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ABSTRACT

The purpose of this investigation is to examine from a
fundamental viewpoint the applicability of zone melting to solvent-rich
high polymeric systems as a means of achieving a redistribution of the
solute species,

Theoretical aspects are considered, and it is concluded that
it is necessary to employ a system for which the solution process is
endothermic in order to avoid entanglements that would preclude good
separations and redistributions. The polystyrene-cyclohexane system
meets this criterion and was selected for experimental study.

The experimental procedure includes static solidification
tests and zone melting experiments under various operating conditions.
Distribution analyses are performed by ultracentrifuge sedimentation-
velocity methods,

Tt has been found on slow zone travel rates (ca. 4 0L cm/hour)
that redistribution of polystyrene across the advancing freezing inter-
face of a cyclohexane-rich polystyrene-cyclohexane system tends toward
accumulating all polymer species at the first-frozen part of the ingot.
The effect is largest for the highest molecular weight species, At
faster zone travel rates (ca. 4.83 cm/hour), resorption of a polymer-
rich second phase in the liquid is comparatively too slow to permit
equilibrium to be reached, and this phase is carried In the moving

liquid zone, The higher molecular weight species are particularly
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susceptible to this effect, and are preferentially accumulated in the
last-frozen part of the ingot. Increases in total polymer concentrations
and in the proportion of high molecular weight species enhance the latter
effect at all rates of zone travel, Extremely rapid rates of zone travel.
(ca. 9.66 cm/hour) result in very little redistribution of the solute
species because of their relatively low mobility compared to the rate
of advance of the freezing interface.

For an initially broadly distributed polymer, in no case can
a single species be localized by zone melting a dilutely concentrated
ingot without the presence of considerable quantities of slightly smaller
and slightly larger molecules, However, proper choice of the total
polymer concentration and rate of zone travel can allow rough separations
to be effected; suitable combinations of successive zone melting opera-

tions may permit a moderate degree of fractionation to be achieved,

ix



INTRODUCTION

The term "zone melting" refers to an automated method for
accunulating the effects of successive fractional crystallizations on
the distribution of solute species,(25) A short molten zone is passed
through a solid solution, and as the freezing interface progresses,
there is a continual redistribution of the various solute species
according to their relative solubilities in the liquid and solid
phases, If diffusion of solutes does not occur in the solid but does
occur in the liquid, a concentration gradient is developed over the
length of the resulting solid ingot. Passing successive molten zones
through the ingot results in accumulating the segregation effects,
This method, in its many variations, has been effectively employed
to localize solute species 1in alloy systems. Because the
various members of a structurally homologous series exhibit a
range of properties, the generality of the technique suggests that
it could perhaps be extended to effect a redistribution of dissolved
polymer species in a frozen solvent, BSuccessful application of zone
melting to high polymeric systems would permit more economical large
scale separations attractive both as an industrial tool and as a means
of concentrating selected species for use in research investigations.
With an eye toward the applications of the method, some cursary ex-
periments have been reported., Nowhere, though, has mention been
made of investigating the effect of operating variables on the dis-
tribution of resulting properties for each segment of the zone melted
ingot.

-1-
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In view of the importance of these types of data, it was
decided to develop suitable equipment for studying zone melting of
dilute solutions of high polymers and then to obtain specific in-
formation on a representative material, For the latter, polystyrene
was selected, and the majority of the work reported herein concerns

the polystyrene-cyclohexane system,



SURVEY OF PREVIOUS WORK

A few investigators have reported measurements of single
properties, e.g. intrinsic viscosity or melting point, of paraffins
and high polymers subjected to zone melting. Peaker and Robb(ge)
report redistributing poly-disperse polystyrene in naphthalene,
Eldib(7) has zone melted mixtures of paraffinic waxes. Cahill and
Loconti(u) have reported the results of unidirectional freezing of
polystyrene-benzene solutions which they performed preliminary to
zone-fractionation studies, Their results show that some redistribu-
tion does indeed occur during the process: the appropriate averages
Or extreme values of the property measured varied systematically along
the zone melted ingot, However, these references include no indication
of the distribution of properties within each segment of the zone
melted ingot,

Although the lack of specific information on zone melting of
polymer systems is significant, there is no lack of general, background
considerations pertinent to the topic., These include principles of
zone melting, thermodynamic aspects of polymeric systems, and data
avallable on the system polystyrene-cyclohexane, In addition there

i1s work in supporting fields such as analysis of high polymer molecular

weight distributions, Each of these will be discussed in turn,

Principles of Zone Melting

The principles of zone melting were first mentioned by Pfann

(2k)

in 1952, who has since excellently reviewed many of the important
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developments pertaining to elemental systems in a monograph,
There are two mathematical treatments of the zone melting
operation - that are incidentally referred to by Pfann(QS) - which
can be mentioned in some detail, Burton et g£,<5) considered the
advance of a freezing interface into a liquid at a finite rate, Under
this condition, a concentration gradient will be developed instantane-
ously in the liquid phase as a result of the solid either rejecting
into the liquid or removing from the liquid the solute species, This
effect is shown schematically in Figure 1, where Figure ia represents
the case of the solid rejecting the solute, and Figure lb the case of
the solid depleting the liquid of solute. To the extent that diffusion
in the liquid 1s not instantaneous and not capable of immediately
reducing the gradient, the ratio of concentration of solute in the
solid to that in the liquid will vary as a function of ligquid position,
The value of this ratio at the interface corresponds to the equilibrium
phase diagram, and 1s known as the equilibrium segregation coefficient.
The value of the ratio at a position in the bulk liquid away from the
boundary layer is the one which controls the efficacy of the zone
melting operation, and i1s known as the effective segregation coefficient,
By means of a mass balance Burton showed that the two values of the
segregation coefficient could be related in terms of the rate of advance
of the freezing interface, f, the thickness of the boundary layer B,

and the solute's diffusion coefficient, D:
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CONCg0114
for K Wl = e <1
€q CONCliquid interface

or n (1 - 1 ) = 4n (1 - 1 ) - 5
Kerr Kequil®~ D
CONC :
for ———solid > 1

K ., =
equil
d CONCliquid interface

It should be noted at this point that for K 1 greater than 1.0, K. ¢e

equi
will always be greater than 1.0; and for Kequil less than 1,0 K, pp will
always be less than 1,0,

In 1953, Lord(lS) showed that a differential equation describ-
ing the effects of passing one molten zone through a semi-infinite ingot
in terms of the effective segregation coefficient and the position in

the ingot could be solved reiteratively to yleld a compact expression

describing the net effect after several passes:

cyla) = Cq {1 - [(1-K)e‘Ka][n -2 L K e X

n

where C 1is the solute concentration,
K 1is the effective segregation coefficient,
n 1is the number of zones passed,
a is the distance in the ingot from the head end measured

in zone lengths,

When it is applied to finite ingots, Lord's expression correctly

describes only as much of the ingot as is not subject to realizing that

normal freezing* occurs at the tail end. On the first pass, only the

¥ "Normal freezing" refers to solidification of a liquid with no influx
of additional liquid during the process.



