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Regime Transitions in Fractions of cis-Polyisoprene
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ABSTRACT: Relatively narrow fractions of cis-polyisoprene have been prepared from hevea rubber by
nonsolvent precipitation. Following molecular weight characterization by intrinsic viscosity and gel permeation
chromatography, crystallization studies were conducted using osmium tetraoxide staining followed by
transmission electron microscopy. Kinetic curves are typically bell shaped, the rate of crystal growth decreasing
as molecular weight is increased. Secondary nucleation analyses show that the regime II-regime III transition
occurs for fractions of lower molecular weight but that generally only regime III growth can be easily observed
for molecular weights of 897 000 and above. Narrow fractions show a ratio of slopes for regime III to regime
II close to 2.0 as predicted by theory whereas unfractionated systems give lower values (e.g., 1.65 for cis-
polyisoprene from hevea rubber). Detailed studies of a fraction of molecular weight 313000 show an extremely
distorted bell-shaped crystallization curve. Kinetic analyses of the data demonstrate clearly the presence
of all three crystallization regimes for the first time in any polymer. Morphological studies confirm the presence
of a regime I-regime II transition. A major increase in branching occurs at temperatures just below that
transition, as in polyethylene. The regime I region is characterized by molecular weight fractionation manifest
by the concurrent presence of both axialites and single crystals with grossly different growth rates. This

experimentation provides the first clear evidence for regime theory as currently developed.

Introduction

Recent major advances in our understanding of quies-
cent crystallization in polymers have resulted from the
discovery of different regimes of nucleation. Prior to this
advance it was generally assumed that nucleation on a
crystal surface was always the rate-controlling event in
lamellar growth.! The suggestion of a transition as a
function of temperature and molecular weight from a
situation where the nucleation rate was considerably slower
than the rate of lateral spreading (regime I) to a condition
where the two rates are comparable (regime II) was made
by Lauritzen and Hoffman? in 1973. Experimental con-
firmation of this transition in narrow fractions of linear
polyethylene followed shortly thereafter.? It has now been
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demonstrated* that the effect can be observed in bulk
crystallization of the unfractionated polymer and that the
pressure dependence of the transition follows that of the
equilibrium melting point. Only one other polymer is
believed to show a similar regime transition® although
poly(e-caprolactone) shows such an effect with time pre-
sumably due to a less narrow molecular weight distribution
than polyethylene.®

The prediction of a second transition at even lower su-
percoolings, from regime II to regime III, was first made
by Phillips in 19797 and an appropriate theory was for-
mulated by Hoffman in 1983.8 Such a transition is now
believed to occur in several polymers including cis-poly-
isoprene,?' polypropylene,'! and poly(phenylene sulfide).!?
Studies of the regime II-regime III transition analogous
to those of the regime I-regime II transition in poly-
ethylene as a function of molecular weight and temperature
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Table 1
Molecular Weight Data for Fractions
fraction wt, g [n M, M, /M,
1 0.1208 6.53 1.12 x 108
2 0.0300
3 0.2133 5.50 8.97 X 10°
4 0.1970 4,30 6.57 X 10°
5 0.1460 3.90 5.8 X 10°
6 0.3392 2.62 3.51 X 10° 1.34
7 1.0832 3.85 5.71 X 10°
8 2.6361 3.70 5.43 X 10°
9 0.4103 2.39 3.13 X 10° 1.58
10 1.3656 0.99 1.02 X 105 1.75
A® 7.91 1.42 x 108

2(Obtained in separate fractionation experiment.

have not yet been reported for any system. Studies of
poly(phenylene sulfide),'2 while considering two molecular
weights and providing important data, did not produce
conclusive analyses. In this paper we will report the results
of a study of fractions of cis-polyisoprene ranging in mo-
lecular weight from 3 X 10°% to 1.4 X 10° over the crystal-
lization temperature range —40 to +3 °C, which demon-
strate the existence of regimes I, II, and III in cis-poly-
isoprene. This research is the first such study for any
polymer.

