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CHAPTER 1
INTRODUCTION

A, The Problem

One means of studying the properties of a high molecular weight
"polymer is to investigate the viscoelastic properties displayed by a
solution resulting from the addition of the polymer to a viscous medium,
These properties can be determined by exerting a mechanical shear on
the solution and by then determining the change due to the presence of
the macromolecules in the solution. Certain characteristics of the
polymer can be determined when the results are related to the theoreti-
cal models which have been developed. 1In this investigation polymer
solutions of finite concentration were studied using a mechanical shear
method. An existing dilute-solution theory was extended to include
finite concentrations, and the experimental results obtained were com-

pared to the existing theory.

B. Description of the Polymer

Polyethylene oxide is one of the few high molecular weight mole-
cules soluble in water. The particular structure of the monomer units,
~-CHy-CH,-0-, allows this molecule to have this unusual property, and
thus to differ from its cousins, polymethylene oxide, -CH,-0-, and
polypropylene oxide, -CgHgO-, which are insoluble in water (1). When
polyethylene oxide is dissolved in water, it is known to form long

chains of monomer units, resulting in a solution which displays viscous



and elastic properties.

Polyox, a commercial grade polyethylene oxide resin, was developed
by the Union Carbide Company. The initial investigation of solutions
containing Polyox was made by Bailey, Powell and Smith (2), while Hill,
Bailey and Fitzpatrick (3) studied the polymerization process and the
production of the resin, using strontium carbonate as a catalyst. The
effects upon the intrinsic viscosity by the addition of various salts
was shown by Bailey and Callard (1), A comprehensive description of
the resin and outline of the industrial uses is given in the manufactur-
er's advance technical bulletin (4).

Other investigations of the viscous and elastic (5, 6, 7) proper-
ties of polyethylene oxide (PEO) have shown the solutions to have a non-
Newtonian character and a great viscosity dependence upon the solute
concentration. In order to compare results with present '"dilute" solu-
tion theory (8), it would have been desirable to experiment at such low
concentrations that any concentration dependent effects not included in
the theory would be negligible. Such a condition was impractical, how-
ever, since the solution viscosity would be only 20 per cent greater
than that of water, thus making measurement conditions extremely

limited.

C. Macromolecular Theories

In attempting to describe the behavior of large molecules in
solution, several theoretical models have been developed. In general,
the various configurations of the molecules in solution are used to
relate the behavior of the microscopic model to the macroscopically
observed behavior. The development of a theoretical model consists of

first describing all the forces which affect the molecule and then



determining the changes in configuration due to these forces.

The model suggested by Haller (9), Boeder (10), and W. Kuhn (11)
consists of rigid rod-like particles dissolved in a fluid medium,
dilute enough that there are no interactions between particles. In
this model, the rod-like particle would align itself according to the
shear forces, while the Brownian motion would tend to randomly orien-
tate the particle. The orientation due to the hydrodynamic field and
Brownian motion is described by a distribution function. The function
developed by Haller gives the frequency of finding the particle oriented
in different directions. 1In the theory developed by Boeder for colloid
particles, the molecule is represented by large ellipsoids of revolu-
tion. The distribution function, which considers the same forces as
Haller's, describes the orientation of the axes. The model developed
by W. Kuhn consists of rigidly connected spheres. A similar function
was developed to describe the orientation of the rigid chain about its
center of gravity (12). It is apparent that although this model is
helpful in describing the optical properties of some macromolecules,
many difficulties arise in the description of the viscoelastic proper-
ties of flexible molecules.

Haller also suggestéd the development of a deformable particle to
account for the elasticity observed. 1In the theory of Cerf (13) the
macromolecular model, no longer rigid, is represented by an elastic
sphere. The sphere is deformed by the velocity gradients into an
ellipsoid. The elasticity then attempts to restore the model to a
sphere. Cerf proposed that“an internal viscosity of the molecule
opposes the deformation and restoration. The Brownian motion is de-

picted as causing fluctuations in the shape of the particle. In the



first approximation, the Browniaﬁ motion does not affect the orientation
of the particle, as it does for the rigid particle model. 1In applying
this model to chain molecules, Cerf considered the volume of the s;here
as that volume occupied by the most probable configuration of the mole-
cule, The surface of the sphere is defined as the limits of the chain
and the associated solvent.

In determining the dependence of intrinsic viscosity on molecular
weight, Flory (14) suggested a model in which the fluid was locked
into an "equivalent hydrodynamic sphere.'" The frictional coefficient
was then determined from Stokes law. This simple model contained a
fundamental deficiency: the determination of the "equivalent radius of
the sphere.!

The chain molecule in solution, as described by Zimm (15), is
represented by a long string of "elastic dumbbells" immersed in a
viscous medium, Each "elastic dumbbell" represents a polymer segment
which is able to pivot about the bead at the ends of ;he spring. In
describing the motioﬁ of the chain, when the fluid is sheared, several
forces are considered: (1) the force exerted by the viscous medium on
the beads; (2) the force exerted on the bead by the springs; (3) Brown-
ian motionj and (4) hydrodynamic interaction effects of one segment
upon another. Using normal coordinates, differential equations are
set up to relate these forces to the velocity gradient. Since there
are many such segments, eigenvalue equations are set up, and the total’
solution contains summations of these eigenvalues. Althbugh the Zimm
theory describes the molecule in greater detail, it is only directly
applicable to dilute solutions.

The problem of cross-linking and entanglement coupling which occurs



in concentrated solutions has been studied by Ferry (16). 1In the
models discussed by Ferry the molecular behavior becomes dependent
upon the number of cross-links rather than the solvent. For the case
of entanglement coupling, where the long chains temporarily become
entwined, the viscosity first increases rapidly with increasing mo-
lecular weight, but then this increase becomes less rapid as more free
ends are available. Ferry suggests the use of an effective friction

coefficient to account for the entanglement when it occurs,

D. Empirical Studies

In order to keep the simple molecular model, several empirical
attempts have been made to reduce the oscillatory shear data obtained
from concentrated solutions, so that the interaction effects can be
included. In studying a polyisobutylene-Decalin system, Dewitt,
Markovitz, Padden, and Zapas (17) suggested the use of a o reduc-
tion, where ¢ is the solution concentration., It was suggested that
a temporary gel structure was present due to molecular coupling. In
the investigation of concentrated solutions of polystyrene and polyiso-
butylene, Ferry (18) demonstrated the use of a simple €  reduction.

Empirical relations were also suggested to describe the dependence
of steady flow viscosity on shear rate for concentrated solutions.
Many of these relationships are compared by Rodriguez (6) in the in-
vestigation of polyethylene oxide and other chain molecules. Experi-
mental relationships have also been developed to relate the intrinsic
viscosity to the-specific or relative viscosity for concentrated
solutions.

In extending the viscosity for infinitely dilute solutions,

Peterlin (19) introduced an "effective solvent viscosity" to account



for the presence of the other molecules when the solutions had finite

concentrations. Thus the expression for an infinitely dilute solution,

7= 7 tlnle

(I-D

7 =7+

for solutions of finite concentration where ’?7)6 is the "effective

(1-2)

gsolution viscosity."



CHAPTER 11
THEORY

A, The Kirkwood-Riseman Method for Obtaining the Intrinsic Viscosity

In the study of macromolecﬁles in solution, it is first necessary
to relate the changes in solution properties due to the addition of
the polymer to a microscopic model. It is therefore necessary to
choose a model which has characteristics like the polymer under inves-
tigation. The chemical structure of polyethylene oxide suggests a -
model represented by a segmented chain,

The theory developed by Kirkwood and Riseman (20) is an improve-~
ment on the theory of Kuhn (11), ﬁuggins (21) and Kramers (22) since
the hydrodynamic interaction between the chain segments is considered,
When considering this interaction, it is realized that the outer
chain elements not only affect the motions of the other segments, but
may also shield the motion of the fluid from the inner segments. The
theory of Kuhn, Huggins and Kramers neglects this segment interaction,
and considers each segment to have the same resistance to the fluid as
when no other polymer segments are there.

