.

It is noted that the 6, temperatures also fall in tais sare

L
order.
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Figure 17. 6, termperatures as a function of solvent size
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The effects of both the moleculsr sizc of & solvelt
and its chenrilcal nature, ¢s reflected in the vagnituue of
the intermolecular forces, are wnanifested in the zas-liquid
critical temperature of the solvert. An atte:pi vas there-
fore made, to correlate the eL tewperatures with the sol-
vent critical tenperatures, Tc' TzPtle VI shows both the

ratio QL/TC and Tc-e Jc can be noted thst all the ©

L* L
temperatures are quite nesr the correspouding gas-liguid
critical temperatures, auad tn=t the ratio GL/TC is
relatively constant. On the other hanu, one can still
note trends in the values of TC—eL; i.e., 1n trie n-alxkanes

the observed order 1s n-pentane { n-butane { propane, and

sirilarly for the solvents of counpsratle size, the trend in

T,-€y is methyl chloride < Gimethyl ether £ progaue.

TABLE VI. Correlation of eL Data vith Solvent TC.

o] o] eL 0.
Solvent T (TX) 6. ("K) — T -e.("K)
c L P ¢ 'L
c

Pentane 470 4 454,77 967 15.7
Butane 4z6.c 407.8 «957 185.4
Propane 268.8 27 .1 L9411 1.7
Neoventane 42%.8 413%.7 954 cC.1
Tetramethylsilane 458, ¢ 4z7.6 e 9%3% 2C.6
Methyl Ether 40C .3 38%.5 .58 17.0
Methyl Chloride 416.3 (40c.23) (.359) (14.0)

Values in Parentheses only approxinate.
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In Figure 18, 6, is plotted apainst Tc for each of Ghe

L
solvents. A reasonszble relationshipy is observed, with thue
rure hydrocarbon solvents falling on a straizht line.
Similar relationships were found by Tetreault6 for
hydrocarbon polymer systems. FEven tihie more polsr solvents
dimethyl ether and reth;l chlorice are uot too far reunoved
from the line., Hovever, tetramethylsilane, which is
caemically similar to PD.S, lics considersbly off the line,
and exhibits a proportionately lower degree of miscibility
with PDLS.

The effect of branching in the solvent can be observed
by examining the data for n-pentane and neopentane. It is
seen that the branched isomer, neorentcane, exnibics a lower
degree of miscibility with LDikS than the normal isomer.
This is in contrast to tne findings of Davenport and

b

Rowlinson” who found in pure hydrocarbon systems that

branching in the solute caused greater niscibility.

Pressure Dependence of L.C.U.T.

The marked dependence of L.C.s.l.'s on pressure has
been adequately denonscrated by Allen and Baker9, and should
not be ignored in any discussion on tne subject. Taey found
pressure coefficients, chE cof C.46 anc 0.4C deg. atm.°l
for two different fractigﬁs of polyisobutene in isopentane.

This typre of behavior would be anticipated since the appear-
ance of a L.C.S.I. requires that the wmolar volume of the
solvent should increase rapidly with tewperature; this

would be suppressed by increasing the pressure. The sign
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e, temperature vs. solvent critical tenperature
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of the above pressure coefficients is alco in sgrecment with
that predicted thermodynawically. Frow equation (17) it can
be seen thst the pressﬁre coefficient will be positive if
tée system exhibits a negative volume of rixing, i.e.,

oV is positive. It has been shown4 that polymer-solvent
syzgems near their L.C.E.I. do indeed exhibit neszative
volumes of mixing.

Fxisting polymer solubion theorics do 0o take into
account this pressure effect, ¢rd this is probably a reascn
thet the correlation of experimentally deternined L.C.5...
data with values predicted frow the various theories hss not
been wholly successful to date.

In the present work, the vapor pressures of the solu-
tions at their respective L.C.S5.1.'s are moderately high
(ca. 2C-3C atm); there is thercfore likely to be a consid-
erable pressure effect reflected in the dava obtained. The
vapor pressures of the different solutions are of roughly
the same order of magnitude, so any pressure correction
required would be comparable in all solvents. The trends

noted in the 6, data are therefore at least qualitatively

L
valid. This pressure effect is reflected in a nore sukttle
way in the values of the entro,y of dilution perauneter, gjl.
For any one polymer-solvent system, there are swall vapor
pressure differences between solutions of the various
molecular weizht fractions (due to TCL ¢ifferences). 1In

the pentane system, for e¢xarple, the vapor pressure aif-

ference between solutions of fractions A and E is ~ 1.4 atm.
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Assuming a pressure coefficient of C.4 deg. atm.-l, an
error of ~0.6° in TCL would result. ©Tnis viould cause a
G per cent error in the value of g}l. Fveu so, the values
of le obtained are at least quaiitetively, if not cuanti-
tatively accurate.

