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ABSTRACT

VISCOSITY AND THERMODYNAMICS OF
MACROMOLECULAR SOLUTIONS

By
Bakulesh Navaranglal Shah

In this work, viscosity and its shear dependence were
measured for the solutions of polystyrene (PS) and styrene (ST)-
acrylonitrile (ACN) copolymers (SAN) in the solvents benzene,
methyl ethyl ketone (MEK), dioxane and dimethylformamide (DMF).

The Tow shear viscosity data indicate that for a polymer, the
chemical structure of the solvent has a significant influence on
viscosity in both dilute and moderately concentrated solutions.
This finding is contrary to the widely held view that the nature
of the solvent is unimportant when considering viscosities of
moderately concentrated solutions.

In a dilute solution the relative viscosity, Nps in a
poor solvent is lower than that in a good solvent. The reverse
is the case at higher concentrations, n_ in a poor solvent being
several orders of magnitude larger than that in a good solvent.
Plots of solution viscosity against concentration in thermo-
dynamically good and poor solvents, therefore, have different
slopes and the curves for different solvents cross over each other

at a particular concentration. As the proportion of ACN in a
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copolymer increases, the '"cross-over" concentration--the concentra-
tion at which relative viscosities in good and poor solvents are
the same--decreases.

In dilute solution a polymer molecule exists as an isolated
chain. In more concentrated solutions the polymer molecules over-
lap and are entangled. Solution viscosity depends upon the first
power of concentration in dilute solutions and upon the fifth
power in concentrated solutions. This has led to the concept of
a critical value of concentration called the entanglement concen-
tration where the slope of a viscosity concentration plot is
supposed to change dramatically from one to five. The estimate of

onset-of-entanglement concentration, c for PS of 501,000 weight

ent’
average molecular weight in only good solvents is correlated by a
characteristic value of the product cM. The data of this work
indicate that Cent of a polymer depends on the thermodynamic inter-
action between the polymer and the solvent and the solvent effects
cannot be neglected. Thus the concept of a "universal" critical
entanglement concentration for a particular polymer is invalid.
The value of Cent is Tower in poor solvents than that in good sol-
vents; e.g., for high molecular weight azeotropic SAN copolymer,
Copt 1S €qual to 6 gm/dl in DMF (good solvent) while in benzene
(poor solvent) it is equal to 3 gm/dl.

Polymer solution viscosities are often correlated with
concentration and molecular weight using a power law correlation of
viscosity with the product ch. The value of b has often been

considered in the past to be a universal value of 0.68. This value
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was found to be inadequate in this work for correlating the data in
poor solvents. The value of b depends on the thermodynamic quality
of the solvent and it seems to be related to the Mark-Houwink
exponent a in the intrinsic viscosity-molecular weight relation,
[n] = KM®, which is known to be dependent on the nature of the
solvent; a being 0.5 for ©-solvents and 0.8 for good solvents. The
Simha correlation was found to unify the same data quite well up to
high concentrations.

M. C. Williams has developed a thermodynamic-hydrodynamic
molecular rheological model for prediction of polymer solution vis-
cosity in moderately concentrated solutions. It was found that
Williams' model for predicting low shear viscosity, when used with
a modified Frankel and Acrivos friction coefficient, gave a better
prediction in good solvents than in poor solvents. This model
gave order of magnitude estimates of viscosity of moderately con-
centrated polymer solutions but failed at higher concentrations
where entanglements of polymer chains are of significant density.

In most polymer solutions of the type studied in this
investigation, the solution viscosity depends upon shear rate;
i.e., the solutions are pseudoplastic. It was found that the
slope of the non-Newtonian decrease in viscosity with increasing
shear rate is a function of mechanical formation and break-up of
entanglements and the polymer-solvent thermodynamic forces are
unimportant. Of the many suggested forms of the relaxation

parameter, 90 the Graessley form

Tp o nOM/cT (1 + BcM)
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for dependence on c was observed to be adequate for the systems
considered.

For the study of the influence of polymer-solvent thermo-
dynamics on the viscosity of polymer solutions, two samples of PS
and four samples of SAN copolymers were synthesized by free radical
bulk polymerization at 60°C using a-a'-azo-bis-isobutyronitrile
initiator. The PS homopolymers, PS-1 and PS-2, were of 185,000 and
501,000, respectively, weight average molecular weight, Mw' The
SAN copolymers were SAN C-1 of 15 weight per cent ACN content and
of 290,000 Mw’ SAN C-2 of 24 weight per cent ACN content and of
180,000 Mw’ SAN C-2' of 23 weight per cent ACN content and of
666,000 Mw' and SAN C-3 of 38 weight per cent ACN content and of
332,000 M.