The Kirkwood-Riseman theory employs a more realistic model,
the random coil, consisting of )1 segment. elements. The chain is

. > -
suspended in a fluid medium, which has a velocity V% (R) in the
+X direction. Since a velocity gradient exists in the laminar flow

field, the magnitude of the velocity will depend on the }/ component



of R . If the A?+%chain segment is considered, then VL is the
Velociﬁy the fluid w;uld have, if the segment were not at that point,
“and U, .is the velocity of the segment, Then the force exerted by
the chain sggment on the fluid is given by

— ]5,(r_A —>_A’- :

7 = Ve Ml) | (1I-1)
where Jo is the friction constant for the fluid.

From the formula developed by Oseen (23) the perturbation
-

; .
velocity V  at location R} s, where the center of mass of the

coil is located at ¥ = O, g{ = 0, 2= 0, is given by

_5/(; - .y ) -t
. v Rﬂ) - T(Rﬁ g (11-2)
"where _r'(l?13 is the segmental interaction tensor. The pertur-
bation effect developed here gives the perturbation velocity at the
position of segment £ due to the forces exerted by the other ele-
“ments on the fluid. It should be noted that the hydrodynamic forces
+h
“due to other chains on the ,f segment are not considered. The
formulation developed by Oseen and used here by Kirkwood and Riseman
" is applicable to very dilute solutions.
o

The total fluid velocity \{e at the location of element &
consists of the unperturbed velocity at that element plus the summa-
tion of the perturbed velocities due to the other elements. If the

summation is performed for & elements, then

N = KAAGN — —
Vy = Vg — fsuz—n—(;s’ (N = s)
(n+£4)

(I1-3)



where ﬁ@s is the distance between elementsv £ and s s, and the
interaction tensor is given by
Y ) — — 2
T = (1/8mnRe) {1+ RusRic/RET -
. (11-4)
—
- Substituting for \& in equation (II-1), the forces exerted by the

chain elements on element L are given by

= o, ‘ _ 0 -
E = = f(Vf‘aA) —,fZEs' A
" Szen
(n#4) (11-5)
Now the forces due to the polymer coil in a viscous medium on
the boundaries of the medium will be considered. According to the
method developed by Oseen, the polymer is placed in a fluid in laminar
flow. The flow is in the‘??(direction between two parallel plane-
boundaries, of infinite extent, located at \4:4’%2 and /az -J\, «
The coordinate axes are centered on the center of mass of the polymer
chain., The polymer, being in equilibrium, has a mean velocity equal
to that of the fluid velocity surrounding it. For such a condition
the mean internal and external angular velocity must have values such_
that the average torques are zero.

The unperturbed velocity of element A is given by

‘\Z‘) = ¢ (?Au' @,)Z—?}

(11-6)
— - -—
where e'x , 93 , and éa are the unit vectors for the coordi-

. —

nate system, € is the rate of strain and F?,g is the distance . of
" .

the £ element from the center of mass. In order to eliminate any

external average torque due to viscous drag, the value of the average

angular velocity must be e?@& in the—~#Z direction., This can readily
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be seen if the average polymer configuration is imégined as a sphere
with slight fluctuations, The fluctuations existing for the actual

polymer are neglected in the consideration of the angular velocities
“and only an average is used., In vector notation the velocity of the

+h
,Q element of the chain is given by

Uy = — &, (ExX §02>

(II-7)‘
Then expanding the Qelocity,
A4k
= -(¢) |00

(/2> 1 (I1-8)

Ro.ox ?D}} 'R“z

and
— £

(ul --(/2 (:<E°‘o>‘>c& (RM“ >’L] (11-9)

But RMX Ra.e ex and Rozy = RM' e)’ . Then the velocity

is given by

Uy = (5)[(Ror )& = (R TE ]

-d - —

since é = ey and A = zx

(1I-10)

- s )
Substituting for V& and ijg in equation (II-5), then the
forces exerted by the _Q segment on the fluid at location are

given by

—

F [é (Ro.q ey)QX { (RM €j>€x-{-(§29'ax>§)‘ﬂ

-—f%ﬁsﬁ

Sz en



F = _I:Z-é[z(@z‘-éﬂ-éx - ( Ee'%)ax‘l—(ﬁu ’_é-x)'é;]

~ 2R

fé‘ - - N - - - ‘ +h . N
— (Rog"ev)ex'i— <R,k'€x>ey —fZTg-;"E ‘
Z : Seen
: (II-11)
Again from Oseen's formula, the perturbation in flow due to the

molecule as a whole at a point 'E from the center of mass of the

molecule is given by

._l._

E? (R‘RM}(R"Ra_DE .
Z | R ~Rogl | R = Rogl® (11-12)

VR) -5
| 81,
In the simplification of Oseen's formula, this equation was obtained

if R was assumed large. The equation obtained for the perturba-

11

tions due to other segments assumed that ?Q was small. - The velocity-

was expanded in spherical harmonics and averaged over all internal.

configurations. Then for distances which are large compared to chain
—

dimensions the average perturbation velocity at location %i is given

by
/___—-Bfé'_‘_.a_.d
<\/>lv Tﬂﬁ%ﬁ? (R-&(R &R ey
where

+ N

6= 2 LB RO

L=-m ‘ (I11-14)
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The method devéloped by Burgers (23) is now used to sum the
> /
contributions <V )Av at the parallel boundaries. Writing the

-/
components of <\l >AV in terms of the coordinates previously

defined
(o = -35%6¢ Y
AN L"T\"’Y?D ' (vxz +71- + az)f/?.
- —=356é y=x
< LD?A,\, va)a (71+jz+ 27'> a
5 = -3¢ @ %Xy =z
<C Av ""‘T‘/)o (x‘+j’~+2‘)% (II-1>5) |
where

<

the summation can be accomplished by integrating over the infinite

\

Caz, % + <%T +En K

plane boundary. Then for the contributions in the ¥ direction,

2 o0
-39Gé xy dxdz
{ag.~ 4. (F+y*+2D) 7>
-00 - -
(II-16)
Using the trignometric substitution,

% =atanw | dx = asecudu

(11:17) -~

2 __ ¢ 2z
where o = y + 2 . Then changing to the proper limits,
when Y= —~ o0 » W= -T/2

and when X = @ , U= T/



and carrying out the first integration,

- 35Gé ' 32 »'t'av\zu -43ecu dudz
<QZW - 4, ‘

(a*tan*w +a?)%
-0 -T/, :

_ ‘3f€1é 8m w-cosw dudz
477*70 a~

-— QD —1772

. o k)
m
5:701 —e0 ‘%
_ —330&62{ ;Zch .
= 4170 3(3“4—2"3
(I1-18)
Now integrating with respect to Z , using trignometric
substituﬁions, where
= ytanw |
‘ ' : (I1-19)
dz =#gec2u. dw -

and changing the limits, such that

when ")(=-°0)’1A=—TT/Z_

and A = e ‘) U = 7DéL

r
_ =FGé 2 _ygectudy
<&>‘¥v - 27, & _T Cugz +y*tanu)

then
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- —fGe [,'IT/Z__(..‘rr/zﬂ

217770
T |
Carrying out the integrations in a similar manner for the per-
turbation velocity components in the ?? and # directions yielded
<lo>A =0 ! <C>Av= O
N (11-21)