Ferhaps the best wa; tc treest this jroblem would be
to measure the L.C.E.I.'s at a runber of pressures, zrod
extrapolate back to some standard pressure such es 1 atm.
or zero pressure. This would require, however, going to
even higher pressures, and wmore sophisticeted ecuipment.
‘Ne are near the maximum pressure limit of the existing
equipment, and indeed have surpassed this limit in the
case of the nethyl chloride solutions. The alternative to
this would te to have available a theoretical treatment

which adequately takes into account the pressure of the

system.
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Ar FELDIX T

Phase separation temperatures for PDiuS fractions in n-pentane

Wt. Fraction Polymer Tp(OC)
Fraction A
0.005 18c.5
0.C10 182.4
0.0c0 16z.3
0.0%0 182 .4
0.040 182.5
0.060 182.8
0.100 184 .3
Fraction B
0.005 162.8
0.C10 182.7
0.020 182.6
0.0%0 18z.7
0.040 182.8
C.060 163.0
0.100 - 184.6
Fraction C
0.005 18%.5
0.010 183.3
0.020 18%.z
0.030 18%.3%
0.040 183 .4
0.060 183%.6
0.100 ~ 185.6
Fraction D
0.005 184.0
0.010 185.8
0.020 183.7
0.0%0 18%.8
0.040 18%.7
0.060 183.9
0.100 _ 186 .4
Fraction E
0.CC5 186.5
0.010 186.5
0.020 186.0
0.030 186.0
0.040 185.9
0.060 186.0
0.100 187 .4

51



APFENDIX II

Fhase seperation tewperatures for PDiS fractions in n-butane

l'g. Pclyner I'ge. Solution wte. Fraction T (OC)
Folyner p

Fraction A

0.7 112.0 0.GCCo 155.6
1.6 91.8 C.017 1%25.5
2.9 1CY.3% 0.Ce7 125.4
4.3 1%6 .4 C.03%2 135 .4
6.0 1%37.2 C.C44 1%5.5
8.4 123.9 0.00% 125.8
13.7 200.7 0.068& 1%5.8
Fraction B
0.4 115.0 0.0C4 1%5.9
1.3 132.2 C.C1C 1%5.8
2ol 1z7.2 0.019 125.7
3.9 1%6.1 0.029 1%5.8
5.2 142.5 0.037 1%5.8
8.2 126.8 0.065 1%26.1
1%2.9 151.7 0.09e 1%56.5
Fraction C
0.8 1CC.1 0.0C8 1%6.5
1.5 141.2 0.011 1%6 .4
2.5 120.5 0.Cel 125.c
4.4 118.5 Cc.C37 1%6.c
8.4 1C4.9 0.0s0 127.0
14 .2 11.8 C.lcHb 127.6
Fraction D
0.6 106.5 C.CCo 1%36.8
1.5 lcc.c u.Cle 1%6.7
2.7 12C.5 0.Cce 136.6
4.3 96 .4 C.045 136.9
54 142 .4 G.C36 1%6.6
8.6 1z4.9 0.069 1%7.0
13.2 182.8 . C.C072 127.0
Fraction E
1.4 1%%.9 0.010 139.4
2.8 150.1 0.0cz2 1%9.0
3.9 119.9 C.0%¢z 1%23.0
54 129.1 C.042 129.1
8.3 155.% 0.054 1%39.2
13.2 1%22.5 0.100 140.1




ArrEnDIX TIII

Phase separation temperatures for rlLis fractions in propane

l'g. Polymer l.g. Solution Wt. Fraction T_(°C)
Polymer p
Fraction A
C.9 135.c 0.CCY 75.0
2.0 107.5 C.01Y 4.9
3.6 127 .4 C.0c8 74.8
4,5 117.7 0.0%28 4.9
6.2 126.3 C.049 4.9
9.2 1le4.8 C.C74 75.1
14 .3 16C.9 0.089 75.2
Fraction B
0.8 lzl .4 0.0CY 75.2
1.6 lce.2 C.013 75.1
4.5 129.5 0.0%5 75.0
8.3 125.0 0.006 75.2
1%5.8 161.6 0.C85 753
Fraction C
1.0 119.4 0.0C8 75.9
1.7 142.0 0.C12 75.8
3.0 1%2.0 C.Ce2% 757
4,0 111.6 0.0%% 757
6.2 126.8 0.049 75.7
8.8 131.6 0.067 75.8
12.8 125.7 0.102 75,0
Fraction D
5.0 1%7.2 0.0ce 6.2
4,5 129.2 0.035 76.1
6.0 143 .4 0.045 76.2
12.8 140.6 0.091 76 .5
Fraction E
0.8 102.1 C.C08 8.8
2.9 124 .6 0.0c3% 78.6
5.7 17.0 0.045 78.6
8.4 126.2 0.067 78.7
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APPENDIX IV