The kinetics of SAN copolymerization could not be described
by either the chemical-controlled or the diffusion-controlled
termination mechanism. Both the mechanisms appear to be acting
simultaneously and a single parameter--¢ in the first and kt(]2) in
the second--kinetic expression appears inadequate to describe the
rate of SAN bulk copolymerizations.

The stiffness factor, o, which is a measure of short-range
interaction in polymer chains was found to be higher for each of
the SAN copolymers than those for the individual homopolymers, PS
and polyacrylonitrile. This indicates that in the unperturbed
state the copolymers are more extended than the constituent homo-

polymers.
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The viscosity measurements were made by using capillary
viscometers and a cone-and-plate viscometer at 30°C. The solvents
that were selected covered a range of polymer-solvent thermodynamic
interactions. A light scattering photometer was used to measure
weight average molecular weights of the polymers. From the above
measurements, the expansion factor, o, and the Flory thermodynamic
parameter, X7, were calculated for each of the polymer-solvent
systems. The influence of ACN content on thermodynamic interaction
can be clearly seen from the values of intrinsic viscosity, [n],

o, second virial coefficient, Az, and Xy The better a solvent,
the higher are the values of [n], «, A, and c, . and the Tower is

the value of X for a polymer in that solvent.
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CHAPTER I
INTRODUCTION

Engineers must frequently deal with systems for processing,
handling, transporting, storage and characterizing of liquids. In
many cases it has been assumed commonly that the liquids are
Newtonian. Today the engineer must deal with an increasing variety
of "rheologically complex" liquids. These include process streams
in the plastics, chemical, pharmaceutical, paper and pulp, food
and fermentation and many other industries. Complex fluids such
as polymer solutions and melts, emulsions, suspensions, and col-
Toids are generally non-Newtonian in their flow behavior.

In dealing with flow systems, viscosity is a very important
design parameter and the viscosity studies of these materials have
resulted in renewed and increased interest in the science of rhe-
ology. Rheology is a study of the response of a material to
external forces. The variety of viscous behavior observed has led
to numerous empirical formulations of rheological equations of
state. Unfortunately, these empirical equations, although adequate
for curve fitting, are often not reliable for extrapolation and
prediction.

The above problem has led to more fundamental studies of

flow phenomena. The ultimate objective is to formulate a




o
s




relationship between the molecular structure of a fluid and its
flow behavior and to apply this to problems of interest, namely,
mixing, pumping, extrusion, molding, filtration, viscometry, heat
transfer and many other engineering operations. Through increased
understanding of the relationship between the physical properties
and the flow characteristics of polymeric materials, engineers will
be better equipped to deal with these materials and to perform the
design of equipment needed for engineering of flow systems.

Polymer solutions and melts display the viscous nature of
liquids, but also show elastic properties of solids. Thus, for
describing the rheology of these systems, Newton's and Hooke's laws
are of limited use in their original form. Researchers have
developed various molecular and phenomenological models to predict
or describe the flow behavior of these materials. These models may
be classified as empirical, continuum and molecular. The various
viewpoints from different disciplines have been expressed in numer-
ous excellent books and articles (F-1, M-1, engineering; F-2, F-3,
F-14, Y-1, M-2, chemistry; L-2, mathematics; and E-1, continuum
mechanics).

In order to put the rheological and thermodynamic studies
in the proper perspective with respect to the process flow problem,
a chart is shown in Fig. 1.1. The concept pictured in the chart is
the following. The aim of rheological studies and molecular model-
ing of polymer solutions is to provide sufficient information with
which to solve process flow problems. This aim is represented by

the arrow pointing to the upper box in the chart. The equations of






Figure 1.1.--Chart Showing Rheological and
Thermodynamic Studies in Relation to Process Flow
Problems.
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continuity, motion, and energy are required for this purpose. They

are obtained by input-out balances which are statements of the
laws of conservation of mass, momentum, and energy. The conserva-
tion equations are not sufficient in themselves to solve the flow
problems. In addition, a knowledge is required of the behavior
and properties of the material in question, such as viscosity,
density and thermal conductivity. The boxes at the right of the
chart represent experimental, empirical and theoretical efforts
required to obtain the needed material functions.