Therefore from equation (II-15) the total velocity is given by

/ -
<v> = —-fGE: .
AV 27),
o (I1-22)
This result shows that there are no average perturbations at the plane
in the g_ and 2 directions. Integrating over both planes,g=*}i,
and 1? ==4%&z , the total perturbation velocity difference due to one
chain is given by =— j%& é /770 . If there are KN chains per unit

volume between the two planes, then the total number of chains is given
by

N = n (;42-7E‘Z/,>' A

| (11-23)
where %\ is the area of a plane. And the mean rate of shear between
tﬁe two planes is-

(= N (-£Eeh, )

(4 +h)- A

£ = ~§$Gén

P -70 ‘ (11-24)
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Then the total effective mean rate of shear between the two

planes will be given by

63.‘_.}

(l ]
m. M
TN +
- N
| B
4
ad
s
N

(11-25)
Since the average stress 7/ over any plane parallel to the

field of flow will remain constant, the effective viscosity is given

by
= 7 ;
Vege = =— , T="70€
€ esf
(I1-26)
Then substituting equation (II-25) into equation (11—26),
= 619?0 .
Tt = E(1+ %)
. ‘70 '
(I1-27)

Since the value of Jaésw /%79 has been assumed small, the
higher order terms can be neglected in the expansion and the effective

viscosity will be given by

Vet

I

|+ LGn
-}
7. (14 %
= 70 +SGn (11-28)
The number of chains per unit volume M is given by

M (11-29)

where /%& is Avagadro's number, /V\ is the molecular weight of

the chain and €  is the concentration with units of gm/cc. The

intrinsic viscosity £:77t7 is defined as
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[77] = C'zf;rg :'7,,:'.' ¢  (11-30)

Since the theory has already assumed the limiting value of the concen-

tration, the value of the intrinsic viscosity is

] o= J,ég A/&
[:Q7i] M Yo

where the intrinsic viscosity has units of cc/gm, Substituting the

(1I1-31)

expression for Ca in the corrected form (25) into equation (II-31),

then

ill- -\ - —3 '
2'_ <(E2’6X>(Ru.ey>>qv‘
(1I-32)

Since ()E:: ¢ €X> = 57! , and (f_?:( : -é‘y> =}"4 , equat'ion

(11-32) becomes

[n] =

11-
Fy 34> (11-33)

As the sum of the averages is equal to the average of the sum, this

Je-n

expression can be written in the form used by Zimm., In his theory,
the flow field is in the + ¥ direction and the gradient is in the +-€;
direction. Then changing coordinates, the intrinsic viscosity, as

used by Zimm, is

+n

[V)] M 770 < Z N ﬁz .° (11-34)

O=-n Av

In the derivation of this expression many assumptions and

restrictions have been made. The approximations used in Oseen's
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"interactibn formula assume that the férces and motions are quasi-
static. This restricts the expression obtained to small gradients.,
Since oscillatqu motion is not discussed in Burger'é development,
there will likely be somé restrictions'for this tyée of motion also.
Some question as to the validity of the final expression may be raised,
since Oseen's expressions for the perturbations due to the chain
assume the chain dimensions to be small compared to Fi » the distance
to the plane, Burgers then determines the number of particles to be
summed, by filling the entire space between the planes with particles.
The expressions previously derived would not apply td these chains.

0f course, it can be assumed that most of the chains are not located
near the planes. But within these restrictioﬁs, equation (II-32) gives
é basic relationship between a microscopic model and the observed

viscosities.

B. The Zimm Theory

Considering the linear configuration of thé polyethylene oxide
molecule in solution, the Zimm (8) model offers the most reasonable
comparison for dilute solutions. Unlike the representation of Kirkwood
and Riseman, Zimm's model consists of ,V spring-like segments joining

A/+1 beads. All forces considered act on these beads which form
freely rotating joints between the spring-like segments. ‘In the model
used by Kirkwood and Riseman, there are N flexible Ssegments repre-
sented by equivalent hydrodynamic spheres on which the forces acted.
Zimm assumes each segment to have a gaussian probability for the
distribution of the components éf length. The fluctuations of the

segments, each of equal length é) , will cause the chain to assume all
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‘possible configurations (25). Neglecting the fact that one segment
cannot occupy the same space as another, the most probable configuration
can be considered statistically. The resulting gaussian distribution
is analagous to random walk distribution. This distribution repre~
sents the quiescent configuration of the springs between the beads.
To simplify the notation in developing the forces applied to
the beads, a single '"elastic dumbbell" segment can be considered and
results can be qualitatively applied to the whole chain. 1If the seg-
ment is placed in a viscous medium, the viscous drag exerted on one
‘of the beads is given by the product of the bead velocity And the
resistance coefficient. The force exerted by the spring between the
‘beads is given by a spring constant times the displacement between
the beads. Then for the one-dimensional case, the forcgs are related

by

/0%/ = L = -3 (X/—%z'.)
pia = h = g (%a-%,)

(1I1-35)
where ;{1 and ’7(2 are the bead coordinates and f’ is the resistance

coefficient, The spring constant g} , given by
g= -

-where A< is Boltzmann's constant and _7— is the absolute tempera-

(I1-36)

ture, allows the force exerted by the spring to obey Hooke's law. The
dependence on temperature and segment length indicates the dependence
upon the distribution associated with each segment. If the tempera-

ture and thus random motion are increased, a greater force will be
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necessary to change the configuration of the segment.

The thermal agitation or Brownian motion must also be considered.
A probability distribution function ;yr is defined, to give the
spatial location of ‘the ,HA/4' 1 beads of thechain. When consider-
ing the chain, this function gives the probability of finding the bead
between X and X'/‘C/'?( . According to the theory of Brownian
motion, the force on the bead is given by

—kT ) ¥
R 7—"9‘;{_’ (11-37)

where A( is Boltzmann's constant and 77’ is the absolute tempera-
ture. The distribution function associated with the Brownian motion
represents diffusion according to Fick's law., A current flows from a
region of high concentration to one of lower concentration. This flow
is proportional to the difference in concentrations times the value
of Ar7‘ . These forces are now included in the Kirkwoéd-Riseman
approximation of Oseen's interaction formula, which describes the
effects of these forces on thexmotion of the fluid. Vector and matrix
notations are now used to derive the differential equation of diffu-
sion. It is also necessary to consider the changes in flow motion
near the chain caused by the motion of the chain itself., If the flow
can be approximated as laminar flow between two liquid planes, this
hydrodynamic interaction is treated, using the same method developed
by Burgers for intrinsic viscosity.

If oscillatory or steady shear forces are introduced into the
system, then the relaxation times of the molecules can be determined.
At low frequency or low steady flow gradients the true solution vis-

cosity is observed, since the molecule is rotated with the flow
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gradient. The energy imparted to the molecule is allowed time to
return through gradual dissipation to the flyid, and energy is lost.
At high frequencies, the molecules, which have a spring-like character,
absorb energy upon extensién during one phase, but do not have time to
dissipate the stored energy. When the motion is reversed the stored
energy is returned to the fluid and there is little loss of energy,
resulting in a small viscosity.

In general, flexible molecules of the type studied here exhibit
‘a viscous character at low frequencies and an almost completely elastic
character at high frequencies. At frequencies between these extremes,

both elastic and viscous characteristics are observed.
?/?

C. Extension of the Zimm Theory

The results of the Zimm theory have been given by Thurston and
Schrag (26) emphasizing the finite character of the number of chain

segments. From the result,

S ()
PN b T (R

Tt S (o)

P=) (11-38)

iwhere‘37 is the complex viscosity, f?é is the solvent viscosity,
’t?o is the steady flow viscosity, (A) 1is the angular frequency,
’Té is a relaxation time, and N s the number of segments.