last zone length experiences normal freezing, On the second pass, the
next to last zone length will incorporate in the liquid some of the
material that was previously frozen normally in the last zone length
and this effect will be felt at the freezing interface at the beginning
and throughout the next-to-last zone length; the last zone length itself
will again freeze normally, On the third pass, the third zone length
from the end will similarly incorporate the effects of the first normal
freezing that were transferred to the second zone length on the second
pass, And the second zone length will again be affected by the normal
freezing in the last zone., The effect of normal freezing is thus
transferred backwards one zone length more upon the passing of one
additional zone, The applicable part is therefore all of the ingot
except a length equal to the number of zones passed times One zone
length, Other limitations on the application of the expression are
that the zone length must be the same on each pass, and that the effec-
tive segregation coefficient must be relatively constant over the range

of concentrations that exist in the zone melting operation,

Thermodynamic Aspects of Polymeric Systems

Thermodynamic considerations of polymeric systems have been
made both theoretically and experimentally, Theoretical approaches
have centered on computing phase equilibria by examining chemical poten-
tials for the various members of a polydisperse polymer or for the
solvent in a polymer-solvent systemo(8> Regardless of their amount
of sophistication, the theories are all characterized by equating the

entropy of mixing with the entropy of configuration, Deviations from
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this relation have, by and large, been absorbed in heat of mixing
terms, The configurational entropy is based on segments of the
polymer chain - in contradistinction to ideal solution theories
which are based on whole molecules, The heat of mixing is similarly
computed on the basis of a heat effect per unit contact of a polymer
molecule segment with a solvent molecule.(8’27’51)

In the computation of configurational entropies, an arbitrary
liquid lattice is assumed, and the various segments of polymer molecules
and the solvent molecules are placed on the lattice in manners consis-
tent with the fact that contiguous polymer segments must be put on
adjacent lattice sites, The configurational entropy is then computed
from the Boltzman expression where it is proportional to the natural
logarithm of the total number of distinquishable ways that the components
of the solution can be arranged.

Two limiting cases are recognized for this computation.<8’27)
On one hand, the solution is sufficiently concentrated that even if the
polymer molecules are more-or-less coiled up, an arbitrarily chosen

polymer segment views an essentially spatially homogeneous distribution

of segments and solvent molecules, The resulting expression(B) for the

total entropy in this case is
AS = - k(% ngén v;)

where n, refers to the number of molecules and vy refers to the volume
fraction of the molecules, One of the specles i1s the solvent; all others

are polymer molecules of various character,



The other extreme can occur when the polymer molecules
prefer themselves to the solvent as neighbors and coil up. Then
if the solution is sufficiently dilute, the presence of coiled
molecules leaves a sizeable fraction of the solution with no polymer
segments, and a molecule outside the solution sees two distinctly
different regions. In the region of the solution where the segment
concentration is appreciable, theoretical considerations give chemical
potential expressions corresponding to those pertinent to the entire
moderately concentrated solution, In the regions where there are no
solute species, the expressions for configurational entropy are

(8)

clearly those for pure solvent. Thus, although it is possible

to write a weighted expression for the solvent under these conditions,
there is for the various solute species apparently no straightforward
way of expressing their configurational entropy so that this case
could be distinguished from the more concentrated situations.(8)

Various authors(g’ll’gl)

have attempted to take into
account the existence of interactions which bias the probability

of some of the possible configurations, It has generally been
acknowledged(8) that these approaches add little to the overall
agreement between theory and experiment. Thus, in order to preserve
the simplicity of the form of the non-biased expressions, these terms
are generally omitted, and any error their omission introduces into

the subsequent expressions for the chemical potential is absorbed in

the heat of mixing term.
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Heats of mixing(8’3l) are of the type wherein a suitable
average number of contacts between unlike pairs of solvent molecules
and polymer segments is used to estimate the interaction energy. As
noted above, the experimental value of this term will include contri-
butions arising from specific spatial interactions, as well as simple

unlike-pair interactions. Generally, the form of this term is simply
M = z(&wyp) nyvo

where 2z 1is the number of unlike contacts per chain segment (usually
3 or b4), (Awlg) is the net exchange energy per contact, nj is the number

of solvent molecules, and v, is the site or volume fraction of the poly-

ZAW D

mer, By equating ,Xl to , the form

N = X&anlvg

can be given, which puts the measured product of uncertain quantities
as a multiple of KT,

The resulting Gibbs' free energy can be written as

NG = kT[% n;4n vy +,Xinlvg]

where v, = X v,
After changing to a mol basis, partial differentiation with respect to

nl gives after some manipulation the partial molar free energy or

chemical potential., Thus, the chemical potential can be written

o 1 D
pg - kg = BRIy - (xg- 1)+ v (1 - 25) + Jaxg (1= wp)” 0.

. is the chain length (no. of seg-

where My is the chemical potential, X5

ments) of chain i, and sy is the number average molecular weight for the

total polymer in the phase in question.
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At equilibrium between two phases, the chemical potential
for species 1 in the two phases will be equal. From this relation
the ratio of volume fractions for the species in the two phases desig-
nated as primed (') and unprimed, i.e., the equilibrium segregation

coefficient, can be written

2

IPJ

= Koquin = &P {(Xi)<v2(l‘;—n) -vp (- =) + 0 [(1-vp)

i n

2
- (1= Dk

Attempts to experimentally verify the above theory have taken
many forms., Early investigations took the form of liquid-liquid equilibria,
and they are well summarized by Flory,(8) More recently, the theories
have been extended to systems involving the crystallization of polymers
where the partition is between the polymer crystal and either a liquid
solution or an amorphous region of polymer.<9)% Generally, 1t can be
said of both kinds of investigations that the theory is of the proper
form., Deviations can be ascribed to non-constancy of various parameters,

€.8, ‘}1, that have been assumed constant over various operating con-

ditions.

Data On Polystyrene-Cyclohexane Systems

Data on the polystyrene-cyclohexane system in the liquid

(10)

phase have been available for many years, Fox and Flory have

reported values on thermodynamic interaction parameters, and have

* Tt should be noted that a lack of a thorough understanding of the
kinetics of crystallization of polymers has hindered the interpre-
tation of the thermodynamic aspects. As a result, the most recent
efforts have centered on the mechanisms of crystallization, with
little new work being done in thermodynamic investigations.
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shown the following results: In cyclohexane, polystyrene is only

partially miscible at certain temperatures. The maximum temperature at
which a precipitate is stable has a minimum at low concentrations of poly-
mer and then increases with increasing volume fraction of polymer for a
polymer of a given (narrowly distributed) molecular weight. The critical
or maximum precipitation temperature varies directly with the square

root of the molecular weight. The intrinsic viscosity varies directly
with the concentration of a polymer species, and the first derivative

of the relation increases with increasing molecular weight., Varia-

tions with temperature of chain dimensions, as measured by the root

mean sguare end-to-end distance, are slight over a range encompassing

both sides of the miscibility gap.

Analysis of High Polymer Molecular Weight Distributions

In addition to background considerations pertinent to zone
melting of high polymers, there has been developed a body of literature
pertaining to the analysis of high polymer distributions. Traditionally,
distribution analyses have been performed by examining number-average,
viscosity-average, or weight-average molecular weights of the fractions

(8)

from carefully fractionated samples, These values were obtained

from osmometry, viscometry, or light scattering experiments, respectively.
Fractionation was accomplished by altering the volumes and temperatures
of liquid-liquid systems, according to the partition theory indicated
above, In recent years, techniques such as gradient-elution experi-

ments (6) and counter-current liquid-liquid extraction(l) and thermal

diffusion(lu) have been attempted as fractionation tools, but the
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analyses of the fractions have remained the same, Finally, techniques

28,2
employing the ultracentrifuge( »29) have been developed which allow

the determination of molecular weight distributions of unfractionated

polymer samples, The entire range of the applicability of the ultra-
(2)

centrifuge to high polymers is reviewed by Baldwin and Van Holde,*®

and the determination of molecular weight distributions of polystyrene

(17) (5)

using the instrument is reported by McCormick and Cantow,



THEORETICAL CONSIDERATIONS

Zone melting, or even the simpler process, fractional crystal-
lization, succeeds because different solute concentrations coexist in
the liquid and solid phases at equilibrium at temperatures in the solid-
ification temperature range. For many kinds of systems, information
about these concentrations sbounds, and is conveniently and commonly
presented in equilibrium diagrams. In the case of polymer-solvent
systems, however, there can be found no reports of phase equilibria
for temperatures approaching the solidification range, In the absence
of detailed knowledge about the phase equilibria for any polymer-solvent
system under the conditions pertaining in zone melting, it 1s necessary
t0 consider some general, theoretical aspects of thermodynamics in
order to anticipate the results of the operation,