Experimental Section

Hevea rubber in the form of pale crepe was supplied by the
Malaysian Rubber Board. It was purified by acetone extraction
in a Soxhlet for 24 h to remove any soluble organics. Following
drying, the remaining material was dissolved in hexane and filtered
to remove gel fractions as high as 60% of the total mass.

Fractionation was carried out by using a 0.05% solution in
hexane at 26 °C and dropwise addition of the nonsolvent 1-
propanol under nitrogen and in the dark. Individual fractions
were collected as listed in Table I. In each case the precipitated
polymer was allowed to sediment for 12-48 h, dependent on
fraction, before removal and collection. Fractions were collected
after siphoning of the supernatant liquid, dissolved in hexane,
reprecipitated, and dried to constant weight at room temperature
in vacuo.

Viscosity-average molecular weights were determined by using
a Cannon-Ubbelohde viscometer on THF solutions at 25 °C.
Mark-Houwink equation constants K = 1.09 X 10~ and a = 0.7913
were used. Gel permeation chromatography was carried out by
using THF solutions and a Waters Associates instrument, with
styragel columns. Calibration was carried out by using narrow
fractions of polystyrene.

Specimens for crystallization studies were prepared by film
casting from a 2% hexane solution onto a water surface, an
appropriate film thickness of ca. 800 A being judged by a gold
interference color in the film.* Films were collected on 400-mesh
copper electron microscope grids and dried in a vacuum for 20
min prior to crystallization which was carried out in a freezer.
After the chosen time of crystallization, samples were stained with
osmium tetraoxide vapor for 20 s prior to examination in a Philips
300 or JEOL 200 CX transmission electron microscope. Unfor-
tunately specimens of the lowest molecular weight (1 X 10°%) were
mechanically unstable.

Results

Earlier studies have demonstrated that major nucleation
of spherulites occurs at one and the same time for natural
rubbers even though the nucleating species are smaller
than the lamellar thickness and undetectable. The frac-
tions studied here are no different. Growth rates were
determined by using the well-established procedure for
measuring the maximum lamellar length (i.e., larger
spherulites present in the film) for chosen times at each
crystallization temperature. Linear growth rates always
resulted, as they did for unfractionated rubbers (for ex-
ample, see Figure 1). All molecular weight fractions ex-
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Figure 1. Lamellar growth of hevea rubber fractions with mo-
lecular weights (0) 3.13 X 10° and (@) 1.42 X 10 at -20 °C.
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Figure 2. Lamellar growth rate vs. crystallization temperature
for hevea rubber fractions with molecular weights (0) 3.13 X 105,
(@) 3.51 X 105, (O) 5.43 X 10-5, (A) 8.97 X 10°, (@) 1.42 X 108,

hibited bell-shaped curves which were not of identical or
uniform shapes (Figure 2). The general trend of increasing
molecular weight was to reduce the growth rate without
influencing the temperature of the maximum growth rate.
Similar behavior has been observed in a number of poly-
mers, two examples being poly(tetramethyl-p-silphen-
ylenesiloxane)'® and poly(ethylene terephthalate).’® The
higher molecular weight fractions show more uniformly
shaped curves, the two lowest molecular weight fractions
showing changes in shape in the vicinity of —-30 and -20
°C. Abnormally low rates of growth are apparent for the
5.43 X 10° molecular weight sample at low supercoolings.
In this region it exhibits a growth rate lower than that of
the 8.97 X 10° fraction. It is of course possible that the
latter fraction is exhibiting an abnormally high growth rate
which it also shows at high supercoolings. These effects
could be caused by the molecular weight distributions
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Figure 3. Lamellar growth curve of cis-polyisoprene of molecular
weight 3.13 X 10°.
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Figure 4. Lamellar growth curve of cis-polyisoprene of molecular
weight 5.43 x 10°,

being broader than those of the lower molecular weight
fractions. The two lower molecular weight fractions show
distincet shoulders at low supercoolings. Unfortunately
samples of molecular weight half a million and above could
not be studied by using gel permeation chromatography
due to clogging of the column. In the above studies little
attention was paid to the regions of low supercooling be-
cause of the very long times needed in such studies. In
order to better understand the nonuniformity of the
bell-shaped curves, additional points were obtained for the
fractions of molecular weight 313000 and 543000. Results
are shown in Figures 3 and 4 by using a logarithm of
growth rate vs. temperature plot to accentuate the low
supercooling data. It can be seen that a very specific and
unusual growth curve exists for the fraction of molecular
weight 313 000.