The reduction function (. is defined by

/7-1) = a'7///? | (11-39)

“where ;/R is a reference relaxation time.
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If equation (II-39) is substituted into equation (II-38), then

s (")
<C79(_.?7s 5= | + /LLUCZ7ZR (7776{> .
7

T > (")

P=i
From the nature of equation (II-38), ('7*"?3)/(’74‘7;) is a
function of wr]}/ , while in equation (II-40) (’7*—7;)/@0 -v;)

is a function of W& 77; . Then using the reduction function Q. ,

|
4
"

(I1-40)

the resulting curve has the same shape as the unreduced curve, but is
shifted along the oW axis by the value of 77R .

The function G- , defined by equation (II-39), can be determined
from the relationship between 77 and the considered parameters.

Since it is not possible to determine the viscoelastic properties
of polyethylene oxide under the conditions required by the Zimm theory,
a reduction scheme is needed to reduce the finite concentration data
in such a manner that it can be extrapolated to give the values of
constants normally derived from dilute solution data.

In using the results of the Zimm theory, it should be noted
that the segment length 47 is independent of the other parameters
discussed. The extension of the theory to concentrated solutions is
based on the assumption that‘the friction factor f: is not only a
function of temperafure, but also of concentration. Then from the
results of the Zimm theory, the first relaxation time is given by

/2
7= AL
' é/rT), (II-41)

where :R, is the first eigenvalue, 7~ is the absolute temperature

and A{ is Boltzmann's constant. If the temperature and molecular
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weight are held constant, then, since 77 can be expressed as a

function of intrinsic viscosity (27),

7 _ [MeC
/ Ny &k T (11-42)

where [?7]0 is the intrinsic viscosity, 17$ is the solvent vis-

‘cosity, and Cj is a function of /\« and the hydrodynamic interaction.
For constant molecular weight and temperature the hydrodynamic inter-

action is assumed to be nearly constant. Then

o, = —;Zi_ - Ehjjo ?73
< 71R | Ef?»jok 773,{

(I1-43)

A constant %% particular to a solution is defined as

k [”7_]" = 7)s € (11-44)

where the value of A( is 1 for an infinitely dilute solution.

Extending equation (II-43) to finite concentrations,

L Dl
(’ﬁg@)ﬂ I<R[7]0R7S‘ (11-45)

Clg =

Since the molecular weight and temperature are constant, 775 and
ZF?]O are also constant. Then equation (II-45) becomes
A, = __/S.. .
k& (11-46)
If the concentration and molecular weight are constant, then a

function 07—- can be defined as
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Qr = 77 —_ —T; ,(’)70"77:>
T L 0
Tir T (’70 ‘Vs)k ’ (11-47)

For the concentration and temperature constant a function Qdp can

i T

be defined as

Am T TR T T
! (11-48)
It has been shown that if N is large (27)
X —3/
o= I e RN T
! N ’ (11-49)

*
1If the hydrodynamic interaction factor 44 is not small, then
equation (I1-49) becomes

-3/
~ onstant ) N "%
1), (cv\se )

* (II- 50)
But since M"C N , then

7\ -4 ( con s'i")&“‘t) /\/\—3/1 .

| (II-51)

* .
1f "ﬁ\ is small, then >\| is related to M by

‘ -2

o~ cwsﬁv\‘t) |

>\; ( M (I1-52)
The rélationship between intrinsic viscosity and molecular weight is

lgiven by .
P

[M], = (constat) M

(]
(I1-53)

It has been shown (27) for the free-draining model that F =1

|
w

and /&* is small, and for the non-free-draining model that P

and /g\* is large. For the one limiting case where ./A* is not
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small, equation (II-53) can be substituted into equation (IL-51) and

the value of 2‘ becomes

o (omnetant) 2
), = (constant ) 2y}

.
ME"’?]a (11-54)

= (c.ov\d’&v\'(:)

*
For the other limiting case where P = 1 and /gt is small,

equation (II-49) can be substituted into equation (II-53) and

~s ons Al [ d
}\ e (tonsta ‘t> M Tnl, (11-55)

1f P and w% vary in-a counterbalancing fashion, then equation
, A% .

(II-55) will hold for all values of and F> . The function

can then be expressed in measurable quantities. Then, if only the

molecular weight is changed,

Tie Mo

T M [v]

L 3

AOm =
(i1-56).
Thus, data obtained for a particular molecular weight and temperature
can be reduced according to the Q, function given in equation (II1-46).
And, using the O pm  function defined by equation (1I-56), data

obtained for a particular temperature and %( value can be reduced.



CHAPTER 111

METHOD OF EXPERIMENT

A. Preparation of Solutions

In preparing dilute éolutions of polyethylene oxide, it was de-
sired first, that the solution be clear so that light scattering would
not interfere with the optical measurements, and second, that the solu-
tion be stable in its viscoelastic properties. One of the more satis-
factory methods of preparing small quantities (100 ml) was the '"boiling
water" technique, as described in the manufacturer's technical bulle-
tin (4).

Deionized water was used to prevent the pfecipitation of salts
which might have formed by the association of free radicals in tap .
water with the impufities in the commercial grade PEO. Such salts in
solution would decrease the viscosity and thus change the properties
under investigation (3).

After a measured quantity of water was brought to a boil, the
Polyox powder was slowly added, while the water was moderately agitated
by a magnetic stirrer. The proportion of powder to water depended on
the impurities which would later be removed. This allowance ranged
from 10 to 20 per cent above the calculated amount, depending on the
manufaéturing process of the raw powder. Polyox is insoluble in boil-
ing water; adding it to water of this temperature permitted complete

dispersion of the powder, which dissolved as the solution was cooled.

25
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At this preliminary stage the solution was cloudy in appearance.
As this would interfere with optical measurements, it was necessary to
remove the suspended particles. When the concentration of the solution
was low (less than 0.5 per cent), this could be accomplished by dialsz
ing. As this method was timeesconsuming, and effective only with low
concentrations, centrifugation was found to be more practical. Most
solutions were.sufficienfly cleared when subjected to a force of 15,000
x g for one or two hours, depending on the viscosity of the solution.
While this was hsually adequate for shear wave propagation, greater
clarity was needed for birefringence measurements. This could be
attained by passing the solution through a lévrQ/A filter,

Hydration and autoxidation can cause unstable solutions. The
addition of isopropyl alcohol tends to reduce this problem, since the
alcohol competes with the PEO for the.peroxides and free radicals (19).
A 4:1 ratio of alcohol to resin appeared to adequately stabilize the
solution for a period of six weeks. It is known that the addition of
alcohol increases the viscosity of the solution, but this change is
not appreciable for the amounts used here.

The solute concentration was determined by evaporating the
solvent from a measured'qﬁantity of sélution,and determining the"
weight of the residue. Solutions prepared ranged from 0.5 per cent to
11 per cent, for molecular weights ranging from 4 x 106 to .064 x 10°.
High concentrations were possible only for the lower molecular weights,
as.the required clarity could not be obtained for the higher molecular
weights and high concentrations..