To be useful, the equation of motion requires a knowledge
of the relationship between the stress exerted on a material in a
flow field and the resulting rate of strain, or material response.
For Newtonian fluids the stress, T, is proportional to the strain

rate, ¥, and the proportionality constant is the viscosity, u,
Eq- 1%

T = . (1.1)

For solving many flow problems and when dealing with a large class
of polymer solutions and melts, a generalization of Eq. 1.1 has
proven useful. This generalization replaces the Newtonian vis-
cosity, p, in Eq. 1.1 with a viscosity function, n, but maintains

the proportionality between stress and strain rate.

(1.2)

This equation is adequate for the solution of many engineering flow

problems, although it does not account for the elastic behavior of






In the case of polymer solutions, the

polymer solutions (B-2a).

viscosity, n, is a function of concentration of polymer, c, molecu-
lar weight of polymer, M, temperature of solution, T, shear rate,
¥, and chemical nature of the solvent and the polymer, s and p,
respectively. The symbols s and p are used in the sense that
intermolecular free energies of interaction between solvent and
polymer are variables influencing rheological response and these
depend on the particular polymer, p, solvent, s, pair being

A discussion of the nature of the solvent in terms of

studied.

thermodynamics is given later in the chapter. Two of the least

studied parameters are s and p. The parameter s describes the
thermodynamic interaction between polymer and solvent and the
parameter p describes the skeletal structure of the polymer such

as linear or branched. Furthermore, both of these parameters, s
and p, depend upon the chemical composition of the solvent and that
of the polymer, and also the resulting intermolecular forces
present in any particular polymer solution.

In deriving quantitative representations of the viscosity
function, n, continuum mechanics provides a mathematical framework,
molecular modeling attempts to relate observed behavior to molecu-
lar structural variables and intermolecular forces, and experimental
data is needed to test the validity of the models and for curve
As mentioned earlier, these concepts are descriped in
In this

fitting.
Ref. (F-1, F-2, F-3, F-14, Y-1, L-2, E-1, M-1, and M-2).

work the adequacy of several molecular models for the viscosity






function is to be tested with respect to experimental information

with particular reference to the variables s and p.

B. Goals

The investigation reported here was carried out with the
following goals in mind:

(1) To investigate the effects of polymer-solvent thermo-
dynamic interaction on viscosities of dilute to moderately concen-
trrated polymer solutions.

(2) To investigate techniques of correlating viscosity of
polymer solutions with concentration and molecular weight of
polymer and to evaluate these techniques.

(3) To test the applicability of a model (W-1) that
includes polymer-solvent thermodynamic interaction, s and p, for
predicting viscosity of moderately concentrated polymer solutions
and to ascertain the parameters involved for further investigation.

(4) To study the effect of solvent character on the non-
Newtonian viscosity function, n.

Along with the above goals, the following was also of
interest with respect to the copolymers investigated:

(5) To investigate the effect of acrylonitrile content on
the configuration of polymer chains in terms of both short-range
and Jong-range effects (long-range effects in different solvent
environments). Configuration refers to the spatial configuration
of the molecules in various solvent environments.

(6) To investigate the kinetic models for the rate of

copolymerization and their applicability to styrene-acrylonitrile






copolymerization. (Copolymer samples used in this study were pre-

pared by laboratory, free radical, polymerizations.)

C. Polymers and Solvents

It was necessary to choose systems havinga wide range of

polymer-solvent thermodynamic interactions in order to study their
effect on viscosity. In principle this can be accomplished by
using "good" and "poor" solvents for a given polymer. A good
solvent is one in which polymer segments prefer contacts with the
solvent molecules and the polymer expands or swells in solution

as opposed to a poor solvent in which the polymer segments prefer
contacts with their own kind and thereby the polymer molecule tends
to coil-up in solution.

The configuration of a polymer molecule in solution depends
on its environment, i.e., the quality of the solvent. In a good
solvent, where the energy of interaction between a polymer element
and a solvent molecule adjacent to it exceeds or is about the same
as the mean of the energies of interaction between the polymer-
polymer and solvent-solvent pair, the molecule will tend to expand
S0 as to reduce the frequency of contacts between pairs of polymer

elements. In a poor solvent, on the other hand, where the energy
of interaction between polymer segment and solvent molecule is
unfavorable, smaller configurations in which polymer-polymer
contacts occur, will be favored.