Significant morphological changes were also observed.
Above -8 °C two different morphological species could be
detected (Figure 5). First, large skeletalized single crystals
occurred!” such as have been reported earlier for unfrac-
tionated polymer undergoing elevated pressure crystalli-
zation. The population density of this species increases
as crystallization temperature is increased, becoming
dominant for crystallization temperatures in excess of 3
°C. Second, spherulite-like species that exhibit a platelet
growth, as opposed to a ribbon-like growth, occur for la-
mellae in the “side-on”, as opposed to “edge-on”, orienta-
tion. It is believed that these objects are axialites, such
as have already been observed in trans-polyisoprene.'® It
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Figure 5. (a) Single crystals and (b) axialites in a fraction of
molecular weight 3.13 X 10° grown in the regime I region.

Figure 6. Conucleated single crystal and axialite grown at +1.8
o0

is the growth rate of these species that was used in Figure
3 for linear growth rates above -8 °C. Occasional species
have been observed combining a single crystal and an
axialite (Figure 6). Such objects clearly have nucleated
together.

Studies of lamellar thickness were also carried out by
using the electron micrographs, care being taken to ensure
that values corresponded to the completely edge-on ori-
entation. As in unfractionated cis-polyisoprenes the la-
mellar thickness distribution is generally narrow and the
most probable lamellar thickness can be determined to
within an error of £5 A in these stained samples because
of the combination of known lamellar orientation and
sharp interfaces. The narrow distribution is known to be
a result of the lack of any important thickening process.'?
Some characteristic histograms of lamellar thickness dis-
tribution are shown in Figure 7. Data typical of medium
supercoolings (part a) show narrow distributions. Care was
taken at low supercoolings since it was possible that some
thickening might occur in the axialitic region. Such data
are presented in parts ¢ and d where it can be seen that
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Figure 7. Historgrams of lamellar thickness for (a) 3.13 X 10°
at -26 °C, (b) 5.43 X 10° at -0.6 °C, (¢) 3.13 X 10% at +1.8 °C,
and (d) 5.43 X 10% at 1.4 °C.
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Figure 8. Lamellar thickness as a function of crystallization
temperature for the hevea rubber fractions with molecular weights
(0) 8.13 X 105, (@) 8.51 X 105, (O) 5.43 X 10%, (A) 8.97 X 10%, and
(@) 1.42 x 105,

some lamellae have thickened considerably. The histo-
grams in Figure 7 were obtained from a sampling of 50-60
lamellae in the edge-on orientation in each example. The
peak values of lamellar thickness are presented in Figure
8 where it can be seen that all specimens show an in-
creasing lamellar thickness with decreasing supercooling,
as expected. Although most of the scatter is within the
experimental uncertainty, at higher crystallization tem-
peratures the two lower molecular weight specimens show
a clear tendency to produce thicker crystals.

Discussion

The shape of the detailed growth curve of Figure 3 is
worthy of attention. Interest lies mainly in the shape of
the upper temperature portion (7, > -8 °C) which resem-
bles that reported by Hoffman et al.® for fractions of
polyethylene. The temperature corresponding to the in-
tersection of the approximately horizontal portion with the
steeply dropping higher temperature curve corresponds to
the aforementioned change in morphology from spherulite
to axialite. By analogy with polyethylene, it appears that
a regime I-regime II transition is occurring. Additional
indirect evidence for this occurrence lies in the variation
of branching frequency with crystallization temperature
(Figure 9a). It has been observed, but not quantified, that
in linear polyethylene?® an increase in branching is ob-
served caused by a preponderance of screw dislocations
in the temperature region just below the regime I-regime
II transition region. For higher supercoolings in poly-
ethylene the enhanced branching regions cannot be ob-
served when regular helicoidal twisting appears. Here a
similar phenomenon is occurring. A peak in branching
frequency can be seen superposed on a general trend of
increasing branching frequency with supercooling. The
upper and lower temperature bounds of the peak corre-
spond to the proposed regime I-regime II transition tem-
perature and the known regime II-regime III transition
temperature. Also plotted is the branching frequency vs.
temperature curve of the fraction of molecular weight
543000. It can be seen that only the upward trend in
frequency with increasing supercooling is observed clearly
for this fraction which shows only the regime II-regime
III transition close to the upper limit of crystallization
temperature, although there is a clear but narrow increase
in branching frequency just below the transition.