As polyethylene oxide lacked sufficient birefringence for shear

wave propagation measurements, it was necessary to add a substance
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which possessed this property and at the same time did not appreciably
alter the mechanical propertieg of the original solution. Baymal, a
commercial colloidal alumina developed by DuPont, was selected for this
purpose, When dispersed in water, Baymal is strongly birefringent.
Previous investigations have shown that a dilute (0.3 per cent) Baymal
in water solution exhibited approximately the same viscoelastic proper=
ties as water alone (29)., Thus Baymal would function as an optical
indicator, reflecting the:mechanical properties of the PEO molecules
in solution,

A three per cent water solution of Baymal was prepared using
nitric acid. as described in the manufacturer's technical report (30).
This method was recommended as providing maximum clarity to the sol,
The Baymal solution was then added to the Polyox solution to achieve a
final Baymal concentration of .15 per cent. In some cases. where more
optical sensitivity was desired, the Baymal concentration was increased
to .30 per cent. It was observed that when the Baymal was mixed with
the Polyox solution small gas bubbles appeared, indicating some chem=
ical reaction was occurring. As this was also found to occur between
Baymal and isopropanol alone, it was assumed that the Baymal did not
react chemically with the Polyox. The bubbles appeared only at the
time of mixing the two solutiéns, and did not interfere with the

measurements.,

B. Shear Wave Propagation Measurements

A simplified diagram of the optical arrangement is shown in
Figure 1. The system was mounted on a Spindler and Hoyer optical
bench supported by a steel mass at the center and smaller masses at the

ends. The light source S. located at one end was a Helium-Neon gas



Figure l. Diagram of the Optical System of the Shear
Wave Propagation System Showing the
Laser Light Source S, Microscope Objec-
tive Lens L1, Lens L2, Beam Shifter BS,
Polarizer P, Quarter-wave Plate Z, Fluid
Cell C, Analyzer A, Diffuser D and
Photomultiplier PM.
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iaser (EOA's LAS-101). 1t has an operating wavelength of 6,328 a and
beam width of 2.5 mm. A diverging lens. Ll. was at the output
aperture. A converging lens. L2 (100 mm Kodak Ektar) was pla;ed so
that the beam would converge at the center of the cell. C. Placed
along the converging beam's path was a beam shifter, BS. It conéisted
of two mirrors, one movable, which were set 45° to the beam path, as
shown in the inset of Figure 1. By adjusting the micrometer the beam
could be moved across the propagation field, permitting observation at
any point. The beam then passed through a Glan Thompson polarizer. P.
vand a quarter wave plate Q. The light beam, focused at the center of
the cell, was right cifcularly polarized. From the cell the beam
passed through another Clan Thompson prism, the analyzer.A, which was
mounted on the photomultiplier housing. In front of the photomulti-
plier tube was a diffuser D.

A block diagram of the equipment is shown in Figure 2, The shear-
ing plane was driven by a sinusoidal signal which had originated in an
HP Model 2000 oscillator and been passed through a Maclntosh 75-watt
amplifier. This amplifier powered the electrodynamic. drive coil
located at the top of the dfive shaft., At this point. the current was
monitored by an a.c. voltmeter, and was fused to prevent excess current
in the drive coil. The velocity of the shaft was monitored with an
electrodynamic pickup located below the drive coil on the shaft, and
this signal served as a reference for the phase meter. The d,c, compo-
nent of the photomultiplier output was monitored on a d.c. voltmeter,
while the magnitude of the a.c. component was observed with a Hewlett-
Packard wave analyzer, que1v302A. The difference in phase of the

reference signal and the photomultiplier output signal was measured on



Figure 2. Block Diagram Showing the Electrical
Instruments Used with the Shear Wave
Propagation System,
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a Phazdr Model 210AB phase meter..

The drive head and cell assembly are shown in Figure 3. A black
glass plane, oné inch wide, was mounted at the lower end of the drive
shaft. The drive shaft was held by four steel wires which confined the
shaft to linear motion. The brass cell mounted below the driving head
contained the solution to be investigated. The two opposite windows
allowed the laser beam to pass through the solution, parallel to the
plane. A thermistor was inserted through the side of the cell to moni-
tor the temperature which was controlled by liquid passed through
canals in the bottom of the brass cell.

To reveal the mechanical properties of polyethylene oxide, it was
desired to find the relationship between the complex solution viscosity
and the frequency of the shearing plane, using the described shear wave
apparatus. This was accomplished by using the derived expression re-
lating the measurable quantities <X and /3 with the magnitude and

phase of the viscosity (31). If X is the attenuation constant and

/22 is oA Wr//, shear wave length, then

[l = P f6 +2%)

(I11-1).
and
g = tan” [ % (%-%)]
(111-2)
where

Y= iy = fplet? ans



Figure 3.

Diagram of Drive Head and Cell Assembly
for Shear Wave Propagation System
Showing Drive Coil A, Velocity Monitor
B, Steel Wires of the Suspension Sys-
tem C, Glass Plane D, Reflector E,

Fluid Cell F, System Supports G, Sliding
Base H, and Thermistor I.
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Since these expressions apply to shear waves originating from an
infinite plane and to an infinite propagation field, the measurement
conditions were limited to approximate these conditions. Using a one-
inch plane, it was necessary to limit the shear wave length to 0.5 cm.
If the shear wave length exceeded 1.0 cm, the effects of reflections
were observed in fluctuations in the attenuation rate.

It was first necessary to determine the temperatures- and: frequen- .
cies to be investigated. As the viscosity of these aqueous solutions
followed the same viscosity curve as did the solvent alone, 25°C was
arbitrarily chosen for all measurements., As the viscosity of water can
only be changed by a factor of 6 by temperature variation, the measure- -
ments at different temperatures would bevof little help in reducing
the relaxation curves to obtain greater frequency range. For this
apparatus the lowest usable frequency was 15 cps. At frequencies be-
low this the wave form became distorted. The upper frequency was
limited by the optical sensitivity, the attenuation rate, and the wave
length of the shear wave; For low viscosity solutions this frequency
was 300 cps, while for the higher molecular weights and concentrations
a frequency of 750 cps was possible. Next, the beam shifter was set
so that the laser beam passed as close to the shear plane as possible,
but far enough away so that no diffracted light would interfere with
the measurement. ' Suitable distance increments were selected for magni-
tude and phase measurements in the propagation field so that the o(
and (52 curves could be determined. Ten or fifteen such data
points were usually sufficient. This was done for each of the nine or

ten frequencies used within the allowed range.
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C. Steady Flow Viscosity Measurements

The Couette apparatus, as diagrammed in Figure 4 and 5, was used
to obtain steady flow visdosity measurements. The fluid under investi-
gation is placed between twé concentric brass cylinders Cl and C2, The
inner cylinder has a diameter of 2,000 inches, and the 6uter one,
which rotates, has an inside diameter of 2.060 inches. Thus the width
of the gap between the two cylinders through which the fluid is sheared
measures .030 inches. The inner cylinder, 5 cm in length, is supported
by a copper fiber F attached to bellows B which is supported by a
mounting frame. The inner cylinder, or bob, is positioned by an air
bearing A which allows for almost frictionless rotation of the bob
assembly. The rotation of the bob is detected by the capacitor C. The
capacitor is calibrated by_a micrometer MC located on the frame. The
outer cylinder is rotated by a pulley system P and a variable speed
motor M,

In order to determine the zero shear rate viscosity, the relation-
ship between the stress and the gradient must first be determined. The

velocity gradient Ca in the center of the gap is given by (32)

~ Rz_—f-D/z. a
G =7

(111-4)
where ‘Fai is the radius of the inner cylinder, [> is the gap width,
and & is the angular velocit& of the outer cylinder. This approx:
imation holds for systems where D << R,{_ . For this system where

Fié = 1.030" and D = 0.030", the gradient varies about 6 per cent
across the gap. Using these values to calculate the gradient, the

value of G; at the center of the gap is less than one per cent



Figure 4. Diagram of the Couette System for the
Measurement of Steady Flow Viscosity
Showing Bellows B, Torsion Fiber F,
Capacitor Plates C, Air Bearing A,
and Concentric Cylinders Cl and C2,
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Figure 5. Diagram Illustrating the Top View of
Couette System Showing Micrometer MC,
Fiber Mounting F, Capacitor Plates C,
Pulley System P, and Motor Pulley M.
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different from the exact value.