Any theoretical considerations of the solubility of a poly-

mer in a solvent must necessarily consider the free energy of







mixing of the two phases. By a statistical mechanical treatment,

Flory (F-3a) derived analytical expressions for the free energy of

mixing based on a lattice model of the liquid. This model con-

siders that both solvent molecules and polymer segments occupy

equivalent sites in the lattice. The formation of a solution is

considered to occur in two steps: disorientation of the polymer

molecules and mixing of the disoriented polymers with solvent.

The latter is more important. The entropy of mixing disoriented

Polymer and solvent is given as

conf _
ASm = -k(n] In Vig t 1y In vp) (1.3)

where V]S and vp are the volume fractions of solvent and solute,

respectively; " and n, are the number of solvent and polymer
Mol ecules, respectively, in a solution; and k is Boltzmann's con-
Stant. There may also be an entropy change owing to orienting
i"f"l uences on the components in the solution which differ from
thCbse existing in the pure component. This entropy change associ-
Ated with first neighbor interactions must be proportional to the
Number of pair contacts developed in the solution. Flory (F-3a)

Obtains this as
(1.4)

ASm = -k[a(x]T)/aT]n]vp
wher-e X is a reduced residual chemical potential. It consists of
e""';hal py and entropy terms. This is discussed later in the

Cha pter.
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Since AS{EOta] is positive, it is the heat of mixing term

that is more important in determining the sign of the free energy

change of mixing, AFm. Two substances will mix whenever AFm is

negative.

total (1.5)

AFm = AHm - TASm

The heat of mixing results from replacement of solvent-

solvent and polymer-polymer contacts. The magnitude of this con-

tribution to the free energy depends upon the degree of interaction

of the unlike species in solution. The solvent is good when heat

of mixing is exothermic which is the case when polymer-solvent
specific interactions are large, i.e., when hydrogen bonding takes

place. The total excess entropy term is usually positive and good

solvents have AH, < 0.
Since there are two different monomer species present in a

copolymer, the expression for the interaction energy must be amended
to include the additional interactions. Stockmayer et al. (S-4)

represented Xq for a copolymer solvent system as

X = X+ Rgxg - XakpXag (1.6)
where ’-(A and ;(B are mole fractions of monomers A and B in the
copolymer, Xp and Xg are the interaction parameters for the homo-
polymers A and B with pure solvent, and XAB is a parameter

expressing A-B interactions.
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The definition of "good" and "poor" solvents may be given
thermodynamically. The change in chemical potential of the solvent,
Au], may be split into an ideal and an excess term:

Ay, = Auid + Auex 1.7}

1 =ex] i i
Flory (F-3a) obtains with complete generality excess (i.e., nonideal)
chemical potential of the solvent in terms of partial molar heat of
dilution, AH], and partial molar entropy, AS]. According to his

derivation,
M = RT(k, - ¥ )v2 (1.8)
1 1 177 i

where S and w1 are heat and entropy parameters such that

T 2

8y = RTkqve, (1.9)
and

83, = Rygv2 (1.10)

1 Y .

Within the 1imits and validity of his theory and simplifying
assumptions, he relates parameters €95 w] and X by

Kp =¥y =x - V2. (1.11)
e also defines an "ideal" temperature © as

0= qT/Y (1.12)

uch that






X3 W2 < \(1](] - o/T). (1.13)

Hence the excess chemical potential may be written as
w = RTy (1 - O/T)vs. (1.14)

In a poor solvent, < and Y, are generally positive. Accord-
ing to the above equation, at the temperature T equal to O, the
chemical potential due to segment-solvent interaction is zero.

Hence at the O-temperature deviations from ideality vanish. From
the above equations it can be seen that in poor solvents v;] is
nearly equal to < and X is close to 1/2. These quantities or
equivalent ones may be experimentally determined by light scattering
or intrinsic viscosity measurements and these methods were used in
this work to quantify the thermodynamic "goodness" or "poorness" of
solvents.

In the past most of the rheological work reported in the
literature has been done in good solvents. In many of these
studies, in spite of a variety of solvents used for a polymer, the
solvents were all good and thus distinct thermodynamic effects
were not observed. In this work a different approach was con-
sidered. Copolymers from two very different monomers were synthe-
sized and studied in different solvents. Each of the selected
solvents had a different degree of goodness toward the homopolymers
of the two monomers. Some of the solvents were very highly com-

patible with one of the homopolymers while others were non-solvents.
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Thus the copolymers helped in providing distinctly different
polymer-solvent thermodynamic interactions in different solvents.

