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ABSTRACT: The growth rates of polyethylene single crystals, as grown from xylene solutions, have been measured
as a function of solution concentration, molecular weight of the polymer, and crystallization temperature. The fol-
lowing conclusions could be made: (1) the growth rate was found to be proportional to the concentration raised to a
power less than unity; (2) the magnitude of the concentration exponent at a given crystallization temperature de-
creases as the molecular weight increases; (3) at a given molecular weight the exponent tends to increase as the
crystallization temperature increases. These observations concerning the concentration dependence of the growth
rate support the Sanchez-DiMarzio theory of self-nucleation (that is, cilia are able to perform the secondary nu-
cleation required for continuing growth of a crystal). When considering the dependence of growth rate on molecular
weight, the following trends were explained in terms of variation in the contributions of the cilia nucleation mecha-
nism and the solution molecule nucleation mechanism to the overall nucleation process: (1) at a low, fixed concen-
tration (0.001 wt %), under isothermal conditions, the growth rate continually increases with increasing molecular
weight, suggesting that the cilia nucleation mechanism is dominant at low concentration; (2) at a “high,” fixed con-
centration (0.1 wt %), at constant temperature, the growth rate initially increases with increasing molecular weight,
but eventually passes through a broad maximum. This suggests that at this concentration most secondary nuclei
are formed by molecules directly from solution; (3) thus on increasing the concentration from 0.001 to 0.1 wt % the
profiles of the growth rate versus molecular weight curves change in character from that characteristic of a cilia nu-
cleation mechanism to one characteristic of solution molecule nucleation. Using the Sanchez-DiMarzio estimates
for the equilibrium dissolution temperature, and assuming that growth from solution is nucleation controlled, it
was found that the apparent value of the surface free energy product, oo, increased with molecular weight. This
tends to support the fractional stem rejection model (that is, that an end of a molecular chain smaller in length
than the thickness of the crystal would be rejected by the crystal). The applicability of the Hoffman-Lauritzen re-
gime theory to the dilute solution crystallization of polyethylene in the temperature range studied was discussed in
relation to the theory of cilia nucleation. It appears that the assignment of a particular regime at any one tempera-
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ture depends in part upon the molecular weight of the polymer.

During the past two decades much progress has been
made in the understanding of the crystallization process in
linear high polymers. The molecular chain folding that has
been shown to be present in crystals formed under many
conditions, both from the melt and in crystallization from
solution, is now believed due to kinetic factors controlling
the growth. The rate at which a crystal grows is of funda-
mental importance, for it is thought to determine, in part,
the final structure of the crystal in terms of its fold length
(long period), fold surface, and the general degree of crys-
tallinity. The two major steps in the growth of a crystal are
the formation of the primary nucleus and the secondary
nucleation of each growth strip required for the continuing
growth of the crystal. Several kinetic theories have at-
tempted, with varying success, to account for the variation
in the long period (!) with the undercooling and the unique
values of ! obtained under isothermal conditions.!-> Most
of these theories deal with molecules of infinite molecular
weight. The equilibrium dissolution temperature, and
hence the undercooling, is known to vary with molecular
weight and, in addition, the effects of the chain ends pres-
ent in molecules of finite length should be considered.

A theory of polymer crystal growth recently proposed by
Sanchez and Dimarzio includes predictions of the effects of
molecular weight, concentration, and crystallization tem-
perature on the growth rate of single crystals from dilute
solution.67 Data published to date are inadequate to test
the theory, since most experiments have been performed
with inadequately fractionated samples. It should be noted
that measurement of the total rate of transformation, as by
dilatometry, involves both nucleation and growth, and
these processes must be separated to obtain information
abhout the growth alone.

In the present paper, results are presented of growth rate
studies of single crystals of linear polyethylene (as mea-

sured on the (110) faces) using several sharp molecular
weight fractions under varying conditions of concentration
and crystallization temperature (xylene was used as the
solvent for all the results presented; the growth rates in
other solvents will be discussed elsewhere). For an ideal
test of the Sanchez-DiMarzio theory! (hereafter to be re-
ferred to as the S-D theory) monodisperse fractions of
polymer should be used because molecular weight fraction-
ation is thought to occur during the crystallization process.
Such fractions are not available; however, the samples used
in the present study are considered to be of sufficiently low
polydispersity that fractionation will have little effect.
Analysis of the results demonstrates that the S-D theory is
consistent with the experimental data.

Materials

The characteristics of the six molecular weight fractions
of linear polyethylene used throughout the investigation
are listed in Table I.

The samples were prepared and characterized at the
Centre de Recherches, Société Nationale des Pétroles d’A-
quitaine, France. Six reference primary fractions were mea-
sured by light scattering experiments, allowing an analyti-
cal gel permeation chromatograph to be calibrated. The
axial dispersion of the instrument was measured as a func-
tion of elution volume by reverse flow experiments.8 The
fractions were obtained by using the calibrated gpc at a
preparative level® and were characterized by use of the fol-
lowing equations

M, = M, exp(c,?/2m)
M, = M, exp(~0,?/2)

i

i

P = exp(o,?)
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Table I
Characteristics of the Polyethylene Fractions

M, M, p T,,°C
15,700 14,950 1.10 95.7
25,200 24,300 1.08 96.1
61,600 59,000 1.09 97.4
83,900 80,000 1.10 97.6
195,900 186,000 1.11 99.5
451,000 415,000 1.18 100.5

where o represents the standard deviation, My is the mo-
lecular weight at the apex of the peak on the gpc trace, and
P is the polydispersity index. Such calculations were justi-
fied because the chromatograms were perfectly Gaussian in
shape and the calibration curve was linear over the whole
molecular weight range.