A 1/15 horsepower Bodine motor with a variable speed control was
used to rotate the outer cylinder. Velocity gradients from 1 to 644
per second could be obtained using this belt and pulley system. The
gradient was measured by a counter, triggered by the output signal of a
photodetector, which is ldcated}on one side of a slotted ring attached
to the outer cylinder. The detector is activated when light passes
through one of the twenty slots in the chopping ring. Substituting

the proper dimensions into equation (I11-4), the velocity gradient is

given by
CES — [0. 6 2f3 thCfl
T

(I11-5)
where |  is the time interval measured in seconds.

The shearing stress is determined by measuring the torque exerted
by the sheared fluid on-the bob. For small angles the torque exerted on
the bob is proportional to the angular displacement_of the fiber. This
displacement is detected by a change in capacitance when the éapacitor
plate attached to the bob is moved with respect to the stationary
plate. This change in electrical capacitance is detected by a linear
change in the frequency of a relaxation oscillator which ipcludes the

capacitor in the circuit.

A constant ‘<qJ for this system is defined by
4ﬂ-F|<qz = /TJ
(111-6)
where 41-%- is the change in oscillator frequency with units of cps
and 1J is the torque on the fiber, ‘<q“ has units of dyne-cm-gec.

The steady flow viscosity is defined as
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/)7 — S‘ﬁ'ress/a

(111-7)
The stress is related to the torque by
stress = o S=p
2 R°& (111-8)

where F: is the radius of the bob and de is the length of the bob,

Then, substituting eqﬁation (I11-7) into (I1I-8) and (III1-8) into

(111-6),

\< _ :{_/___= f)?(Zﬂ‘Rz,@&
T 44 L ad ,

If (31 is a bob constant with units of cm3, such that

2
and Q = 21‘\” R j , then

k’f’@. - %g' . | (111-10)‘

Since several different fibers are used, a fiber constant C:+ is

defined for each by

AS

(111-11)

where 4 S is the change in arc length at radius g

The measurement constant L<9 , relating angular displacement to

oscillator frequency change, is defined by

L = 42 _ 48, |
&6 4 r adf

(I11-12)

Rearranging terms,
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A](-kg-:' St

(I1I-13)

Substituting equation (III-12) into (III-11),

T = e afks,

Since the stress is related to the torque by a multiplying constant

(ITI-14)

t/QQ , and substituting equation (I1I-14) into (I1II-9), then,

kre = Cta ke

(111-15)
where qu = Cg /G- . Then from equation (I1I-7) the
viscosity is related by

63 (111-18)

The value of Lﬁa is determined for each viscosity measurement
by plotting the oscillator frequency against the micrometer setting,
The resulting slope is then substituted into equation (II1-16). The
fiber constant Cl%a is determined by the measurement of fluids
which have well defined viscosities. For this purpose water was used
for the smaller fibers and glycerol for the larger fibers. For
beryllium copper fibers the values of C:fa ranged from 8.853 x 102
dynes/cm2 to 7.30 x 10% dynes/cmz‘for fibers of diameters 0.0417 to
0.125 inches.

Couette viscosity data are obtained by the measurement of stress
on the bob at different gradients. After the sample under iﬁvestiga-

tion is brought to a constant temperature by passing a controlling
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fluid through passages in the outer cylinder, the Bob assembly shown in
Figures 4 and 5 is adjusﬁed for proper sensitivity, This is done byb
setting the capacitator plates such that the value of Afg is constant
over the greatesﬁ possible displacement. 1If the qgiescent frequency is
110 kilocycles, a linear range of 6 kilocycles can be obtained. This

is approximately 2.5 mm of arc as measured by the micrometer, The
change in oscillator frequency and the corresponding gradients are re-
corded, Using equation (11I-16) the viscosity for each gradient can be
calculated.. To find viscosities over the complete gradient range it

was often necessary to use more than one size fiber.



CHAPTER 1V

EXPERIMENTAL RESULTS

A. Steady Flow Viscosity

In order to reduce fhe oscillatory shear data, it was first
necessary to determine the viscosity corresponding to sheaf rates
approgching zero. For soiutions displaying Newtonian characteristics,
only a few low velocitylgradient measurements were needed to make
"this determination, since for a Newtonian material the viscosity is . -
not a function of the gradient. The steady flow viscosity of poly- -
ethylene oxide solutions was not constant, even.at low gradients.
In Figure 6 this is demonstrated for polyethylene oxide WSR-301l, which
has a molecular weight of approximately 4,000,000. Here the stress
is plotted against the product of the gradient and the extrapolated
‘zero shear rate ViscoSity for four concentrations. The extrapolation-
is accomplished by plotting the stress versus the gradient on log-log
paper, determining for the resulting curve the point where the ratio
of stress to gradient becomes constant, as represented by a 45° line
which the data curve would apparently join if lower gradienft data were
available. Below the juncture of the curve and the line the viscosity’
is independent of gradient; and hence equals the zero shear rate
viscosity.

The dashed line represents the behavior of a Newtonian fluid.

The point at which the data curve breaks away from the dashed line is

46



Figure 6. Stress v Versus the Product of
Velocity Gradient G and Extrapola-
ted Steady Flow Viscosity %, for
Four Concentrations of Polyethylene
Oxide of Molecular Weight 4 x 106,
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independent of concentration but is dependent on molecular weight.

From the data obtained for lower molecular weights the "breakaway"

point occurred at higher stress values. It is concluded that the

extent of Newtonian character of this material is dependent on molecu--

lar weight. Since high moleéular weights of polyethylene oxide in
solutions of sufficient concentration such that the viscoelastic
properties differ measurably from that of the solvent do not have a
Newtonian character, it is concluded that there is extensive inter-
action and perhaps some permanent deformation of the molecule when:
subjected to high gradients,

The specific viscosity is defined as

Vsp = o= T)s
7)s (Iv-1)
where ﬂ7§ is the solvent viscosity and <7a is the zero shear-
rate viscosity. The intrinsic viscosity is defined as
£.77 = Lim V= s
¢ >0 C.
s V-2
S0 m (1V-2)
where & is the concentration. If the concentration is given in-
gm/dl the intrinsic viscosity will have units of dl/gm. A new quan-~

tity A( is defined by the relation

k [7770 = %"57%' (1V-3)

‘where C:k is the concentration of the solution characterized by the

quantity ﬁ( . For each concentration there is a particular value-

“by which the intrinsic viscosity is multiplied to give the specific

viscosity.

The values of L( for five polymer samples can be determined

N
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from Figure 7. The polymers:of molecular weights .O6§"x_106,, o
.170 x 106, and .480 £ 1‘056 were labqra;qrywsampléé furnished by
Union Carbide Céfporéﬁioﬁgrtﬁééﬂof 1.1 x 106 was oBtained from

the Centre de Recherches sur les Macromolecules, S;rasbourg,_France,
and that of &4 x 10° was é commercial grade manufactured by Union
Carbide. 1In Figure 7 the specific viscosity divided by the concén---
tration is plotted against the concentration. Each dashed liﬁe
indicates the limiting value of 17éP//C. , which is the intrinsic
viscosity for that molecular weight. For any concentration the value
of k can be determined by dividing the value of ”73¢>/CK by the
limiting value q?sr‘/Q:chf . The point at which the curvé joins
the horizontal line, the intrinsic value, is called the critical
concentration, Ce¢m+ . For concentrations less than this the value
of S(/C is equal to. [7}]0 , and thus \< = 1.