Based on equilibrium studies of amorphous polymer-solvent
systems wholly in the liquid region,(26) it can be said that in reality
only two kinds of systems are eéncountered: (a) systems which possess only
a single-phase liquid region over all temperatures regardless of the con-
centration of the polymer in the solvent, and (b) systems in which for
some concentrations of the polymer in the solvent, there is a two-liquid
region formed, indicating a miscibility gap, at least over certain tem-
peratures, It should be noted that for the purposes of the entire dis-
cussion that follows, amorphous polymers are considered liquids; this
definition is convenient and simplifies the discussion, but it is not

a necessary restriction,

The first situation is one for which the solution process is

exothermic and which results in the polymer molecules uncoiling to

expose themselves to as much solvent as possible, TFlory has shown

that in a thermodynamically good solvent the excluded volume of two

-1k~
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identical spheres of polymer is eight times the volume of either

8)

sphere alone,( He has also shown that the root-mean-square end-

to-end distance in a good solvent may be up to twice as long as it

(8)

is in a poor solvent, Thus, the effective volume of a polymer
in a good solvent may approach 16 times what would be calculated on
the basis of its specific volume as a pure component, As a result,
at weight concentrations of polymer of only a few per cent, its effec-
tive volume fraction in a good solvent may be appreciable, and at moderate
concentrations, it is very significant, There is consequently consider-
able opportunity for spatial or mechanical interlocking if the weight
fractions of polymers in good solvents are just a few percent,

In the second case, the solution process is endothermic
and results in the individual polymer molecules remaining tightly
coiled in order to have as little contact with the solvent as possible.
In this situation polymer-polymer molecular interactions are reduced to
a minimum,

Polymer-polymer molecular entanglements, that may exist when
the solution process is exothermic, cause unselective entrapment of
the polymer molecules on freezing of the system. The first polymer
species incorporated into the solid mechanically retain other species
which are then engulfed by the advancing freezing interface. As a
result of the strong tendency toward unselective entrapments,efficient
redistribution on freezing of a system with a solvent that is thermo-
dynamically good at temperatures just above the solidification temper-

ature range is precluded at all but the very lowest concentrations.,
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In the case of minimal polymer-polymer molecular inter-
actions, which obtains when the solution process is endothermic,
each polymer molecule "sees" only the solvent. The solvent, to be
sure, sees the effect of all the polymer molecules, When dynamic
equilibrium of the polymer molecules is being established across a
phase boundary, however, each polymer molecule in turn weighs the
advantages of locating in each of the two phases, Upon a molecule's
selecting one phase or the other, the population situation for the
phases is changed, and the next molecule's decision will be influenced
by this subtle change, The process will continue, with phase popula-
tions oscillating over time with diminishing amplitudes until a steady-
state situation is reached, It is obvious from this description that
the total polymer concentration and molecular weight distribution will
influence the partition of any selected species across a phase boundary,
and this is also confirmed by the solution lattice theories (see the
previous chapter)., Thus, a polydisperse polymer-solvent system that
exhibits an endothermic solution process can be considered as a family
of a series of binary systems where the series parameter is molecular
weight and the family parameters are total polymer concentration and
molecular weight distribution. Appropriate binary equilibrium diagrams
should then provide the information desired to anticipate the results
of zone melting experiments,

Unfortunately, not even the binary diagrams exist, and a
further attempt must be made to secure the needed information., This

can be accomplished by considering the limited number of possibilities
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available in binary systems with liquid-liquid miscibility gaps
and then performing critical experiments to distinguish which
kind of situation really exists,

For binary systems there are only three kinds of equilibrium
diagrams possible for liquid regions with miscibility gapso(lB) These
are shown in Figure 2, Figure 2a depicts an upper consolute temperature
where two liquid phases coexist at lower temperatures, but at temper-
atures greater than the consolute temperature, only one liquid phase
exists, In Figure 2b is shown a system which possesses a single
liquid phase at lower temperatures, but which changes to a two-liquid
region at higher temperatures, In Figure 2c is shown a system demon-
strating an upper consolute temperature and a lower consolute temperature.
Both of the cases with lower consolute temperatures possess single phase
liquids as the temperature decreases toward the freezing point, There-
fore, although at some temperatures there is a miscibility gap, the gap
does not extend to temperatures Just above the solidification range,

As a result, for the latter cases when the solute species are polymer
molecules, they do not exist free of entanglement (at all concentra-
tions except the very lowest) and thereby are subject to the same
unselective entrapment on freezing that polymer molecules in wholly
single phase liquid regions experience, Thus, only the first case
(the upper consolute temperature) needs to be considered in greater
detail,

On the basis of the phase rule of Gibbs, for a binary system
at constant pressure the maximum number of phases that can exist is

three, which can only happen when the temperature is invariant, Two
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phases, the two liquids, have already been established for the case
at hand, Therefore, upon wishing to examine the situation of freez-
ing, the third and final phase present is set as the solid, It is a
well-known fact that when three phases coexist in a binary system at
constant pressure and one of the three phases is one of the pure
component solids with some of the second component dissolved in it,
the invariant temperature cannot be the melting point of the first
pure component., Hence, the invariant temperature must be either
above or below the melting point of the pure component solvent.

Figure 3 presents the two alternatives that remain which
are pertinent to zone melting of polymer-solvent systems. TFigure 3a
shows the case where the two phase liquid region terminates on cool-
ing at a temperature below the pure component melting point, and
Figure 3b shows the case where the invariant temperature is above
the pure component melting point, In the former case, the solute
concentration is greater in the liquid than in the solid for any
given temperature., In the latter case, the relative concentrations
are reversed,

If a polymer-solvent system displaying either one or the
other of these characteristics is subjected to zone melting under
conditions where thermodynamic equilibrium is essentially reached,
the following~00nclgsions can be made, If the invariant temperature
is greater than the pure solvent melting point, then zone melting
will result in the solute being concentrated at the head (i.e. the

first melted and the first frozen) end of the ingot., But if the
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invariant temperature is below the pure solvent melting point,
the solute will remain preferentially in the liquid and be carried
to the tail (i.e, the last frozen) end of the ingot.

The previous discussion pertains to zone melting suitable
polymer-solvent systems under conditions where thermodynamic equil-
ibrium is approached, However, the fact that in zone melting freez-
ing occurs at a finite rate introduces the element of time, and
thermodynamic equilibrium may not be obtained.

Time-dependent deviations from thermodynamic equilibrium
can be of two kinds., One kind of deviation is due to finite diffusion
rates in the liquid and results in less net segregation between the
liquid and solid than thermodynamics would predict. This situation
has been described in some detail in the previous chapter.

The second kind of time-dependent deviation is the result
of the finite rates at which three-phase reactions occur, The situ-
ation becomes important only if the reaction rate is slow compared
to the rate of advance of the freezing interface, Two cases can be
distinguished here, according to the relation between the invariant
temperature and the melting point of the pure solvent,

When the invariant temperature is above the pure solvent's
melting point, the two liquids must react to form the solid. One
of the liquids is largely polymer, and if the reaction is too slow,
a polymer-rich phase remains after solidification. The remaining
polymer may either be entrapped in the freezing solid, or be pushed

along in the liquid by the advancing interface. Since the larger
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polymer molecules are more stable as second-phase material than
the smaller ones,cg) if entrepment occurs in addition to the thermo-
dynamic tendency for the larger molecules to be retained in the solid,
total retention of the larger molecules in the solid will be enhanced,
But if pushing into the liquid of the more stable second-phase larger
molecules occurs, the net effect will be less than the thermodynamic
retention of larger polymer molecules by the solid,

When the invariant temperature is below the pure solvent's
melting point, the solvent-rich liquid reacts to form solvent-rich
solid and polymer-rich liquid, This polymer-rich liquid is in addition
to any polymer-rich liquid already present. In this case, as in the
case above, the polymer-rich liquid can either be entrapped or pushed
ahead, However, entrapment works against the thermodynamic tendency
in this case where the polymer should be rejected into the liquid,
and pushing ahead enhances the thermodynemic tendency.