The xylene used was distilled prior to use. The growth
experiments were conducted in oil baths adjusted to the
desired temperatures (£0.02°).

Experimental Section

All polymer samples were weighed on a Cahn Electrobalance
(£1 X 1072 mg) and dissolved in xylene by refluxing under nitro-
gen. The solutions were crystallized at 85° (T';) and then cooled to
room temperature. These crystal suspensions were used as stock
samples in the crystallization kinetics experiments.

In order to facilitate the measurement of the crystals at intervals
during their growth, the self-seeding method of Blundell, et
al.,1011 was used throughout. Approximately 10 ml of the crystal
suspension under study, contained in a test tube equipped with a
ground glass stopper, was immersed in an oil bath held at 80°. The
temperature was increased to some value T at a rate of 10°C
min~! and held at this temperature for 30 min. T was adjusted so
as to leave crystal nuclei in suspension on which growth would
begin immediately on transferring the sample tube to an oil bath
set at the desired crystallization temperature (7). The growth
rate of the crystals was then uniform throughout any one prepara-
tion so that at any time all crystals had reached the same size.
Measurement of about a dozen crystals at each sampling time dur-
ing the growth indicated that the individual measurements were
within 1% of the average.

The number of nuclei and hence the ultimate crystal size could
be controlled by an appropriate choice of T. Values of Ts were
chosen such that the growth rate was linear during the initial 1-3
um of growth as measured from the center of a crystal to any (110)
face. For any one molecular weight it was found that satisfactory
results could be obtained when the value of T was within 0.2° of
the most suitable temperature. T varied with molecular weight in
the fashion shown in Table I when using crystal suspensions pre-
viously crystallized at 85°C.

On transferring the tube containing the nuclei suspension to a
bath held at the desired crystallization temperature T2, approxi-
mately 2 min were required before isothermal conditions were at-
tained. This was sufficiently rapid, in most cases, to ensure that al-
most no crystal growth occurred in the interim. This simple tube-
transfer method proved inadequate when growth rates correspond-
ing to higher undercoolings were studied. In these cases the hot
seeded suspension was poured into a suitable volume of pure sol-
vent held at T2, On using this method the shape and intercept of
the crystal size vs. time curve indicated that the initial growth was
linear and growth began within seconds of the moment of transfer.

The method of sampling the crystal population at any time was
that of Blundell and Keller.12 Periodically during growth a few
drops were removed from the crystallizing solution and transferred
to pure solvent at a lower temperature T3, The time at which the
original isothermal growth had been interrupted was marked by a
downward step in the crystal surface. This was due to the tempera-
ture change, the long period of a crystal being smaller when growth
occurs at a lower temperature. On allowing the crystals to com-
plete growth they could then be spotted onto grids, shadowed, and
observed in the electron microscope. The linear crystal dimensions
as measured from the center of a crystal up to the step on a (110)
growth face were plotted as a function of time of the corresponding
crystallization. Linear growth with time, during the initial stages
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Figure 1. Logarithmic plots of the growth rate (um/hr) of the
(110) faces as a function of concentration (wt %) for two of the
polyethylene fractions studied: top, M,, = 15,700; bottom, M, =
451,000. The crystallization temperatures (7.) are as follows
(curve no., T (deg C)): 1, 86.60; 2, 87.90; 3, 89.90; 4, 90.70.

of growth, was observed in all cases. The slope of the plot of crystal
size vs. time gave the growth rate which was studied under varying
conditions of temperature, concentration, and molecular weight.

The choice of T3 was mainly dictated by the molecular weight
under study. On using the sample M,, = 15,700, it was found that
simple monolayer growth would occur below 78°. This permitted
large, clear steps to be formed on transferring from Tco to T3 be-
cause of the large difference in long period characteristic of the two
temperatures. As progressively higher molecular weights were
used, the lowest temperature at which simple monolayers would
continue to grow was found to increase. The sample of My =
451,000 required a minimum 7.3 of 87°; at temperatures below
this, spiralled terrace growth covered the step which was to be
used for measurements. _ _

On occasion, for the samples of My = 195900 and M, =
451,000, it was found to be more convenient to use a Tz of higher
temperature than T, the step on the crystal surface then being
upward when viewed from the center of the crystal.

For convenience the one value of 82° for T3 was used through-
out when studying the lower four molecular weight fractions.