It.was often useful to prepare solutions of different molecular
weights but with a constant \( value. The desired concentration
could be determined from Figure 8. Here the polymer éoncentration -
is plotted against the molecular weight for selected values of k& .
These curves may be thought of as "curves of constant interaction.“

The intrinsic viscosity is related to the molecular weight by
[n],=aM’
e

where A  1is a multiplying constant with the proper units and P is

(1IV-4)

a constant with a value between .5 and 1.0. The values of &, and P
can be obtained from Figure 9, where the intrinsic viscosity is
plotted against the molecular weight. For aqueous solutions of

polyethylene oxide at 25°C,
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Figure 8. Concentration C Versus Molecular Weight
M for Selected Values of k for
Aqueous Solutions of Polyethylene Oxide.
T = 25°C.
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Figure 9. Extrapolated Intrinsic Viscosities E‘qjo
Versus Molecular Weight for Aqueous
Solutions of Polyethylene Oxide.
T = 25°C,
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-y 0.83
(], = loxio™ M iy
ox
o (IV-5)
This agrees well with values previously determined (6, 33). The
discrepancies in the values of & and P may be due to differences -
in solution preparation procedures or methods of extrapolation.

/ ».

B. Shear Wave Propagation Resllts

U;ing the procedures outlihed»in Chapter III, the viscoelastic .
properties of the solutions represented by 77- and Q% were deter-
mined for many samples. Since it was desired to investigate the
complex viscosity of the polymer as a function of frequency, it was
necessary to correct for the solvent viscosity. This was‘easily
accomplished by subtracting the solvent viscosity '75 from the real
part of the solution viscosity. Then

gl et ()

(1V-6)

and

Fi A NCTE B RNV

Substituting with trigonometric functions, equation (IV-7) becomes

: 2 2, 9 %L
ptge] = Dpesdyapiis)
where “7 CC)S¢.7 =17/ and ’)73[17/7: “)7” , and the corrected

(IV-8)

phase angle is

_ : " _ 27;3[?75%; | ]
Zan 14 ,7"‘;;_,73 ’?CO'SQ;-?S | (1V-9)



58

Four solutions of different molecular weight were prepared such
that the yalue of A(.Awas 10. This was accomplished by adjusting
“the concenﬁration accofding to Figure 8. It was found that when
was less than 10, the properties of the solution did not differ sig-
nificantly from those of*pure water, thus making measurements diffi-
cult. In Figure 10 the corrected magnitude and phase are plotted as
functions of frequency. The Valge of the magnitude is normalized by
dividing the complex viscosity magnitude by ’70—'75- , where 'y‘, is
the zero shear Viscosity obtained from steady flow viscosgity measure-
ments, For low frequencies the magnitude of the oscillatory shear
viscosity approaches ?he value of ?7,—?7; . From this figure; it
can be seen that for a particular frequency the value of the phase
and magnitude depends on molecular weight. .

The variation of the other parameter, A{ , is reflected in.
Figure 11. With a constant molecular weight, 480,000, four solutions
‘of different k’ values:weré measured. Plotted in the same manner
as in Figure 10, the magnitude and phase showed a similar depéndence
on K for a particular frequency.

Figure 12 shows the relationship among solutions of the same
molecular weight at three different levels of k’ . Here, poly- -
ethylene oxide WSR-301 was used to prepare solutions where Af equaled
2, 10, and 100. In thisbcase, the value of the phase angle remains
constant over the frequency range for all values of k. . Not even
for the lowest value of k does the normalized value of the magnitude -
approach 1 horizontally. Thgse results reflect the same character

observed for steady flow measurements,



Figure 10. Magnitude \n*—ﬂ5|/<ﬁ’]o"ﬁs> and
Phase W Versus Frequency for Aqueous
"Solutions of Polyethylene Oxide of
Differing Molecular Weights Having a
Constant Value of K Equal to 10, ~
T = 25°C.




60

1 ¥

7N
o=

| IIIIIII

K=10

O.1
50°

)

©
®

O M=

0.7 x10°

| L L]

048 x 10°

1.1 x108
4.0 x10°

7|ll|

|| lIIIIII

I

EEEEE

10

100
f, cps

1000



Figure 11. Magnitude |’7*—Y)5l/(‘q,-»’]s> and Phase
Angle ¥  Versus Frequency for
Aqueous Soclutions of Polyethylene Oxide
of Molecular Weight 480,000. T = 25°C,



tf;ys

s, _
M=0.48 x |0°
O.l o K=2.6
Q |0 N\Q |
o o
. g'|1||| L LI
50° ‘ ,

L 1 [ Q{1 NN

10 100 1000
f, cps



Figure 12. Magnitude l'Y)*"V\s‘/('V)o "Y)5> and Phase
Angle Y Versus Frequency for Aqueous
Solutions of Polyethylene Oxide of Molecu-
lar Weight 4 x 100, T = 25°C,
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CHAPTER V

DISCUSSION OF RESULTS

A. Comparison with the Zimm Theory

In comparing the results to the Zimm theory for dilute solutions,

the extension devéioped in Chapter II is employed, For the two cases

selected, (1) the variation of molecular weigHt at constant tempera-
ture and constant k. cand (2) the variation of k holding the

temperature and molecular weight constant, the data was shifted using

reduction functions C}AA and Clc respectively, using arbitrary

reference values.  The reduced data was then superimposed on theoret- .
ical curves given by the Zimm theory. The positioning of the data was

determined by the best fit to the theoretical curves., Since the theo-

i

retical curves determine the value of the phase and magnitude of the

complex viscosity as a function of frequency times the longest relaxa-
tion time ‘77, the value of ’V, can be determined for each set of data.:

Figures 13 and 14 show the data given in Figure 10 reduced accord-

ing to the dp, function defined by equation (I1-56). The longest

o
relaxation times |} are given for each molecular weight, as deter-

mined from the theoretical curves. The solid lines are the theoretical

relaxation curves for molecules having 2000, 100, and 10 segments for.
the non-free-draining condition (26). It should be noted that as the

molecular weight increases, the number of segments also increases. This

may partly explain the need for several theoretical curves to define

65



Figure 13. Magnitude l')’)*'\?sl/(‘qo‘ﬂs) Versus ou/ﬁ
for Aqueous Solutions of Polyethylene
Oxide with the Value of Kk Equal to 10,
Reduced by the Am Function and
Superimposed on the Zimm Relaxation
Curves for a Non-free-draining Mole-
cule. T = 25°C.
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Figure 14, Phase Angle w Versus “J77 for
Aqueous Solutions of Polyethylene
Oxide with the Value of K Equal to
10, Reduced by the am Function and
Superimposed on the Zimm Relaxation
Curves for a Non-free-draining Mole-
cule. T = 25°C,



69

€ <

o ~“7

ol Ol

T T T [T T T T

O1x86
LO1XL81
OLry
O1x801
(038 /L

Ol

O[]

O1*8t

7

OIx.f

O 6 0 ®

102

OP

.09



70

the reduced: expetrimental curve. These relaxation timés are plotted -
against molecular weight iniFigure 15. ' In'the same figure the theo=

arétical,values of “ﬂ{fobtained from the relation

.77’ = Ewi]o/v\y}s CZ

{ (v-1)
My kT
are shown where
N
= // M
C g /)P (V-2)
and (27)
C = .HZ
(Vv-3)

for non-free-draining chains. These theoretical values of 77 were
computed using the results of the Zimm theory and the steady flow
viscosity values extrapoiated to low gradients. The experimental
values of qr{ were determined by superposition of oscillatory shear
data on the theoretical Zimm curves, The large difference in the re-
sulting 77, values may be due to concentration effects not accounted
for in the extension of the Zimm‘theory° This does not seem likely
since the 77' values - do not appéar to approach a single value as /§
is decreased. Another possibility invévidence from the‘datg is that
the solution forms some sort of structure which is not altered in
oscillatory shear measurements but i; broken down when subjected to
steady flow,