It is now possible to outline what steps are necessary to be
able to anticipate the results of zone melting a polymer-solvent system
when a suitable miscibility gap exists in the liquid region. TFor each
species, either the relative concentrations of solute in the liquid
and the solid must be determined, or the invariant temperatures must
be known relative to the pure solvent melting temperature. This task
is not as formidable as it seems, for an examination of the solution
lattice theory, given in the previous chapter, shows that the coefficient
of the chain length in the expression for the logarithm of the relative

concentrations of one species across two phases does not change alge-

braic sign with a variation in chain length, Therefore, it suffices
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to measure the partition tendency for only a single molecular species
in the solvent at solidification in order to determine the tendency

for all members of a structurally homologous series, Then zone melting
can be carried out at different rates of zone travel and the net parti-

tion assessed,



EXPERIMENTAL PROCEDURE

Materials

Polystyrene was selected for study because of its ready
availability in a range of molecular weight distributions and because
considerable work has been reported on its characterization(S’10’17)
Both a broadly distributed and two narrowly distributed amorphous
polymers have been examined.

The more broadly distributed material was found to have a
weight-average molecular weight of 243,000 as determined by the ultra-
centrifuge sedimentation-velocity method of McCormick(l7) and 295,000

(12,13)

similar to that observed by other authors, A ratio of weight-

(16)

average to number average molecular weight of 2,055 was determined
by the turbidity titration method of Morey and Tamblyn, (%)

The two narrowly distributed amorphous polymers have weight
average molecular weights of 82,000 and 267,000, The former had a weight-

(16)

average to number-average molecular weight ratio of 1,05, whereas

(16)

the same ratio for the latter was found to be 1,08, These values
were determined by ultracentrifuge sedimentation-velocity experiments,
Selection of an appropriate solvent was based on three factors:
(a) the desirability for the solvent-polymer system being thermodynemi-
cally poor (i.e, have an endothermic heat of solution), so that there

would be considerable likelihood that the polymer molecules would remain

individually tightly coiled and give rise to a minimum of polymer-polymer

2k
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interactions; (b) the avaiability of well-documented methods of
characterization of polystyrene in the solvent selected, so that
transfer of the polymer from one solvent to another could be avoided
in order to avoid an additional redistribution of solute species that
would accompany such a transfer; and (c) the resulting system's range
of freezing temperature being within a range that could be handled
with equipment that could be developed.

On basis of the first two factors, cyclohexane was considere@(25’2u)
and a check of the third factor proved that the range of freezing tempera-
tures would be in the vicinity of 0°C. Thus, the system polystyrene-
cyclohexane was chosen for the more detailed study.

Solutions of the desired concentrations were prepared by dis-

solving the polystyrene in the cyclohexane at temperatures near the

boiling point of the solvent (81°C),

Experimental Methods

Static Tests

In order to be able to anticipate the results of zone-melting
cyclohexane-rich polystyrene-cyclohexane systems, it was necessary to
ascertain the thermodynamic tendency for partition of the polystyrene
molecules across the freezing interface., For this purpose, a series
of static tests was performed.

Test tubes 20 mm,0.D., by 150 mm, long were supported with their
lower third in an ice water bath and filled approximately two-thirds full.
After periods of 120 minutes or 160 minutes, the supernatant liquids were
decanted and the solids remaining were allowed to melt. The melted solu-

tions were recovered after being heated into the temperature range above
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any critical temperatures. The molecular weight distributions of the
various fractions were determined with the use of a Spinco Model E
Ultracentrifuge via sedimentation velocity experiments according to

the methods of McCormick(IY) and Cantown(5) Runs were made in cyclo-
hexane at the 6-temperature, 35°C, at concentrations between 0,10 and
0,20 gm. /100 cc, All runs were made at 59,780 r.p.m., with a double sector
cell, Boundary curves were measured by projecting them onto co-ordinate
paper., Diffusion corrections were made by extrapolating against l/t

to infinite timea(SjlY) Corrections for concentration at this level

of concentration were found to be unnecessary (see also reference 16).
Because there was no detectable differences between the 120 minute

and the 160 minute samples, longer times were deemed unnecessary,

In an attempt to determine whether there might be significant
entrapment in the experiment just described, 90 mm. watch glasses in
point contact with the ice water bath were substituted for the test
tubes, In order to reduce the amount of solvent evaporation from the
large amount of exposed surface, inverted watch glasses were used as
covers, In no case, however, was it possible to maintain a liquid
above some solid: holding the entire, shallow assembly at the equili-
brium freezing temperature was not possible, and growth of the solid
soon consumed the entire system, It was noticed during the watch
glass experiment, however, that the second phase occurring in the
liquid - mentioned in the preceding chapter - was definitely observ-
able to the naked eye and was largely particulate, A piece of the
frozen solution was slowly moved in the vicinity of the second phase
particles with a pair of tweezers to qualitatively determine the extent

of attraction of the solid for the second phase,
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A further indication of the true partition tendency was
sought by obtaining cooling curve data which would show whether the
liquidus temperature for the solution was higher or lower than the
melting point of the pure solvent, OSpecial pains were exercised to
avoid either constitutional supercooling or thermal undercooling, by
using the arrangement sketched in Figure 4 and by stirring and tapping
the sample tube, By this technique, the rate of heat extraction was
made very slow and nucleation was enhanced, resulting in precision

closer than 0,1 centigrade degree,

Zone Melting Experiments

Carefully controlled movement of a molten zone through a
solid ingot of a cyclohexane-rich polystyrene-cyclohexane system
necessitates a suitable heat sink at temperatures considerably below
0°C in order to maintain well-defined liquid-solid interfaces. The
use of such temperatures as ambient conditions for a mechanical system,
however, creates operational difficulties not common to more conven-
tional applications of zone melting, As a result, an apparatus had to
be developed to teke into consideration such items as the development
of ice in bearings and mechanical drives, the necessity of reducing
the amount of surface of the apparatus to reduce the heat influx
through the insulation, and the necessity for having rigid cooling
coils in close proximity to the zone melted sample.

These design considerations dictated that the sample should
be moved as simply as possible past fixed local heaters in & refriger-

ated volume, and that a circular rather than a longitudinal motion was
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to be preferred, The arrangement used consisted of toroid-shaped
samples being carried in Teflon tubes on a merry-go-round past
radiant heaters in a 62cm. square box maintained at -30°C by a
refrigerating unit, The set-up is shown in Figure 5, a schematic
diagram, and in the several photographs that follow, Specific
information regarding the construction of the equipment and the
fabrication and filling of sample tubes is given in the Appendix.

By slowly rotating the merry-go-round, successive parts
of the samples are brought in front of the heater for local melting.
As the part of the sample in front of the heater is removed from
this vicinity, the ambient conditions induce freezing, and the
accompanying redistribution of solutes, Successive passing of
the molten zone through the ingot enhances the net redistribution
of solutes until an ultimate distribution is approsched,

Molten zones of 4,44 or 6,35 cm, lengths were passed at
the rate of 9,66, 4,83 or 4 01 cm, per hour through 96,6 cm. long
by 1,15 cm, diameter samples of initial total polymer concentrations
ranging from 0,18 to 1,30 gm,/lOO cec, The shorter zone length repre-
sents the lower limit on the zone size that could be maintained with
all values of concentration and speed of rotation examined, The
longer length represents a suitable differential in zone size for
the examination of the effect of zone size in this range, Matter
transport(25) was prevented by completely filling the sample con-
tainers initially.