Studies were conducted only at those temperatures at which
comparative measurements could be made encompassing the
whole range of polymer molecular weight available.
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Table II
Values of the Growth Rate of (110) Faces as a Function of Concentration and
Temperature for Each of the Polyethylene Fractions Studied, Together with
the Concentration Exponent as a Function of Crystallization Temperature®

Cryst M, =15,700 M, = 25,200 M, = 61,600 M, = 83,900 M, = 195,900 M, = 451,000
temp, Concn,
degC wt% G a G a G o G o G ] G a
86.60 0.1 5.75 6.75 8.50 8.25 7.00
0.01 2.05 0.438 2.85 0.385 3.80 0.350 3.90 0.320 4.70 0.205
0.001 0.75 1.15 1.70 1.90 2.75
87.90 0.1 3.00 4.00 5.00 4.90 4.10 3.2
0.01 1.00 0.495 1.55 0.410 2.15 0.370 1.95 0.370 2.40 0.240 2.0 0.195
0.001 0.31 0.60 0.90 0.90 1.37 1.3
89.80 0.1 0.75 1.1 1.50 1.60 1.35 1.15
0.01 0.23 0.560 0.42 0419 0.65 0.390 0.67 0.380 0.72 0.265 0.74 0.189
0.001 0.057 0.16 0.25 0.28 0.40 0.48
90.70 0.1 0.26 0.41 0.83 0.83 0.67 0.53
0.01 0.06 0.595 0.16 0.457 0.32 0.403 0.33 0.385 0.34 0.265 0.34 0.190
0.001 0.017 0.05 0.13 0.14 0.20 0.22

@ The solvent used was xylene. G = growth rate (um/hr); « = concentration exponent.

Table 111
Growth Rate Data for the (110) Faces of Polyethylene Single Crystals from Xylene Solution

G (um/hr) at M,

T + 0.02° Conen, wt % 15,700 25,200 61,600 83,900 195,900 451,000
86.60 0.0029 1.15 1.75 2.40 2.65 3.30
0.0058 1.55 2.32 3.07 3.16 4.05
0.0116 2.21 2.90 4.05 4.13 4.80
0.023 2.90 4.02 5.20 4.90 5.50
0.058 5.55 7.00 7.00
87.90 0.0029 0.53 0.80 1.35 1.23 1.80 1.53
0.0058 0.76 1.21 1.76 1.58 2.00
0.0116 0.95 1.53 2.31 2.05 2.10 1.75
0.023 1.48 2.27 3.00 2.75 3.10 2.00
0.058 2.04 3.20 4.08 4.00 3.40 3.00
89.80 0.0029 0.11 0.24 0.39 0.44 0.53 0.58
0.0058 0.33 0.53 0.53 0.60 0.65
0.0116 0.24 0.44 0.65 0.70 0.75 0.78
0.0155 0.75
0.023 0.34 0.60 0.88 0.88 0.85 0.83
0.058 0.54 0.85 1.20 1.40 1.10 1.00
90.70 0.0029 0.03 0.09 0.22 0.21 0.28 0.26
0.0058 0.05 0.12 0.25 0.28 0.33
0.0116 0.07 0.17 0.34 0.33 0.40 0.35
0.023 0.11 0.22 0.46 0.45 0.45
0.058 0.21 0.33 0.67 0.68 0.60 0.49

@ T = crystallization temperature; concn = concentration of the solution; G = growth rate; M. = weight average molecular weight of the
polyethylene sample. G corresponds to half the perpendicular distance measured between opposing (110) faces in the crystal.

In many cases duplicate experiments were made and gave re-
sults within the estimated precision (£1%).

The measurement of the growth of any one crystal could be
made within 1% from both electron micrographs and a calibrated
fluorescent screen within the microscope. Another error was en-
countered in the stability of the oil baths used for controlling the
temperature of crystallization. The desired temperature could be
held within +£0.02°. The variation of growth with temperature is
largest at the highest growth rates. A growth rate of 8 um hr™!
(among the highest of the growth rates reported here) should be
read as 8 £ 0.05 um hr~! when taking into consideration the fluc-
tuations of the bath. This is less than +1%. On considering other
errors such as those encountered in preparing the solution, any
evaporation of solvent that could occur, and the precision with
which the time of sampling could be measured, the growth rates
appearing in the tables to follow may be considered valid to within
about £2%.

Results

The concentration dependence of the growth of a crystal
may be described by the relation

G o« C® (D

where G is the growth rate, C is the concentration, and « is
a constant, termed the concentration exponent. In Figure 1
illustrative logarithmic plots of growth rate against concen-
tration are presented for two of the fractions studied. In
Table II, the results obtained for the growth rates of the
(110) faces in single crystals from the six molecular weight
fractions, under varying conditions of crystallization tem-
perature and solution concentration, are shown together
with the values for o obtained from the slopes of the
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Figure 2. The variation of the concentration exponent (slope)
with the temperature of crystallization for the molecular fractions
studied. The molecular weights are indicated, eg., 156K = M,
15,700.
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Figure 3. The concentration exponent « vs. molecular weight for
the four crystallization temperatures T, (deg C).

curves. The growth rates in the table are those correspond-
ing to concentrations of 0.1, 0.01, and 0.001 wt % as extrap-
olated or interpolated from the straight lines drawn
through the experimental points. In Table III all the origi-
nal experimental points are listed.