Further evidence for the existence of a regime I region
lies in the morphology observed and in the fractionation
evident in the formation of both axialites and single
crystals. These single crystals are skeletalized, as were
those observed earlier in unfractionated cis-polyisoprene



2142 Phillips and Vatansever

| ]
| | a
| |
1.0k Regime 3 | Regime 2 i Regime 1

| |

] | o |

3 : o o

E o8- \ '

2 O | [

- | |

2 . O 1

s 06+ (Ohy |

E 1 1

: | |

$ oarf 1 \ O

s [ 1 O

- | |

s . l Co

S o0zt i |

3 ' | o O

z i i
I ]

0l "y . )
-30 -20 -10 0

Crystallizetion Temperature (°C)

—_
) b
1. Regime 23 E Regime 2
2 08 © E
® \
£ :
2 0.61- '
2 i '
£ ! \
£ 04 |
£ 1
Q '
§ .
o ' %
5 02 Q
$ ‘ !
. R

-30 -20 -10 0

Crystallization Temperature /°c)

\

Figure 9. Branching frequency vs. temperature for fractions of
molecular weight (a) 3.13 X 10° and (b) 5.43 x 10°.

at elevated pressures.” Here the pleats are well defined
and it can be seen that each crystal contains a number of
central points throughout the skeletalized portion. It is
suggested that this is a result of twinning or epitaxy and
is responsible for the skeletalized form. Apparently the
original crystal was a hollow pyramid which generated
additional hollow pyramids but only on one side. Such
behavior is well-known in polyethylene single crystals
grown from solution. The growth rates of these crystals
have not been gstimated, but all are fully formed for the
shortest times used (25 h at the highest regime I super-
coolings).

Analysis of the experimental kinetic data has been
carried out by using secondary nucleation theory! and
identical parameters with those used by Dalal and Phillips®
for unfractionated hevea rubber and Rensch et al.!® for
guayule rubber. It will be recalled that the two latter
analyses yielded regime II-regime III transitions.

The governing equation relating growth rate to super-
cooling is

G = Gy exp| =L e
= G, exp R(T - T exp T (1)

where Kg(regime II) = 2boo,T,,/kAH; and Kg(regimes I,
IT) = 4boa, T, /KAH;, T is the crystallization temperature,
T, is the equilibrium melting point, ¢ is the lateral surface
free energy, o, is the fold surface free energy, b is the lattice

Macromolecules, Vol. 20, No. 9, 1987

12.00f-T”Y‘rTIIYTYYYT!{YII!'Y’Y{Y!Y!YTYT‘\
C
g 8.00 ~
[ . :
1 .
= r
@ = N
2] - ©
~ :
P -
D -
4+ 4.00 +
% = b
o -
— . \
AN S U U U0 N0 U 08 U O A S0 - A S W T S N S S -
0.0 &% %50 456 520
108 /2. 3TN

Figure 10. Plot of log G + U*/2.3(T - T.) vs. 1/2.3T(AT)f for
the hevea rubber fraction of molecular weight 3.51 X 105,