Samples were recovered from the zone melted ingots by

cutting them with a high speed saw into short sections which were
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allowed to melt., Selected sections were examined for the presence

of polymer by adding a few drops of the solution maintained above

the critical temperature to an excess of methanol, a non-solvent,
Intrinsic viscosities were determined with a Ubbelhode visco-

meter directly in the cyclohexane used for zone melting in the single

phase region at temperatures above any critical temperature, Molecular

weight distributions were determined as described above,



RESULTS AND DISCUSSION

Static Tests

All static test data on the redistribution of polystyrene
between cyclohexane—rich solid and the liquid are plotted as the ratio
of the solute's concentration in the solid to its concentration in the
liquid vs. the solute's molecular weight, Data are shown both as a
function of concentration and of molecular weight distribution in Figure
10 and 11, respectively. In all cases examined, the graphs have an
intercept on the ordinate of 1,0 and have a positive slope,

Both increases in concentration and in the proportion of
high molecular weight material shift the solid-to-liquid concentration
ratio for any species to lower values, On the basis of this evidence,
of the three possibilities that can occur on freezing a cyclohexane-
rich polystyrene-cyclohexane system - the achievement of thermodynamic
equilibrium, non-equilibrium entrapment of a polymer-rich phase in the
solid, or non-equilibrium pushing of a polymer-rich phase into the
liquid - the possibility of entrapment playing an increasingly ilmportant
role with an increase in entrapment opportunity is eliminated., It can
be noted parenthetically that the occurrence of the inverse trend would
indicate that the possibility of the retention of a polymer-rich phase
in the liquid could be discounted,

Cooling curve studies were made to determine the relation of
the invariant temperatures of polystyrene-cyclohexane solutions to the

melting point of cyclohexane, Because a broadly distributed polymer

-36-
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will display a continuous and difficulty distinguished set of

isothermal reactions, the best defined data have been obtained

for a system with a narrowly distributed polystyrene in cyclohexane,

For example, using the material with a molecular weight of 267,000,
Figure 12, an isothermal reaction is clearly indicated at a temperature
approximately one full degree above the melting point of the pure solvent,
As mentioned in the preceding chapter, the reproducibility of this exper-
iment is sufficiently good to indicate that this difference in temper-
atures is clearly real, Consideration of binary phase diagrams,

wherein the solute either raises or lowers the solvent melting point

by means of the existence of an isothermal reaction (Figure 3), shows
immediately that the presence of a reaction temperature above the pure
solvent melting point gives a ratio of solute concentration in the

solid to that in the liguid greater than 1,0,

The very qualitative examination of the extent of attraction
of solid solvent for the polymer-rich phase that exists in the liquid
region showed virtually no attraction, Advance of the solid toward
the polymer-rich phase resulted only in pushing everything in its
path ahead of it; retreat left the polymer behind, motionless, Side-
to-side motion of the solid past the polymer-rich phase resulted only
in minor motion of it as it was moved by the liquid itself that was
dragged by the solid, In no case could the incorpofation of a particle
of the polymer-rich phase into the solid phase be observed even though
the experiment was carried out as more solid was being frozen. This

evidence confirms the conclusion given above regarding the unimportance

of entrapment in freezing this system,
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As shown above, static redistribution data provides one con-
clusion gbout the occurrence of phenomena on freezing the polystyrene-
cyclohexane system. It alone does not permit a distinction to be made
between (1) a shift in the thermodynamic equilibrium with changes in
total polymer concentration or polymer molecular weight distribution,
and (2) an increase in non-equilibrim retention of polymer in the examin-

ing the results of the zone melting operation, which will be discussed next.

Zone Melting Experiments

The results of the zone melting experiments can be conveniently
discussed in two categories, (1) the effects of the number of zone
passed and of the zone length, and (2) the effects of total polymer
concentration and of zone travel rate,

The Effects of the Number of Zones Passed and of Zone Length

A sample of the system amorphous polystyrene-cyclohexane was
examined over the fraction of its length not subject to the effect of
normal freezing in order to determine the locations where changes in the
concentrations of species present were most significant for 5 and 6 zones
passed (this variable being arbitrarily chosen), As shown by the data in
Appendix G, the value of the sedimentation coefficient corresponding to
the maximum value of apparent distribution function for each segment
changed more in the cases of 1.56 and 2,92 zone lengths than in either of
the other pairs of successive segments., This situation is interpreted as
meaning that a comparison of all species concentrations in these two seg-
ments (i.e, 1,56 + 0,20 and 2,92 + 0,20 zone lengths from the head end)
would show the best sensitivity to operating variables and they were se-
lected for further study. The breadth of the range of variables, e.g.

the number of passes and the spacing of the sample positions, was
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intentionally kept small in order to avoid large differences in total
concentration of polymer due to excessive redistribution over the ingot's
length.

Representative molecular weight distribution curves for
a zone travel rate of 4.85 cm, per hour are shown in Figure 13,
Detailed data taken from a series of similar curves for experiments
with various zone lengths and numbers of zones passed are presented
in Table I, An increase in the number of passes or in the zone length
results in increasing the difference between the weight-average mole-
cular weight averages., Also noted is a trend for the ratio of breadths

at 1/2 peak heights to decrease with increasing number of passes.

The Effects of Total Polymer Concentration and Zone Travel Rate

Zone melting of a mixture of two narrowly distribgted amorphous
polystyrenes of molecular weight averages of 82,000 and 267,000 dissolved
in cyclohexane at a zone travel rate of 4,83 cm. per hour produced an
accumulation of the low molecular weight species at the head end of the
ingot, whereas the high molecular weight species were localized at the
tail end, as indicated by intrinsic viscosity data shown in Figure 1k,
The lower molecular weight species prefer to remain in the solid under
these zone melting conditions, but the higher molecular weight species
are carried preferentially in the liquid., A comparison of this result

(8)

with the theoretical expressions for phase partitioning,

2

m(z=) = x; {(1- _i—) vo - (L - gy + YL vp)%- (1-v )R]}

n

. should not change

shows an inconsistency for the coefficient of X3

algebraic sign because the two polystyrenes are members of the same
structurally homologous series. Further discussion of this observa-
tion will be deferred until the remainder of the experimental obser-

vations are presented,
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In order to verify the results of the experiment using
two different narrowly distributed materials, attention was directed
toward the broadly distributed amorphous polystyrene. It is apparent
for this situation that average values as indicators of the redis-
tribution effects would not be as informative as molecular weight
distribution data, However, in order to discern any regularly occur-
ring phenomena from the sheer volume of data obtained, a systematic,
economical method of data analysis is needed, For this purpose, the
raw data are 'reduced" by determining ratios for various species
(i.e. mplecular weights) at two selected locations of the ingots as
a function of the operating variables, Thus, any change in solute
behavior is directly noticeable upon examining the ratios alone. An
additional advantage of this approach is the fact that in the event
that thermodynamic partitioning is indeed being approached, effective
segregation coefficients can be obtained via Lord's solution(l5) and
these can be extrapolated via Burton's approach(B) to obtain equili-
brium segregation coefficients for the various species, The sample
locations described in the previous section were also employed here.