Discussion

Concentration Dependence of Growth Rate. In ear-
lier studies of the growth rates of polyethylene single crys-
tals from dilute xylene solutions,!2-14 the growth was found
to be proportional to the concentration raised to a power
less than unity. These data were obtained using unfraction-
ated polymer samples, for which the polydispersity was un-
known,1213 and poorly fractionated polymer.!* Keller and
Pedemontel4 reported that the concentration exponent («)
increased with the temperature of crystallization for all
samples studied. As indicated above, the samples used by
Keller were either unfractionated or of relatively high poly-
dispersity and, since it has been anticipated that fraction-
ation would influence the magnitude of o and its variation
with molecular weight and crystallization temperature,’15
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Figure 4. Variation of growth rate as a function of molecular

weight for the three concentrations: top, 0.1; middle, 0.01; and bot-

tom, 0.001 wt %. The crystallization temperatures are as follows
(curve no., T (deg C)): 1, 86.80; 2, 87.90; 3, 89.80; 4, 90.70.

it is not possible to make a complete comparison with the
results shown in Table IL

In the present work it is confirmed that the value of « in-
creases with crystallization temperature for all but the
sample of highest molecular weight (Figure 2). When com-
paring the values obtained for o with the different samples,
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Figure 5. Left: theoretical isothermal nucleation rates for solution
molecules S® vs. molecular weight for 0.1 wt % concentration.
Curve numbers correspond to the same temperatures as in Figure
4. Right: theoretical isothermal nucleation rates for cilia S¢ vs. mo-
lecular weight for 0.001 wt % concentration. Curve numbers corre-
spond to the same temperatures as in Figure 4.

it is apparent that « increases as the molecular weight de-
creases (Figure 3). Both findings are in accord with the pre-
dictions of the S-D theory in which it is considered that the
secondary nucleation, required for continued growth of a
crystal, may involve cilia as well as solution molecules.

Cilia are the dangling ends of molecules that are partially
incorporated into the crystal lattice. They are formed in
the following manner. The first segment of a solution mole-
cule to deposit on a crystal growth strip would likely be not
an end portion but some more central region of the mole-
cule. When these first segments have attached to the crys-
tal the two ends of the molecule are left dangling in solu-
tion. If now the longer end crystallizes on the growth strip
by chain folding, then the other end will be left dangling as
a “permanent” cilium. Sanchez and DiMarzio®%’ proposed
that these cilia could nucleate the following growth strip.
Making what is considered to be a reasonable assumption,
that once a new growth strip is nucleated then filling in by
chain folding of molecules is a rapid process,}-3:5 they stud-
ied theoretically the effects of molecular weight and tem-
perature on the concentration dependence of crystal
growth rates in two extreme cases.

At one extreme, cilia-nucleation was taken to be the only
means of propagating the growth of the crystal (self-nu-
cleating mechanism®7), while the other extreme depends
upon nucleation by molecules from solution for continued
growth. When considering the specific case of polyethylene
crystallized from xylene solution, it was found that in gen-
eral the cilia nucleation rate (S°¢) is proportional to the con-
centration raised to a power less than unity (fractional-
order growth kinetics), whereas the nucleation rate for so-
lution molecules (S®) is proportional to the concentration
raised to the first power (first-order kinetics) except at very
low molecular weights where the concentration exponent
tends to exceed unity. The concentration dependence of S¢
was shown theoretically to weaken as the molecular weight
is increased at a fixed crystallization temperature or as the
crystallization temperature is decreased at a fixed molecu-
lar weight. The observed trends in «, as shown in Figures 2
and 3, are similar to those predicted for S¢. According to
the S-D theory, « would not be expected to change notice-
ably from the value of 1 if polymer molecules in solution
were the only source of nuclei. Accordingly some other
mechanism of propagation would appear to be present. The
presence of cilia nucleation can explain, at least qualita-
tively, the trends found by experiment.
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Molecular Weight Dependence of Growth Rate. In
Figure 4 the variation of growth rate as a function of molec-
ular weight is shown at various crystallization temperatures
for the three concentrations 0.1, 0.01, and 0.001 wt %.

At the concentration 0.1 wt % (Figure 4, top) the growth
rate goes through a maximum as a function of molecular
weight. In addition the relative positions of the points for
molecular weights of 6.36 X 104 and 8.39 X 104 suggest that
this maximum shifts to lower molecular weights as the
crystallization temperature is lowered. The third feature is
that the growth rate tails off with decreasing molecular
weight more rapidly as the crystallization temperature is
increased. The predicted variations of S% and S¢ were cal-
culated as a function of molecular weight for a concentra-
tion of 0.1 wt % and at the same temperatures as were stud-
ied experimentally. Figure 5, left, shows the results for Ss,
The experimental trends noted above are present in the
left part of Figure 5 although the maximum which the nu-
cleation rate goes through is broader, and the relative de-
crease of S® with molecular weight as the temperature is in-
creased is less marked in the theoretical curve. On the
other hand, the theoretical curve for S¢ does not go through
a maximum but increases monotonically with molecular
weight.

The observations noted for the experimental curves may
be explained in terms of the S-D theory as follows, assum-
ing the nucleation method of S¢ to be of more importance
than that of S¢ at this relatively high concentration. Initial-
ly the nucleation rate (and hence the growth rate) increases
with molecular weight because the undercooling (T3° — T')
is increased. This effect of increased undercooling is op-
posed by what Sanchez and DiMarzio refer to as a localiza-
tion free energy term, the effect of which increases as the
molecular weight is raised and leads to the maxima in the
growth rate vs. molecular weight isotherms. The occurrence
of this localization free energy term (F1) is due to the ener-
getically unfavorable approach of a molecule in solution
toward the crystal. A chain molecule has to, of course, ap-
proach the crystal before any part of it can attach to the
growing strip. The localization of the molecule in this fash-
ion causes two unfavorable energy changes: the mixing en-
tropy of polymer with solvent is reduced because of the
proximity of the crystal, and the attachment of a section of
the chain to the crystal face restricts the conformations
available to the flexible molecule thus reducing its confor-
mational entropy. The molecule in solution has then some
tendency to oppose nucleation. This effect will increase as
the size of the molecule increases and leads to the observed
maximum in the growth rate on increasing the molecular
weight of the polymer.