Figures 16 and 17 show the data from Figure 11 reduced according
to the Q¢ function for a molecular weight of 480,000. The 77 's

are calculated for each value of k\ , for ﬁ( ranging from 2.6 to



Figure 15, The Longest Relaxation Time 71 Versus
Molecular Weight M for Aqueous Solu-
tions of Polyethylene Oxide Determined
from Reduced Oscillatory Shear Measure-
ments and Steady Flow Measurements of
the Intrinsic Viscosity. T = 25°C,
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Figure 16, Magnitude "’)*—V}S,/{Y)o"{)s> Versus
wT, for Aqueous Solutions of
Polyethylene Oxide with Molecular
Weight of 480,000 Reduced by the &,
Function and Superimposed on the
Zimm Relaxation Curves for a Non-free-
draining Molecule. T = 25°C,
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Figure 17. Phase Angle ?V Versus A)?C for
Aqueous Solutions of Polyethylene
Oxide with Molecular Weight of 480,000
‘Reduced by the Qe Function and Super-
imposed on the Zimm Relaxation Curves
for a Non-free-draining Molecule.
T = 25°C.
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91. As ﬁhe data for this case did not appear to shift in thé proper
-manner, the data was shifted according to an arbitrary best fit.
Figures 18 and 19 show this shifted data superimposed on the theoretical
relaxation curves. A different set of 71 values was determined
according to this superposition.

The fesulting ‘7ﬁ values from Figures 16, 17, 18, and 19 are
plotted against the values of }< in Figure 20. The 71 's resulting
from the data shifted according to the e function are linearly
related to the value k’ . Thus the line joining the points has a
lst power slope on a log-log plot. The ’71 's resulting from the
"best fit" shift are not linearly related to the values of k . The
slope of a line approximating this case is 1.2 on a log-log plot. 1If
this relation is approximated in such a way, then 77 is proportional
to /(/‘z for this case.

When the Qe >function was applied to the data shown in Figure
12, the reduction scheme failed. For a molecular weightbof 4 x 106, the
data obtained could not be shifted so as to superimpose the reduced
curve on the theoretical relaxation curves with any reasonable success.
It is apparent that the function was not applicable to such a high
molecular weight solution at thét conéentration.

Considering these results, the reduction functions Am and A4
give the approximate shifts for a good comparison with the theoretical
model developed by Zimm.

Several effects which may be occurring in these solutions are not
accounted for in the reduction functions. One of these is due to.the
addition of small quantities ovaaymal to the polymer solutions.  From

data obtained for shear wave propagation measurements of .3 per cent



Elgure 18, Magnltude |'7]* Y)s'/(")g“y)s> Versus
w I, for Aqueous Solutions of Poly-
ethylene Oxide with Molecular Weight of
480,000 Shifted by Arbitrary Best Fit
to the Zimm Relaxation Curves for a Non-.-
free-draining Molecule. T = 25°C,
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Figure 19. Phase Angle V' Versus wWT,  for
Aqueous Solutions of Polyethylene
Oxide with Molecular Weight of 480,000
Shifted by Arbitrary Best Fit to the
Zimm Relaxation Curves for a Non-free-
draining Molecule. T = 25°C,
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Figure 20.

The lLongest Relaxation Time 77 Versus
Kk for Aqueous Solutions.of Poly-
ethylene Oxide with Molecular Weight of
480,000, Determined from Best Fit Data
and Qe Reduction,
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Baymal in Qatef at»25°C-£he resulting viscosity increase due to the
Baymal was 0.002 poises (34). The concentrations for particular values
.of i( were.determined from Figufev7. For the 1owést LQ value uséd
for shear wave propagaﬁion datak C =1.06 per cent, #( = 2.6 for
molecular weight of 480,000, an error of 2.5 per cent may exist in the
viscosity due to the presence of the Baymal. This is much less than |
the variations in the dataﬂ As the total solution viscosity iﬁcreases
the possible error will decreése. )

The data which determines the curves of Figure 7 was determined
using solutions of polyethylene oxide, with the exception of one point,
For the .48 .x 108 molecular weight and a concentration of 4.30 per cent,
a solution cont;iningz;lslper cent Baymal was used. The fact that this
point is consistentiwith data points determined from pure PEO solutions
is another indication of the smallieffect due to the Baymal.

It should be poted in Figure 11 that the Baymal concentrations
for L( = 2.6,_61; and 91 was .15 per cent while for Af = 10 the
Baymal concentrétion‘was .30 per cent, No significant irregularities
occur in the reduced data due to this difference in Baymal concentra--
tion.

In Figure 10‘a11‘data was ébtained from solutioné containing .30
per cent Baymal.. when the datd from Figure il is reduced according to
"best fit," Figure‘18 is neafly identical to Figure 13, This indicates
thét'the possible error due to the presence of the Baymal is indepen-
dent of the Baymal céncentrations for low concentrations.

From this evaluation onevmight conclude that the effect of the
-Baymal on shear wave bropagation @easurements‘is very small and that

these small rigid bitefringent particles are useful indicators when
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used with large molecuiés‘in soiutions where the solution viscosity.is

at least 50 times thatinf:water. But from Figure 7 it can be seen that

‘a 10 to 20 pef cent errof can be incurred in determining the intrinsic

viséosity if Baymal is.pféSént in PEO solutions of low concentration.
Another effect not:proberly accounted for may be thé occurrence

of entanglement coupling_és described by Ferry and discussed here in

Chapter I. Thisveffect_increases with molecular weight, and is not

included in the am funci:ion. =

B. Conclusions and Suggestions for Further Study

From the egtrapolation of steady flow viscosity data the intrinsic
viscosities aré-determined for polyethylene oxide solutions of differeﬁf
molecular weight. The relétionShip between the intrinsic viscosity and
the molecular weight is found to be in reasonable agreement with other
available data.’

The frequency'dependence of the complex viscosity has been deter-
mined for solutions containing polyethylene oxide of different molecular
weights and in different concenfrations. The results of the theoretis::
- cal model of Zimm are extendedfto.include réduction functions for the
effects of variation in both molecular weight and concentration. The
reduction'funétiqn for changing concentrations is baséd on the assump-
tion that.the friction factor not nnly depénds on temperature, but also
on pOlymervconcentration. When the”resulting reduced curves are com-
pared with the Zimm theorefical felaxation curves, the shapes are
nearly identical to the Zimm non-free-draining model curves. Solutions
containing a polymer of higher molecular weight (4,000,000) could not

be reduced. Thus the reduction- scheme is limited in use to relatively
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low molecular weights and concentrations.

_ TheLrelaxgtioh'times determined from oscillatory shear data
shifted accqrding to the e#tension‘of the Zimm theory were a factor
of 20 to 30 highér than the relaxation times determined from constant
“ghear‘measurements, It is possible that this difference is due to a
structure formed by the molecules in the solvent. Since the values of

11 ‘obtained from oscillatory shear méasurements do not agree with
the values computed from the steady shear meésurements, it appears that
values of 71 obtained from the Zimm theory may not be proper for
the polyethylene oxide solutions studied.

Further study is needed to develop a polymer model which is
applicable to solutions of finite concentration since it is difficult
to investigate polymers under the conditions prescribed by present
dilute solution theories. Extensions of the present dilute solution
theories along with experimental data on other polymers could also

lead to a new modified model applicable to a particular-polymer,
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