Phase separation temperatures for PDudS fractions in
neopentane

Mg. Polymer l.g. Solution #t. Fraction T (OC)
Polymer P

Fraction A

150 Lz2ied 0.008 141.9
1.8 1z6.7 0.014 141.8
2.4 116.2 0.021 141.8
3.8 124.3% 0.0%1 141.8
O.4 140.8 0.046 141.9
10,2 161.2 0.06% 142.1
Fraction C
L 116 .4 0.010 142.7
1.9 125.4 0.015 14z.6
5D 117 .4 0.028 142.5
4,9 121.8 0.040 142.6
6.1 150.2 0.047 142 .6
10.5 126.1 0.07% 14%,0
Fraction D
1.0 11537 0.009 14% .5
B L4 126.1 0.01% 14%.2
2.6 119.2 0.022 143.1
4,0 127.0 0.03%2 14%.1
6.0 115.8 0.052 14%,.3
10.2 1%9.0 0.072 143%,.7
Fraction E
0.9 108.5 0.008 146 .5
2.0 106.9 0.019 146.0
2.8 1151 0.024 146.0
4.1 124 .6 0.0%2 145.9
Be7 116.0 0.049 146.0
8.6 18%.8 0.047 146.1
1%.4 141.6 0.095 146.9
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ArrirDIX V

Phase separation terperstures for PL.S fractions in
tetramethylsilane

Mg. Polymer Vg. Solution Wt. Fraction T (°C)
Polyner p

Fraction A

0.3 120.1 0.00% 155.9
1.4 127.8 C.011 155.7
2.7 142.,7 0.019 155.6
4,2 140.8 0.030 155.6
6.0 181.8 0.033 155.7
8.3 158.8 0.060 156.0
13,0 138.9 . C.094 156.5
Fraction C
0.8 135.8 0.006 156.9
1.8 1%8.5 0.013 156.7
2.8 122.2 0.023 156 .6
4.4 122.5 C.036 156.6
5.5 131.7 0.042 156.6
8.7 128.1 0.068 156.9
13,0 142.5 0.091 157.9
Fraction D _ . _
0.9 1cz.5% 0.007 157.5
1.1 1%3%.0 0.008 157 .4
2.2 134.0 0.016 157.2
4,2 132.8 0.032 157.3
4.6 126 .4 0.036 157.3
8.3 146.6 0.057 157 .4
10.0 131.4 B 0.076 158.0
Fraction E _
1.3 145.5 0.0C9 160.8
1.1 145.7 0.0C8 161.0
2.6 1%8.1 C.019 160.2
4.6 134 .4 0.034 160.0
6.0 128.1 C.047 160.2
8.3 1%6.9 0.061 160.3
13,5 1%1.9 0.102 161.9
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APrELDIX VI

Phase separation tenperatures for PLLS fractions in

dimethyl ether

Mg. Polymer Nt. Solution Wt. Fraction T (°C)
Polymer p
Fraction A
1.2 (5.2 0.006 111.4
2.1 1€9.0 C.011 111.2
5.6 1¢C.6 C.Ce0 110.8
4.7 174.9 0.0z7 110.8
6.0 161.2 0.03%7 110.9
10.1 15%.9 C.066 111.3
Fraction C
0.7 171.7 C.004 11z.0
1.6 177.9 0.009 111.7
3.4 1%6.9 C.025 111.6
4.4 140.1 0.031 111.7
5.2 160.9 0.Che 111.8
8.1 174 .4 0.047 111.9
13.0 170.2 - C.076 112.%
Fraction D
1.0 176.5 0.006 112.9
1.4 57.7 0.009 112.7
3.1 1e9.3 C.0c4 112.2
4.% 164 .6 0.0c6 112.3
6.0 1%26.9 C.044 112.6
8.8 146.8 0.060 112.9
13.8 119.4 B 0.115 114.8
_ Fraction E
0.5 159.6 C.C0% 114.7
1.4 174 .8 0.C08 114 .4
2.7 198.9 C.019 114.3
7.1 196.2 0.03%6 114.0
12.2 175.7 0.070 114.1
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A-PENDIX VIT

Phase separation terperatures for PDuS fractions in
methyl chloride

lg. Polyrer Ms. Solution W¢. Fracticn T (OC)
Polymer p

Fraction A

2.2 2lz.c 0.010 130.2

Fraction E

2l16.1 C.0%9 134 .4
c8l.9 C.046 L54.7

onn

Due to greater tnan normal precssures, nearly all the
tubes containing methyl chloride sclutions ruptured
during the run, so appreciable data could not be

obtained for this system.
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AriELDIX VIII

Gas Chromato; rars of Solvents
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Figure 19. Gas cinromatogram for n-pentane
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Figure zC. Gas chrouetosrax for n-butane
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Figure 21l. Gas chromatoygram for neopentane

61




Figure 22. Gas chromatogram for tetramethylsilane




Figure z%. Gas chronatograr for dinethyl ether
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Figure 24. Gas curcrebto. raw for rnechyl chloride
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