Graphs of concentration ratios vs, molecular weight are
given in Figures 15, 16, 17, and 18 for ingots of various number of
zones passed, initial concentrations, and rate of advance of the zones.
It can be readily seen that for rates of zone travel 4,83 cm,/hour or
greater, the curves begin at 1,0, go through maxima at ratios greater
than 1.0, and then decrease sufficiently to go below 1.0. The species
with ratios greater than one prefer the solid, while those with ratios

less than one demonstrate a preference for the liquid, The direction
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Molecular Weight, Resulting from Zone Melting
96.6 cm, Samples at 4.83 cm/hour: Concentration
0.18 gm/100 cc.
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of this variation, i.e., with smaller molecules having their ratios
greater than one and the larger molecules have their ratios less

than one, confirms the results found simply by examining the intrinsic
viscosity-position relationship for the zone melted ingot with two
narrowly distributed polystyrenes.

The slopes of the curves increase with the number of zones
passed, indicating increased redistribution, as is to be expected.
This results in crossover from greater than one to less than one to
occur at lower molecular weights with increased extent of zone melting.

An increase in the initial concentration results also in a
shift of the concentration ratio for the various species. The species
with concentration ratios greater than one are reduced with increased
concentration, and those with ratios less than one are increased with
increased concentration when the zone travel rate is 4,83 cm,/hour.,
The net result is a reduction of the gradient with increased concentra=
tion, The fact that in the case where the zone travel rate is 4,83
cm, /hour, the point of crossover through 1,0 is the same for both con-
centrations (for a given number of zones passed) is coincidental;
there seems to be no correlation of this point in the case where the
zone travel rate is 9.66 cm, /hour,

In the case where the rate of zone travel is reduced to
4,01 cm./hour, the concentration ratio at no time is less than 1,0,
Because the slower rates should more nearly approximate the thermo-
dynamically controlled situation, these data were compared with those
that would obtain as calculated from Lord's equation (see Appendices
C and D). The ratio of Cp,(a) to C, was computed for various combina-
tions of the variables k, n, and a (the effective segregation coeffic-
ient, the number of zones passed, and the location in the ingot measured
in zone lengths from the head end, respectively) according to the pro-
gram given in Appendix C. Ratios of Cp(a = 1.56) to Cp(a = 2,92) were
then computed and the results plotted as a function of the segrega-
tion coefficients given rise to the ratios, as in Appendix D. Ambiguity
in the choice of segregation coefficient for cases where the ratio of
concentrations is greater than one is resolved by assuming a monotonic
relation for segregation coefficients vs, molecular weight, In this
way, effective segregation coefficients could be assigned
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to the species, and these results are shown in Figure 19, The
linearity of the semilogarithmic plot conforms to the thermodynamic
theory.

It will be noted from the graph of the pertinent calcu-
latfons in Appendix D that for Keff greater than 1,0, a glven extent
of zone melting produces diminishing ratlios of solute for two locations
not at the head end of the ingot with increa§1ng Keff’ This is simply
the result of the concentration of solutes approaching a constant value
st ingot locations remote from the head end, This phenomenon has
occurred in the sbove case, aml gives rise to the maximum in the curve,

Three factors mentioned so far - that 1s, the foverse in
slopes for single experiments conducted at the faster rates of zone
travel, the drastic change from a positive slope with no concentration
ratios less than 1,0 to a negative slope with ratios both greater and
smaller than 1,0, and the ability to obtain a semilogarithmic plot
for the effective segregation coefficient (in agreement with thermo-
dynamic theory) - suggest that a rate phenomenon is controlling the
redistribution of solute species in the faster experiments,

A rate process to be considered at the outset is diffusion
of solute species from the bulk liquid to the interface. Burton's
analysis, described in the literature survey, shows unequivocally
that this process alone cannot shift an effective segregation co-
efficient to the opposite side of 1.0 from the eguilibrium value,
Since the data reported ebove are on both sides of 1.0, this process
must be discounted as the main factor giving rise to the unusual re-

distributions observed.
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All other rate processes involve the establishment of thermo-
dynamic equilibrium, and can be categorized into two groups. On one hand
is entrapment in the solid of solute species which really belong in the
liquid. On the other hand is the slowness with which the polymer-rich
phase (Y in Figure 3) enters into the three-phase equilibrium reaction
(resorption) compared to the rate of advance of the freezing interface.

Entrapment has been discounted in the static tests, and a
similar conclusion can be reached on the basis of the effects of zone
travel rate and of total concentration in the zone melting experiments
themselves, Consequently, the rate-controlling process involves the
polymer-rich phase breaking down to provide solute species which are
truly more soluble in the solid than in the liquid.

If the time necessary for the three-phase reaction to occur
is longer than the time allowed by the advance of the freezing inter-
face, the polymer-rich phase will be pushed along in the liquid. This
results in the concentration ratios' being less than 1,0, even though
the equilibrium values would be greater than 1.0, Any process which
enhances the formation or retention of the second phase in the liquid
in the zone melting experiment contributes to an increase in the polymer
carried in the liquid toward the tail end of the ingot. Thus, increased
total concentration of polymer or increase proportion of high molecular
weight components result in more species being carried in the liquid,

For a given initial concentration, each zone pass builds up
the concentration toward the head end of those species which are small
enough to resorb for that pass in the time available, However, at the

same time these species approach the concentration for which resorption
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is no longer possible in the time available, and the crossover point
through 1.0 decreases with each successive pass,

The decrease in the magnitude of the slope of the curves of
concentration ratios vs, molecular weights upon increased total initial
concentration or zone travel rate (at rates greater than 4,83 cm, per
hour) is attributed to a decrease in mobility of the individual species
that comprise the polymer-rich phase under these conditions, At higher
concentrations, the opportunities for entanglement are greater and the
extent of redistribution for all species is lessened considerably, At
the higher rate of zone travel, solidification is so much more rapid
than the three-phase reaction that the amount of polymer-rich phase
retained in the liquid is appreciably increased, giving the same effect
as an increase in total concentration,

Reduction of the amount of polymer-rich phase through the
resorption reaction is a diffusion-controlled process, which occurs
in the polymer-rich phase itself, not in the liquid boundary adjacent
to the advancing freezing interface, A confirmation of the validity
of the above explanation of the redistributions observed can be ob-
tained by comparing the diffusion velocity with the rate of zone travel,
The mathematics of the comparison are presented in Appendix E, Implicit
in the comparison is the assumption that diffusion velocities of poly-
mer species in the cyclohexane-rich liquid and in the polymer-rich
phase are of the same order of magnitude, Since both phases are non-
crystalline, as a first-order approximation this procedure is deemed
reasonable, The results of the calculation show that indeed the diffusion

velocity is comparable to the rates of advance of the freezing interface.
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Even if the slowness of resorption is acknowledged as a
primary factor causing the unusual behavior presented above, it alone
does not explain why the behavior, measured in terms of concentration
ratibs, is intermediate between the thermodynamic situation and the
non-equilibrium extreme, It would be expected, at first glance, that
for a given molecular weight species the behavior would be either of
one kind or the other, but not both, which is necessary to give the
intermediate value measured, This apparent difference between expected
and observed behaviors can be explained by considering the crystallization
and melting of a polymer from a dilute solution.