parameter in the growth direction, and k is the Boltzman
constant. fis a parameter correcting the variation in AH;
with temperature and put equal to 27/(T + T,,). The first
exponential term introduces the mobility, diffusion, or
jump rate effect. Two treatments of this term have been
used, identical with those of Dalal and Phillips.® In the
first treatment values of U* of 17.2 kJ mol™? and T., of
150.7 K, corresponding to independently determined WLF
analyses, were used. In the second the empirical
“universal” values of U* of 6.28 kJ mol™* and T, of 171 K
of Hoffman et al.! were used. In both cases the experi-
mentally determined?® equilibrium melting point of 308.7
K was used. It will be recalled that in prior analyses®!?
a regime II-regime III transition was observed for un-
fractionated polymer for WLF analysis but not for the one
involving the universal constants. Theory predicts that
in a plot of log G + U*/23R(T - T.) vs. 1/T(AT)f a
change of slope occurs at the transition and the ratio of
the slopes of the regime III to regime II portions should
equal 2.0 if there are no changes in the input parameters
with regime. In the analyses referred to in ref 9, 10 the
slope ratios ranged from 1.65 to 1.83.

The appropriate plots are shown in Figures 10 and 11
for fractions of molecular weight 351 000 and 897 000, re-
spectively. Curve (a) corresponds to the WLF parameter
approach and (b) to the universal parameter approach in
each case. It can be seen clearly that approach (a) gives
rise to two clear transitions for the lower molecular weight
fraction but not for the higher molecular weight fraction.
The transition occurs at —18.1 °C for 3.13 X 10° molecular
weight and -17.2 °C for 3.51 X 10%. The slope ratios are
1.95 and 1.86, respectively.

Curves for all fractions of molecular weight greater than
897 000 were similar to Figure 11. An upper transition
occurs for the lowest molecular weight fraction studied in
detail (Figure 12) and the slope ratio for the regime I-
regime II transition is 1.86. The upper transition can be
defined with some accuracy, independent of curve fitting,
because of the observed morphological change. The lower
transition is more difficult to define since there is no major
morphological effect occurring. Indeed, the transition
region is better represented by a curve, such as was noted
for poly(phenylene sulfide).!? The solid line drawn for the
lowest temperatures (i.e., the regime III region) represents
the lower temperature asymptote independent of the
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the hevea rubber fraction of molecular weight 3.13 X 105,

curvature. An alternative line having the same linear
regression coefficient as the solid line is drawn dotted. For
this line, however, the lowest temperature point, which is
quite accurate because of the low growth rates involved,
is the point left off the line.

The transitions can also be seen in the curves by using
analytical approach (b); however, here the slope ratios are
1.5 and 2.5 for the regime II-III and regime I-II transitions,
respectively. It had been noted earlier* for polyethylene
that the detection of the regime I-II transition is relatively
insensitive to the choice of internal diffusional parameters.
It has been known for some time that analyses of high
supercooling data are very sensitive to mobility parame-
ters.>!? The data points in the regime I region follow the
line drawn only for the first few degrees above the regime
I-regime II transition. Detailed data for the 543 000 mo-
lecular weight fraction are presented in Figure 13 where
it can be seen that the regime II-regime III transition
occurs at -5 °C. A change in molecular weight of less than
a factor of 2 has produced an elevation in the transition
temperature of 13 °C.
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The lack of a straight line fit over the entire temperature
range above the regime I-regime II transition requires
comment. As observed earlier, the regime I temperature
range is characterized by molecular weight fractionation.
Since the single crystals will be of lowest molecular weight,
the remaining axialitic species observed may be of a mo-
lecular weight higher than the average. This effect would
be intensified as the fraction of single crystals increases
at the lowest supercoolings used. It is therefore possible
for the molecular weight of the axialitic species to have
increased so much that the growth has reverted to regime
II. However, there are two other possible explanations.
Goldenfeld?! has pointed out that regime I growth is itself
inherently unstable because as a crystal grows its growth
faces will become so extensive that multiple nucleation will
be an inevitable result producing a reversion to regime II
kinetics. However, for the Goldenfeld explanation to be
valid it would be necessary for the reversion to have a
temperature dependence; an aspect which has not yet been
explored theoretically. Using a different approach in-
volving the influence of surface roughening on substrate
completion, Hoffman?? has suggested that regime I should
revert to regime II at sufficiently high temperatures. The
origin of the observed data can only be resolved by a more
in-depth study of growth habits of a much narrower
fraction than is currently available.