The cilia nucleation rate (S¢) and the nucleation rate for
solution molecules (S®) were calculated as a function of mo-
lecular weight for solutions of concentration 0.001 wt %.
The results are shown in the right part of Figure 5 for S<.
In contrast to the Ss curves there are no maxima, S¢ in-
creasing continuously with molecular weight, as is also the
case for the experimental growth rates at this concentra-
tion (Figure 4, bottom). In addition the decrease of the
growth rate toward the low molecular weight end is more
marked than it was at a higher concentration (Figure 4,
top). The experimentally observed trends may be ex-
plained in terms of cilia nucleation, i.e., we assume that S°
is the predominant means by which crystal growth is pro-
pagated at low concentration. On this basis, when consid-
ering the sharp decrease in S¢ in the region of low molecu-
lar weight, we see that in addition to the nucleation rate
decreasing with molecular weight because the undercooling
is decreasing, the cilia, being shorter than the nominal mo-
lecular weight, would require molecules from solution to as-
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sist in the stabilization of the chain-folded nucleus, hence
the greater dependence of growth rate on molecular weight
at low concentration. As the crystallization temperature is
raised the increasing long period will result in the cilia
being capable of contributing progressively fewer stem
lengths to a nucleus and the participation of solution mole-
cules then becomes more necessary, as is reflected by the
increased slope of the molecular weight vs. growth rate
curve at higher temperatures.

At the concentration 0.01 wt % (Figure 4, middle) the
curve profiles lie somewhere between those exhibited at
higher and lower concentration.

One may thus consider cilia nucleation to be predomi-
nant at low concentration and on increasing the concentra-
tion the effects of S become progressively more apparent
until at 0.1 wt % the experimental curves take on the char-
acter of solution molecule nucleation.

The trends in the growth rate data under varying condi-
tions of molecular weight, concentration, and crystalliza-
tion temperature may then be explained in terms of the
two methods of nucleation S® and S¢. As shown by Sanchez
and DiMarzio the total nucleation rate S will be some com-
bination of these two terms.”

S = uyS° + w,S*® (2)

Sanchez and DiMarzio found that they could not predict
values for w, and wy, nor is it possible to evaluate them by
using the experimental data, as will be shown below, al-
though it was evident that w, is proportional to 1/mol wt
since the concentration of primary cilia produced in a
growth strip varies as 1/mol wt.

Relationship between Growth Rate and Nucleation
Rate. For nucleation controlled growth the rate of secon-
dary nucleation of a new growth strip is smaller than the
rate at which the strip is subsequently filled in by the in-
corporation of polymer molecules from solution. The rate
of growth of a crystal face is then proportional to the total
nucleation rate S. The rate of nucleation

S = S*N (3)

(where S* is the surface nucleation rate per nucleation site,
and N the number of sites) will increase with time since the
perimeter of the crystal grows larger and subsequently N
increases.® At time t¢

Gy = kSN, )

(where G is the growth rate, Ng is the number of nuclea-
tion sites at time tq, and k; is a constant), whereas at time ¢

G = G, exp[rS*(t — tp] (5)

assuming S* to be independent of time. According to eq 5,
the crystal should grow exponentially with time. However,
results from the present work and earlier publica-
tions1216.17 demonstrate that, in fact, G is independent of
time. This implies that the two-dimensional growth which
emanates from a nucleus must be limited to a constant
length along a face. This could be due to the crystal face
being uneven and growth along the edge being unable to
propagate beyond steps on the surface. In this case

G ~ NyS* (6)

where N; is the average number of nucleation sites be-
tween steps. We then have S* = S/Nj, and G and S may
be related as®

G~ S (7
Using eq 2 and 7 the experimental growth rate data may be
related to the corresponding theoretically calculated values
for S¢and S¢ by

G = Gg(w(S® + u,S%) (8)

Macromolecules

where G is assumed to be a constant. Values of G are
available from the experimental data and corresponding
theoretical values for S¢ and S are also available. However,
since the relationship between w; and ws is unknown, we
have three unknowns in eq 8. This equation cannot then be
used to evaluate the weighting constants w; and ws.

Surface Free Energies. In the kinetic treatment of
polymer crystallization the product of o, the side surface
free energy, and oe, the end surface free energy, is an im-
portant parameter permitting the estimation of ¢, once ¢ is
experimentally accessible (from, for example, paraffin
datal®).