Styrene* and acrylonitrile* monomers were selected to syn-
thesize linear polystyrene* homopolymers and styrene-acrylonitrile
copolymers.* The two vinyl monomers are very different in charac-
ter; styrene has a bulky benzene ring while ACN has a polar C=N
group. Styrene is non-polar while ACN is polar. The copolymers
that were synthesized had different ACN contents, thereby providing
different degrees of localized polarity in different copolymers.
Excellent references to ST and ACN polymerization can be found in
Ref. {B-1, M-1) and (A-4), respectively, and of polymerization in
general in Ref. (0-1).

Four solvents were selected for this work: (1) Benzene,
(2) Dioxane, (3) Methyl ethyl ketone,* and (4) Dimethylformamide.*
Benzene is non-polar and is an excellent solvent for PS while it is
a non-solvent for polyacrylonitrile.* Dioxane has two symmetric
oxygen atoms and hence its dipole moment is zero but it has local-
ized charge separation. Dioxane is a good solvent for PS but is
a non-solvent for PAN. The two polar solvents, MEK and DMF, are
relatively poor solvents for PS while for PAN, MEK is a non-solvent
and DMF is an excellent solvent. Thus this choice of solvents gives
a wide range of polymer-solvent interaction in terms of a variety

of polymer-solvent intermolecular forces.

*Henceforth styrene is referred to as ST, acrylonitrile as
ACN, polystyrene as PS, styrene-acrylonitrile copolymers as SAN
copolymers, methyl ethyl ketone as MEK, dimethylformamide as DMF and
polyacrylonitrile as PAN.
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It may be mentioned here that copolymers are often manufac-
tured or tailored for specific physical and chemical properties
which are often unobtainable from simple homopolymers. The
properties of a particular linear homopolymer are determined pri-
marily by two factors: (1) average molecular weight and
(2) molecular weight distribution. In copolymers, alongwith the
above two factors, third and fourth important factors are the
average chemical composition and the distribution of composition
about this average. The polymers that were synthesized in this

work were similar to industrial PS and SAN copolymers with respect

to their molecular weights and molecular weight distribution.

D. Experimental Method

To achieve the goals of this research, a rather wide range

of experimental work was involved. This consisted of polymeriza-
tion of monomers, characterization of polymers, viscosity measure-
Ments of dilute and moderately concentrated solutions and
€Xperimental determination of polymer-solvent thermodynamic inter-
QACt jons. This required the use of the following equipment:

1. Glass reactor with baffles and stirrer for poly-
merization (Chemical Engineering Department).

2. Capillary viscometers for dilute solution vis-
cometry (Chemical Engineering Department).

3. Cone-and-plate viscometer for moderately concen-
trated solution viscometry (Chemical Engineering
Department, University of Michigan).

4. Light scattering photometer and differential
refractometer for thermodynamic parameters and
molecular weights of polymers (Biochemistry

Department).
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The laboratories of Dow Chemical Company in Midland,
Michigan, performed the measurements of molecular weights and
molecular weight distributions of the polymers by gel permeation
chromatography (GPC). Spang Microanalytical Laboratory, Ann Arbor,

Michigan, did the nitrogen analysis of the copolymers.



CHAPTER II

POLYMERIZATION AND PREPARATION OF SAMPLE MATERIALS

Polystyrene homopolymers and styrene-acrylonitrile copoly-

mers used in this work were synthesized by free radical polymeriza-

tion in bulk. The reasons for this were (1) to avoid contamination

from solvents used in solution polymerization; (2) to obtain a
maximum quantity of each polymer with a restricted size reactor and
restricted conversion of monomers to copolymers, low conversion
being necessary to obtain uniform composition of copolymers (this is
discussed in detail later in the chapter); and (3) because of low

COnversions, mixing and heat-transfer would not present difficulties

in these bulk polymerizations.
This chapter presents methods for the selection and purifi-

Catijon of materials, the theory of vinyl homo and copolymerization,

And a description of the sample homo and copolymers which were syn-

thesized to use in the viscosity and thermodynamic studies.

A. Initiator

The rate of vinyl, free radical copolymerization in a binary
System depends not only on the rates of the four propagation steps

but also on the rates of initiation and termination reactions. To

Simplify the matter, the rate of initiation may be made independent

Of the monomer composition by choosing an initiator which releases

16
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primary radicals that combine efficiently with either monomer. The
spontaneous decomposition rate of the initiator should be substan-
tially independent of the reaction medium, as otherwise the rate of
initiation may vary with composition. The initiator a-a'-Azo-bis-
isobutyronitrile* (AIBN) meets these requirements satisfactorily
(W-2). Also, AIBN offers an advantage in that, unlike benzoyl per-

oxide, it is not susceptible to induced decomposition (F-3b).