Till(ao) has found that there exists a range of abilities
of a polymer to crystallize out of dilute solution as function of such
features as chain length heterogeneity, chain entanglements, and the
presence of side branches, The chains which do not actually form
crystallites upon precipitation are then found in a range of orienta-
tion perfection (where the highest degree of orientation is the 100%
crystalline arrangement), It is a well-known fact that the melting
process for such a range of orientation perfection occurs over a small,
but not-infinitesimal temperature range. This fact indicates that a
system of monodisperse chains in a range of orientiation perfection
requires a range of increments of activation energy to undergo a change
in state., As a result, for any given condition, for a system of mono-
disperse chains, some of the chains can undergo transition while others
cannot, Thus, some of the chains will be resorbed, but not necessarily

all of them will be resorbed in any finite time, Consequently, small
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variations in the rate of interface advance cause the time available
for resorption to shift from a sufficient amount for the majority of

any species to an insufficient amount, and causes the unusual behavior

reported above to occur,



CONCLUSIONS

Redistribution of polystyrene in cyclohexane by zone melting
dilute solutions (up to 1-1/2 gms, of polymer per 100 cc, of solution)
can occur on either of two bases, which are somewhat competitive. The
rate of zone travel determines which basis predominates,

At slow rates of zone travel (4,01 cm./hour or less) redistri-
bution of solute species occurs in conformity with thermodynamic pre-
dictions, In this case, a cyclohexane-rich liquid and a polymer-rich
liquid, which coexist at temperatures just above the solidification
range, react to form a cyclohexane-rich solid solution upon solidifi-
cation, The solid solution contains a higher concentration of all
polymer species than does the cyclohexane-rich liquid, with the ratio
of the concentration in the solid to the concentration in the liquid
increasing exponentially with molecular weight of the solute, The net
result is the accumulatation of all solute species toward the head
(i,e, first melted and first frozen) end of the zone melted ingot,
with the higher molecular weight species enjoying the greatest re-
distribution in this respect,

At moderately faster speeds of zone travel (ca, 4.83 cm. /hour)
resorption of some of the higher molecular weight species from the poly-
mer-rich phase is not sufficiently fast compared to the rate of freezing,
so that some of the polymer-rich phase remains after solidification and
is simply carried in the moving liquid zone, The net result is a

reversal in the accumulation trend with molecular weight: the higher

-58-
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molecular weight species are carried increasingly to the tail (i,e.
last frozen) end of the ingot. Increases in total polymer concentra-
tion enhance this effect,

At significantly faster speeds of zone travel (ca. 9.66 cm./hour)
the lack of sufficient opportunity for the resorption reaction to occur
is greater, However, the resulting increased polymer concentration in
the liquid zone gives rise to lessened mobility of the polymer-rich phase,
The net effect in this case is a decreased redistribution of solute
species: they are merely incorporated into the advancing solid with
little selectivity, Increased total polymer concentration reduces the
selectivity,

For an initially broadly distributed polymer, in no case can
a single species be localized by zone melting a dilutely concentrated
ingot without the presence of considerable quantities of slightly smaller
and slightly larger molecules, However, proper choice of the total poly-
mer concentration and rate of zone travel can allow rough separations to
be effected; suitable combinations of successive zone melting operations

may permit a moderate degree of fractionation to be achieved,



APPENDIX A

ZONE MELTING APPARATUS

The zone melting apparatus consists essentially of U4 parts:
the shell, the electrical heating system, the refrigeration system, and

the motive system,

The Shell

The shell consists of two square boxes of 1—1/2 cm, plywood,
one inside the other, separated by 9 cm., of foam glass insulation, A
split top consisting of 9 cm, of the same insulation supported on ply-
wood is positioned inside the wall created by the inter-box insulation
and is supported on the edges of the inner box, The inside dimensions
of the box are approximately 62 cm, x 62 cm, x 20 1/2 cm., deep, A small
semicircular hole cut in the center of the "split face" of each section
of the top allows the drive shaft to extend outside the box. The shell
is shown in Figure 6.

In the event of very warm and/or humid weather, the insulating
qualities of the shell are enhanced by covering it with polyethylene
film in order to reduce the influx of warm and/or moisture-laden air
through the split and other joints on the top. Particularly to combat
the formation of frost, a dessicant, such as CaCl2 or Drierite, is
placed in cheesecloth bags under the polyethylene, Occasionally, it
has been found necessary to treat the wood parts of the shell near
joints with an antifogging agent in order to reduce the accumulation

of frost or ice at these points,

-60-
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The Electrical Heating System

Radiant heating is provided locally by 20 gauge Chromel A
resistance heating wires 1-1/4 cm, long between parallel brass connectors.
The brass connectors are held in a transite column mounted on an aluminum
base which covers most of the floor of the shell, Electrical power is
provided to each wire from the secondary of 30 to 1 voltage transformers
at a maximum voltage and current of 4 volts and 50 amperes, respectively.
The low voltage is used to prevent arcing through the air from one circuit
to another closeby. Power is fed to the voltage transformers from auto-
transformers connected to a 110 volt line, Both voltmeters and ammeters,
as well as glow lamps, are installed in the circuits to monitor their
operation. The heating posts can be seen in the photograph of the inside

of the dismantled apparatus (Figure 6),

The Refrigeration System

Refrigeration is provided by evaporating Freon 22 in copper
coils, which can be seen in Figure 6. The coils are placed to provide
the greatest possible heat sink to the samples as they move away from
the heaters, as well as to maintain the ambient temperature below the
melting point of the system, The refrigerant is compressed by a 5
horsepower unit equipped with a water-cooled condensor., The net capacity
of the cooling system under service conditions is approximately 2400

watts at -40°C,

The Motive System

Samples in the shape of toroids are carried horizontally on a

merry-go-round which is supported on a heated Teflon bearing at the
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center of the apparatus and which is driven by a shaft passing through

the top of the box to a small motor positioned above, The merry-go-

round is shown in position in Figure 7.



APPENDIX B

THE FABRICATION AND FILLING OF SAMPLE TUBES

Samples of the polystyrene-cyclohexane solutions were con-
tained in Teflon tubing in the shape of toroids, This material was
selected rather than glass because of its relative ease of forming
and because it can withstand stresses induced by the severe volume
changes that accompany phase changes in organics.(EB)

The toroids are formed from straight lengths of tubing 1,161
+ 0.025 cm. I.D. and 0.051 + 0.013 cm, thick by slipping them onto an
internally steam-heated, chrome-plated steel ring, which is shown in
Figure 20, Chrome plating was found necessary to reduce the friction
and to reduce the transfer of rust to the Teflon. After the circular
shape has been formed, cold water is substituted for the steam, and
the ring and the Teflon are cooled, The cold Teflon is then unwound
from the ring.

The Teflon is cut to the proper length (96.6 cm. median cir-
cunference), The ends are treated momentarily with a one-normal solu-
tion of sodium naphthalene in tetrahydrofuran<20) to make the material
amenable to using an adhesive,

Brass rod is machined to the inside diameter of the tubing
and bent to the curvature of the desired toroids. Segments are cut
from the rod to serve both as plugs and as fasteners of the two ends
of the toroids,

One end of a brass plug is fastened to one end of a toroid

with epoxy resin and allowed to set., Upon the setting of the resin, the
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toroid is filled with the desired solution, the other end of the plug
is slipped simply into place, and the filled assembly is placed hori-
zontally in a freezer to solidify, After solidification has been
completed, the loose end of the brass plug is removed from the Teflon
tube and reinserted with an application of epoxy resin to fasten it in
place, This operation is performed while the solution is still main-
tained in the solid state by having the toroid mounted on a pre-chilled
aluminum plate, as shown in Figure 21, The completely assembled tube
still mounted on the aluminum plate is then returned to the freezer to

await the setting of the final joint.
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APPENDIX C

COMPUTER PROGRAM FOR THE SOLUTION OF LORD'S EQUATION(ls)
FOR THE ZONE MELTED SEMI-INFINITE INGOT IN BENDIX ALGORITHM
DECODER LANGUAGE FOR USE ON A BENDIX G-15 COMPUTER

C (a) K n-1 t “sK ao s-1 ss—r-2ar r+1-Ka
S )™ m - T oK T ( )
Co t=1 s=1 - =0 (s=r-1) ! r !

where C 1is the solute concentration
K 1is the effective segregation coefficient
n 1is the number of zones passed
a 1is the distance in the ingot from the head end measured

in zone lengths.