The surface free energy product has often been estimat-
ed by using the well-known relation

—4poo, T, :l
= —— e d
G = Coexp [(Ahf)kT(AT)

where G is the growth rate (cm sec™!), Gy contains factors
not strongly dependent on temperature, b is the thickness
of a layer on a growing strip of a crystal (4.55 X 10% cm19),
Ahy is the heat of fusion (2.80 X 10° erg cm—319), T40 is the
equilibrium dissolution temperature (when considering
crystallizations from the melt T4 is replaced by T’ the
equilibrium melting temperature), and AT = T4® - T
where T is the crystallization temperature. The slope of the
plot In G vs. 1/T(AT) will then equal 4boo T 4%/ (Ahg)k
from which the oo, value may be calculated. A major diffi-
culty is encountered when choosing a value for T4°, which
is necessary to define the undercooling AT, and is also
present in the expression for the slope.

In attempts to assess T'3° by experimental means, mea-
surements have been made of the dissolution temperatures
of crystals of known long periods (low-angle X-ray analy-
sis) permitting extrapolation to infinite /. Huseby and Bair
obtained a value of T4% = 113.7 £ 1.2° for polyethylene in
xylene by extrapolating T4 vs. 1/1. to 1/1. = 0.2° Other work-
ers used similar methods21-2¢ but the results indicate that
this type of experiment may not be sufficiently sensitive to
evaluate T'¢° as a function of molecular weight. It is now ac-
cepted that T4° (and T'0) is dependent on the molecular
weight of the polymer.19:25:26

In their analysis of the data of Holland and Linden-
meyerl6 on the growth rates of single crystals of polyethyl-
ene from dilute xylene solution, Hoffman and Lauritzen?®
used a dissolution temperature of 387.2°K (114.2°C). In
that publication and in more recent reports?”-?# they dem-
onstrated that K in ‘

G = G, exp[-K,/T(AT)] (10)

is a function of the crystallization temperature in bulk
polyethylene (see Figure 6), and that results obtained for
crystallization from solution were consistent with eq 10. In
bulk polyethylene above 127° (regime I crystallization, axi-
alite morphology) K (I) = 2.27 X 105 (°K),? while below
this temperature (regime II crystallization, spherulite mor-
phology) K (II) = 1.23 X 105 (°K).2 Using these results and
the equation

(9)

K (D = 4boo T, /(Ah,)k (11)
o0, ~ 1380 erg?/cm* (axialites), and using
K,(I) = 2bo0, T,/ (ah)k (12)

coe ~ 1275 erg?/cm* (spherulites).?® From the Holland and
Lindenmeyer data for crystallization from dilute solution!®
K, = 2.11 X 105 (°K),? suggesting that the results are just
on the border of regime I type crystallization. The subse-
quent calculation using eq 11 showed that g0, = 1280 erg?/
cm#.29 This value is similar to those obtained from crystal-
lization in the melt suggesting that a similarity must exist
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Figure 6. (A) Top: schematic representation of regime I and re-
gime II as observed in In G vs. 1/T(AT) plot for crystallization
from melt.22 Regime I is analyzed for oo, using eq 11. Regime II is
analyzed for ooe using eq 12. Note that the change in slope appears
to be abrupt. (B) Bottom: schematic representation of the change
over from regime I to regime II as suggested for crystallizations
from solution. The intermediate region is pictured as being curved.
The temperature range over which the In G vs. 1/T(AT) plot is
curved may vary with molecular weight.
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Figure 7. In G vs. 1/T(AT) plotted using Sanchez-DiMarzio
values for T4%7 Curve numbers correspond to the following
weights (curve no., M) 1, 195,900; 2, 83,900; 3, 61,600; 4, 25,200; 5,
15,700. Top, 0.1 wt % concentration; bottom, 0.001 wt % concentra-
tion; 0.01 wt % concentration has been omitted but has an appear-
ance similar to the two shown above.

in the chain-folded surface nucleus that controls the
growth rate in all cases mentioned. Hoffman and Lauritzen
found that a value for so, of about 1300 erg?/cm* leads to
good agreement with the theoretical predictions for the
variation of long period with undercooling in the case of
melt crystallized polyethylene.28 Because it appears that
ooe in solution crystallized polyethylene may have a similar
value, much of the discussion to follow will assume 1300
erg?/cm* to be approximately correct.
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Table IV
Values for g Calculated from In G vs. 1/T(AT)
Plot Using Equation 11 (T4° = 114.2°)

00, at conen

Molecular wt,

M,) 0.001 0.01 0.1

15,700 1100 950 875

25,200 855 820 780

61,600 835 780 750

83,900 835 780 725

195,900 795 600 740
Table V

Values for goe Calculated from In G vs. 1/T(AT)
Plot Using Equation 13 (T4q% = 114.2°)

oo, at concn

Molecular wt,

(M) 0.001 0.01 0.1

15,700 1465 1265 1165

25,200 1140 1095 1040

61,600 1115 1040 1000

83,900 1115 1040 965

195,900 1060 800 985
Table VI

Values for goe Calculated from Figure 7 Using
Equation 13 (T4° Values According to Equation 14)

oo, at concn

Molecular wt,

(i) 0.001 0.01 0.1
15,700 810 920 940
25,200 950 970 1040
61,600 1010 1070 1100
83,900 1080 1140 1210
195,900 1110 1200 1220

On using the value T4° = 114.2° and eq 11 when analyz-
ing the growth rate data presented in the present paper,
the values shown in Table IV were obtained for oo, from
the slopes of In G vs. 1/T(AT) curves. The values are some-
what low when compared with those discussed above. Hoff-
man has therefore suggested3? that the present experimen-
tal data may correspond to the range between regime I and
regime II in which case

K, = 3boo, TS /(AR)k (13)

The results calculated using eq 13 are shown in Table V.
They are closer to the values calculated by Hoffman and
Lauritzen that were discussed earlier, but must be viewed
with some doubt since as indicated earlier T30 in fact varies
with molecular weight and this has not been taken into ac-
count.