B. Purification

1. Initiator

The AIBN obtained from Eastman Kodak Co.T was purified by
recrystallization from acetone. A large quantity was dissolved in
acetone at room temperature till saturation. The solution was fil-
tered through a funnel under vacuum. The filtered solution was
cooled in an ice-water bath until a crop of crystals precipitated.
This procedure was repeated twice and the crystals were dried in a
vacuum oven at room temperature. After drying, the purified, crys-

‘talline AIBN was stored in a refrigerator.

2. Monomers

-

High purity ST and ACN were obtained from Eastman Kodak Co.
The containers were stored in a refrigerator and only the approxi-
mate amount needed for each run was withdrawn at one time. The

1iquid monomers, for an experiment, were withdrawn and separated

*Henceforth referred to as AIBN.

tEastman Kodak Co., Rochester, New York 14650.
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from the dissolved inhibitor by passing through columns of activa-
ted alumina (B-3, F-4). The monomers were then distilled at
reduced pressure. Only the middle fractions were collected and

used.

C. Homopolymerization
The kinetic scheme for homopolymerization in the presence

of an initiator may be written as

WM* kp WM*
L+ M — s (2.1)

shere superscript * indicates a radical at the end of a growing

chain.

|._Rate of Reaction
As shown by Flory (F-3b), the rate of propagation in free
adical polymerization is given by

R, = Ul - k) (k11 7k /20 (2.2)

here kd, kp and kt are the reaction rate constants for initiator
2composition, chain propagation, and chain termination, respec-
vely; f is the fraction of primary radicals available for initi-
jon of polymerization (efficiency of initiation); [1] is the
itiator concentration; and [M] is the monomer concentration.
Equation 2.2 can be integrated and solved for the time of

action necessary for the required conversion with a known amount

initiator. It was found that for 10 per cent conversion with
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0.1 per cent initiator concentration, the total reaction time was
about four hours at 60°C for ST homopolymerization. Hamielec et al.
(H-2) have derived an expression relating conversion with the time

of reaction and the amount of initiator. This is given by

1/2
2k 2fk 1 -k, t
x=1- exp l:[ kf;] [k d[ ]] [exp (_;) _ ]]J (2.3)

td'+kth

where x is the fractional conversion of monomer to polymer, ktd and
ktc are the reaction rate constants for termination by dispropor-
tionation and termination by combination, respectively. In bulk
polymerization of ST, ktd can be neglected (F-3b). The calculated
time for 10 per cent conversion with 0.1 per cent initiator concen-
tration was also about 4 hours. This should not be very surprising
since Eq. 2.3 is an integrated form of the rate expression and the

origin of Eqs. 2.2 and 2.3 is the same.

2. Molecular Weight

The expected molecular weight can be calculated from the

knowledge of the kinetic chain length which is given by
v = (k. 272k, )[MI2/R (2.4)
piTt P

where Rp is given by Eq. 2.2. The kinetic chain length, v, of PS
obtained after 10 per cent conversion of ST at 60°C with 0.1 per
cent concentration of initiator is about 460. Then the number

average molecular weight is given by

Mo = 2uMy (2.5)
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where M0 is the molecular weight of the monomer unit and the fac-
tor 2 is due to the fact that termination is by coupling whereby
two chains are joined to each other. This gives Mn equal to
95,600. Assuming that a low conversion, stirred, bulk polymeriza-
tion will give the most probable distribution of weights, i.e.,
Mw/Mr| equal to 2 (F-3c), the weight average molecular weight MW is
about 191,000. Thus, in homopolymerization, with a given amount of
initiator, one can readily synthesize a polymer of any desired
nolecular weight and determine the time of reaction for the desired
conversion. The theory and experiment agree quite well for homo-

polymerization of PS.

D. Copolymerization

|._Copolymer-Monomer Composition
cquation

In the copolymerization of two monomers, M] and MZ’ the four
ifferent chain growth steps may be indicated by the scheme shown in

qs. 2.6 to 2.9 (A-1),

* 1 *
\/\AM] + M‘I — WM]M] (2.6)
* S *
My My, — MMy (2.7)
* Koy *
oMy +uy 2 MMy (2.8)
k.

* *
UV\MZ + My —=5 oMM, (2.9)




v
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where superscript * indicates a radical at the end of a growing
chain, subscripts 1 and 2 denote two types of mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>