TITLE CONCENTRATION RATIO FOR ZONE REFINING

FORMAT AN(S4pPLD), NA(SLD), KC(S3DP3D3T), CK(SDP6D)
DATA FOFS(50)

SUBSCRIPTS S

BEGIN

START: KI = KEYBD

DEIK = KEYBD
KMOX = KEYBD
AT = KEYED

DELA = KEYED
AMAX = KEYBD
NI = KEYBD

NMAX = KEYED
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FOR A = AI(DELA)AMAX BEGIN
FOR N = NI(1)NMAX BEGIN
CARR(2)

PRINT (AN) = A

CARR(2)

PRINT (NA) = N

CARR(2)

FOR K = KI(DEIK)KMAX BEGIN
IF N = 1 BEGIN
Z = 1,0

GO TO ALPHA END

GO TO SUM

LOOP: TABS(2)

PRINT (KC) =K
PRINT (CK) = CRATIO

CARR(2) END END END

GO TO START

SUM: LIMS = N - 1

FOR S = 1(1) LIMS BEGIN
SIMR = 0

LIMR =S -1

FOR R = O(1)LIMR BEGIN
W=8-R-1

WFAC = 1,0

RFAC

1.0
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IF W =0
GO TO BETA

FOR I = 1(1)W
WFAC = WFAC*I
BETA: IF R = O
GO TO EVAL

FOR I = 1(1)R
RFAC = RFACXI

EVAL:FACRS = 5$(S - R - 2)/(WFAC*RFAC)

IF A = O BEGIN
IF R = O BEGIN
X =1.0

GO TO CALC END

X =0

GO TO CALC END

X = AfR

CALC:SUMR = SUMR + FACRS*¥X¥(R + 1 - K ¥ A) END
FOF S[S] = K4(S8 - 1)¥EXP(-S¥K) * SUMR END

SUMT

0
LIMT =N - 1

FOR T = 1(1)LIMT BEGIN

SUMS = 0
FOR S = 1(1)T
SUMS = SUMS + FOF S[S]

SUMT = SUMT + SUMS END
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Z = N - SUMT
ATPHA: CRATIO = 1,0 - (1.0 - K)*EXP(- A * K) * Z
GO TO LOCP

END
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APPENDIX E

A COMPARISON OF POLYMER DIFFUSIONAL VELOCITIES
WITH THE RATE COF ZONE TRAVEL IN ZONE MELTING A
CYCLOHEXANE-RICH POLYSTYRENE-CYCLOHEXANE SYSTEM

J
Diffusion flux, J = - D —
ox
Diffusion velocity, Vy = J/(cone),
CO
CS
O —a=
C
— & —o L
Cq Co
K <1 K> 1
de 1 1
-— =~(c, -C.)/8 = ¢ - )/8
ox o L ®Kequil  Kerr
where Cg/Cp, = Kerr and Cg/Cq = Kogiiq
1 1
.~ V :_\_/D(conc)(Kecuil " Keff)
D 8(cone)
~2( 1 1
9] Kequil Kers

(5)

Thus, a value of D/S is required. This can be obtained from

(3)

Burton's analysis, as follows:
m(—t - 1) ==L -1) -5 ror k<1
Kefr Kequil D
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1 | 1 £8
m(l - ——) = n(1 - ) -—= for K>1 (7)
Kerr Kequil

where f 1is the rate of advance of the freezing interface.
For the case at hand, data are selected for the species whose

molecular weight is 1.4 x 107 (s2 = 0,40 x1072%),

By extrapolation of
static test data, Figure 10, to 0.75 gnms./100 cc., a value of Kequil =
2,60 is obtained. From Figure 19, an effective segregation coefficient
of 2,37 is obtained when f = 4,01 cm./hour = 1.15 x 107> cm./sec.
From this data, ©/D is found to be 53.9 sec, /cmy, Thus, By Equation
(5) above, ¥, is calculated to be 0.687 x 1077 cm./sec. It is there-
fore concluded that the diffusional velocity is comparable to the rate

of zome travel (1.15 x 1072 cm./sec. ).



APPENDIX F
EXPIANATION AND PRESENTATION OF SEDIMENTATION-VELOCITY

DATA FROM WHICH CONCENTRATION RATIOS IN
FIGURES 10, 11, 15, 16, 17, AND 18 ARE OBTAINED

Define a sedimentation coefficient for a species 1 as

dx/dt
bi= )

w—X

where dx/dt is the instantaneous rate of sedimentation at point x, the
distance from the center of rotation in a centrifugal field moving with
an angular velocity of w. It has been known for over twenty years(2’17’29)
that an apparent distribution function g(s), which gives the relative
amount of a molecular species with a sedimentation coefficient s, can
be obtained from refractive index gradient curves in a high centrifugal
field. McCormick(l7) has related the sedimentation coefficients si to
the molecular weights Mji for a series of threadlike molecules in a ©-
solvent (such as polystyrene in cyclohexane at 35°C), and has also related
the apparent distribution function g(s) to the weight fraction wi for
the same conditions. These relations are briefly outlined below.

The sedimentation coefficients have been shown(l7) to be directly

proportional to the square root of the molecular weight:

1/2
8i= KMi/ ,

where K 1is a constant. The weight fractions LA have been shown(l7)
to be related to the apparent distribution functions g(s), the sedimenta-

tion coefficients s4, and the constant K:

=Th-
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It will be noted, therefore, that the weight fraction of a
species with a sedimentation coefficient s can be obtained from gfs)
vs. s data providing KX 1s determined. Determination of KX requires
an absolute method of ascertaining the relation between s and M,
which is not easily done. However, if ratios of weight fractions or of
species concentrations are sufficient, it is possible simply to take the
appropriate ratios of g{s)'s or of the products of gfs) times the
total concentration, respectively, and thereby eliminate the need for
knowing K explicitly. This approach has been followed for the work
reported herein.

In the table below are values of g{s) times total sample con-
centration vs. the sedimentation coefficients for each of the runs whose
ratios of species concentration are given in Figures 10, 11, 15; 16, 17,
and 18, In addition, values of gls) times total sample concentration
vs. sedimentation coefficient are given for the amorphous, brecadly dis-

tributed pclystyrene as it was received.
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APPENDIX G
SEDIMENTATION-VELOCITY DATA FCR THE FIRST FOUR SEGMENTS
OF A POLYSTYRENE-CYCLOHEXANE INGOT WITH AN INITIAL

CONCENTRATION OF 2.25 gm/100 cc. ZONE MELTED WITH
FIVE 6.35 cm. ZONES PASSED AT 4.83 cm/hr.

TABLE IV

EXPLANATORY DATA FCR TABLE V

Segment Location,
Zone Lengths from

Head End 0.20 1.56 2.92 L.28

Segment Concentra-

tions gm/100 cc. 1.48 2,08 2.27 1.92

Refer to Column No. 1 2 3 L
TABLE V

PRCDUCT OF APPARENT DISTRIBUTION FUNCTION AND SAMPLE
CONCENTRATION x 10-1° gm/lOO cc. TARULATED AGAINST
SEDIMENTATION COEFFICIENT
{See Table IV for Explanatory Data)

Colum. Mo 1 2 3 L
s x 10718
0.1 0.11
0.2 0,1k
5 0.34 3.58
O.L 0.78 1.86 4,15
0.5 1.35 3.97 6.5%
0.6 0,01 1,87 7.35 6.22
0.7 2.00 2,87 5.20 77
0.8 3.17 3.85 3,41
0.9 3.31 4,20 1.01
1.0 2.57 3,05
1.1 2.13 2.65
1.2, 1.17 1.66
1.3 .14 1.35
1.4 1.15
1.5 0.82
1.6 Q.63
1.7 0,46
1.8 0.22
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