The variation of T4° with molecular weight can be esti-
mated with the aid of the following semiempirical relation
suggested by Sanchez and DiMarzio?

Tuu = [Tmo - 29 + 7d0]/2 (14)

where Tp,0 and 74° are respectively the Flory-Vrij esti-
mates®! for the equilibrium melting temperature and the
Pennings estimates®? for the equilibrium dissolution tem-
perature. Using eq 14 to estimate Tq° for each of our poly-
mer fractions, curves of In G vs. 1/T(AT) as shown in Fig-
ure 7 were plotted. For the present purposes it is conve-
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nient to draw the best straight line through the points for
each molecular weight in Figure 7 (even if the slight curva-
ture in the data for the lower molecular weight is taken into
consideration, the conclusions drawn are not significantly
altered). On analysis of the slopes of these lines it was
found that eq 13 gave values for so, (Table VI) comparable
to those values discussed earlier for crystallization from the
melt. Equation 11 corresponding to regime I and eq 12 cor-
responding to regime II yield oce values too low and too
high, respectively. It thus appears that when employing the
T4° values calculated from eq 14 the data again correspond
to the region between regime I and regime II.

A prediction of the S-D theory” is that if the fractional
stems at the ends of the chains (lengths of chain smaller
than the long period of the crystal) are rejected from the
crystal they will lower the apparent surface free energy o,
of the crystal, Since the number of such chain ends present
would increase with decreasing molecular weight they sug-
gested that the calculated value of s¢, would increase with
molecular weight. Alternatively a mode of crystal growth in
which fractional stems are always incorporated would lead
to defects in the crystal structure, and in this case the ap-
parent ¢, (and hence o) would tend to increase with de-
creasing molecular weight.

It is apparent from Table VI that the values of oo, in-
crease with molecular weight, which lends support to the
fractional chain rejection model for polyethylene crystals.

Let us now return to Figure 7. It is reasonable to draw
straight lines through the points in the case of the high mo-
lecular weight samples. However, as the molecular weight
decreases there is less certainty that the relationship re-
mains linear. The precision corresponding to each point
was sufficiently high to justify the drawing of curved lines
for the lower molecular weight plots. The possible signifi-
cance of the curvature will now be discussed.

Deviation from linearity in the In G vs. 1/T(AT) plots
implies the following three possibilities: (a) that the prod-
uct oo, varies with undercooling, in which case analysis of
the curves in Figure 7 would require that tangents be taken
to the curves at each temperature, and that the slopes of
these tangents be used in eq 11, 12, or 13 to determine ooe;
(b) that the values used for T4® are incorrect; (c) that the
results correspond to the region between regimes I and II
(hereafter to be referred to as the mid-region).

With reference to the first hypothesis, considering the
small range of temperature involved, it seems unlikely that
oa. could vary with undercooling to the extent implied by
the curvature of some of the plots in Figure 7.33 Turning to
the second hypothesis it should be emphasized that the
available experimental values of T4° as a function of molec-
ular weight are in good agreement with values calculated
using eq 14.19:3¢ Accordingly for the reasons outlined, the
first and second hypotheses are assumed to be of doubtful
validity. This leaves us with possibility (c). In the following
section this hypothesis will be discussed and it will be dem-
onstrated how it is compatible with the self-nucleation
mechanism proposed by Sanchez and DiMarzio.

Discussion of the Observed Trends in oo, in Terms
of the Sanchez-DiMarzio Theory (S-D) and the Hoff-
man-Lauritzen Theory (H-L). Hoffman and Lauritzen
have demonstrated?82? that regime I conditions appear to
pertain at low undercoolings: that is, that the filling in of a
growth strip is a rapid process when compared with the
rate at which such strips are nucleated. When considering
the growth rate at low undercoolings one can see that since
there is a large energy barrier to overcome for nucleation to
occur, there will be few nuclei per unit length of strip. How-
ever, once a stable nucleus is formed the filling in of the
strip proceeds rapidly. On increasing the undercooling the
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barrier to nucleation decreases permitting multinucleation
of any given length of growth strip and the conditions pre-
dicted for regime II will be approached.

The change from regime I to regime II is not expected to
be sharp but gradual as illustrated in Figure 6b. The equa-
tion governing the intermediate region would be of the
form

xboo Ty

= on,)k (15)

KgI/II

where x will have values ranging from the value of 2, which
is applicable to regime II conditions, to a value of 4, charac-
teristic of regime I, as the undercooling decreases. If we ac-
cept the proposition that the data lie somewhere in this
mid region it becomes necessary to account for the varia-
tion in curvature with molecular weight as seen in Figure 7.
Each curve in Figure 7 may be thought of as a section of an
overall or total regime I/regime II curve (Figure 6B). The
region of the master curve from which each section derives
appears to vary with molecular weight. Thus the higher
molecular weight samples lie closer to the regime I end of
the master curve. This implies that the number of nuclea-
tion events occurring on a given length of growth strip in-
creases with decreasing molecular weight at any one tem-
perature in the range studied. The presence of cilia nuclea-
tion permits the following explanation to be made con-
cerning these observations.

Lauritzen35 demonstrated that in regime I the rate of la-
mellar growth G may be expressed as

G = bLi (16)

where b is the thickness of a growth layer, L is the sub-
strate length (comparable to the distance between steps on
the surface as discussed in the development of eq 6), and i
is the number of nuclei per unit time per unit length of
substrate (each nucleus forms a new growth layer and the
average number of nuclei formed per unit time on each
lamella growth face is iL). Under these conditions (i.e., re-
gime I) the velocity g, at which growth on a nucleated sub-
strate is completed, is rapid. If g is smaller then there will
be time for multiple nuclei to form on the substrate before
the growth strip is completed. In this case regime II condi-
tions apply and G then takes the form7:35

G ~ blg)”? (17

This equation will apply when L or { is very large or when g
is very small. We can now look at the classification of the
regimes in a slightly different way than previously and
show how the S-D idea of self-nucleation becomes applica-
ble.

Instead of considering g to be very small in regime II let
us take the case in which i is large. The number of cilia
formed in the most recently completed growth strip is in-
versely proportional to molecular weight.” If all these cilia
have an equal probability of nucleating the next growth
strip, then the greater the number per unit length, the
greater the possibility that numerous stable nuclei will
form. As the undercooling is increased, and hence the ener-
getic barrier to nucleation is lowered, so multinucleation
will occur more frequently. Hence, i, due to cilia nuclea-
tion, will be expected to increase as the molecular weight
decreases, and for any one molecular weight i will increase
with undercooling. At low undercooling all molecular
weights will tend to regime I conditions (i.e., one nuclea-
tion event per unit length): however, the lower the molecu-
lar weight, the smaller the undercooling at which these con-
ditions prevail. These are the trends seen in Figure 7. The
curves for the lowest molecular weight approach regime II
conditions (as defined by eq 12) at high undercooling,
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whereas the curve profiles tend to retain the characteristics
of regime I over more of their length as the molecular
weight increases.

We see then that the presence of cilia nucleation as sug-
gested by Sanchez and DiMarzio is compatible with the re-
gime theory of Hoffman and Lauritzen, for the existence of
regimes may be due to the density of cilia per unit length of
growth strip being dependent on the molecular weight. The
rate at which the character of the growth changes from re-
gime I to regime II, and the undercooling at which this oc-
curs, appears to vary with molecular weight. However, a
test of this hypothesis for dilute solution crystallization will
require extension of the growth rate measurements to high-
er and lower undercoolings using well fractionated polymer
samples. Unfortunately, using present techniques, mean-
ingful growth rate measurements of polyethylene crystalli-
zation cannot be made outside of the range reported here.
The higher molecular weight fractions could be studied at
slightly smaller undercoolings, but any extension of the
range of study for the remaining samples would lead to a
marked loss in precision because of the very slow or very
rapid growth rates involved, rendering the results of but
little value.
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Thermally Induced Phase Separation Behavior of
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ABSTRACT: Thermally induced phase separation behavior of polystyrene—poly(vinyl methyl ether) mixtures has
been studied by light transmission, optical microscope, and pulsed nmr methods. It is found that the polymer pair
can phase separate by spinodal mechanism or by nucleation and growth depending upon composition and tempera-
ture. Direct proof of spinodal decomposition is provided by the nmr data which indicate a gradual change in the
composition of the new phases but little change in the volumes of precipitating phases during decomposition. In ad-
dition, using the nmr data it is possible to estimate the parameters governing the kinetics of spinodal decomposi-
tion. The coefficient of diffusion is found to be negative, indicating that phase separation has taken place by the
characteristic uphill diffusion. Large differences in light transmission and morphological behavior are noted during
the early stages of decomposition under the two mechanisms, Most noteworthy are residual turbidity found in the
sample which has apparently undergone spinodal decomposition, the high degree of interconnectivity in the spi-
nodal structure, and the rapid rate with which such a structure is formed. The residual turbidity reaches a maxi-
mum in the PS-PVME = 20:80 mixture. By contrast, samples which have undergone phase separation by nuclea-
tion and growth exhibit no residual turbidity; the precipitating phase domains are discrete and the formation of the
phase pattern is relatively slow.

In previous publications,? the compatibility and phase
separation behavior of solvent cast polystyrene (PS)—poly-
(vinyl methyl ether) (PVME) films were investigated over
a wide range of compositions and temperatures. The study
revealed among other things the existence of a cloud point
curve associated with a lower critical solution temperatu-
re.2b3 The result strongly suggests that there may be an
unstable region within the miscibility gap where phase sep-
aration could take place by spinodal mechanism rather
than by nucleation and growth.45 Although the spinodal

decomposition behavior has been investigated for a few
polymer-solvent®” and polymer—polymer? systems, knowl-
edge of such phenomenon is still rather limited, especially
in regard to the basic parameters which govern the spinod-
al decomposition process.

Earlier?2 it has been demonstrated that the volume frac-
tions as well as the composition of phases in the PS-PVME
system can be determined with relative ease by the pulsed
nmr technique. Since one of the important characteristics
which differentiates the spinodal mechanism from nuclea-