The results suggest strongly that for any polymer a
maximum molecular weight exists beyond which regime
IT growth will not be observed and that for cis-polyisoprene
this critical weight is somewhere in excess of 5.4 X 10°. It
has been demonstrated! that a maximum molecular weight
limit of 10° exists for polyethylene beyond which regime
I growth does not occur. Apparently here the critical
molecular weight for regime I is between 3.5 and 5.4 X 105,
It is important to note that three basic types of behavior
have been observed here: (a) all three regimes; (b) regimes
IT and IIT; (¢) only regime III. It is also important to
recognize that the slope ratios for all transitions in the
fractions are close to the theoretical value of 2.0. Such an
observation demonstrates that the molecular weight dis-
tribution is critically important to the detection of regime
transitions. A broad molecular weight distribution smears
the transitions and reduces the slope ratios below the
theoretical value. The regime I-regime 1I transition in
polyethylene is also smeared by molecular weight distri-
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Table 11
Surface Free Energies

kinetics studies

lamellar thickness

MW

regime

Kg

0Gg I M

Oy J M2

ey d M2

3.13 x 10%

3.51 x 10°

5.43 X 10°

8.97 X 10°
1.42 x 108

il
11

111

2.87 X 109
1.46 x 10°
271 X 10°

2.80 X 108
1.50 X 10°
2.63 X 10%

2.46 X 10°
1.28 x 10°

2.47 X 10°
2.48 X 10°

3.29 x 10™*
3.35 X 107
3.11 x 10™

3.21 X 10
3.44 X 10
3.02 X 10

2.82 X 10™
2.94 X 10

2.84 X 107
2.81 X 107

2.35 X 1072
2.39 X 1072
2.22 X 1072

2.29 X 1072
2.46 X 1072
2.16 x 1072

2.01 x 1072
2.10 % 1072

2.03 x 1072
2.01 X 102

2.62 X 1072

2.42 X 1072

1.94 X 1072

1.95 X 1072
1.92 X 1072

bution,® but information is not available regarding its in-
fluence on slope ratio. For unfractionated or imperfectly
fractionated systems, therefore, the value of the slope ratio
cannot be used to optimize curve-fitting procedures, fur-
ther complicating analyses of crystallization at high su-
percooling. It is also important to note that in the fraction
where both regime transitions occur the sum of the slope
ratios is close to 4 regardless of the choice of mobility
parameters used in the analysis. Although the WLF ap-
proach gave an excellent fit without any attempt at ma-
nipulation, if manipulation of the data had been performed
80 as to produce a slope ratio of 2.0 for regime I-regime
IT it would also have produced a slope ratio close to 2.0 for
regime II-regime III at the same time. In polymers not
showing all three regimes it is possible to produce a linear
curve indicative of only one regime or “apparent” regime
I-regime II or regime II-regime III transitions by appro-
priate manipulation of mobility parameters. The regime
II-regime III transition is especially sensitive to such
manipulation. It is important to recognize the significance
of the data reported and the analytical method used here
in demonstrating (a) the existence of all three regimes in
one polymer, (b) the correlation between theoretically
predicted slope ratios with the experimental slope ratios
determined for transitions, and (c) the effectiveness of the
use of WLF parameters, specific to the polymer in ques-
tion, as mobility parameters in kinetics analysis.

Further quantification of the molecular weight effect can
be obtained from a calculation of the fold surface energy,
oe, by using eq 1. Results are tabulated in Table II where
it can be seen that those fractions not showing regime
behavior have oo, values 10% lower than those of the lower
molecular weight fractions showing the regime transitions.
When converted to ¢, values by using the well-established
value of o equal to 1.4 X 102 J m2 a 10% change in o, also
results. Presumably this effect is caused by a lower con-
centration of adjacent reentry folds in the surface of la-
mellae crystallized in regime III. A test of this conclusion
rests on the independent estimation of ¢, from the lamellar
thickness supercooling relation.

Use of eq 2, where v if the thickening ratio, permits such
an estimate to be made. Plots of lamellar thickness (/)

2TmO% v

! AHATF T (2)
vs. 1/fAT are shown in Figure 14 for the two fractions
studied in detail. It can be seen that the lower molecular
weight fraction shows a slightly higher slope than the
higher molecular weight one, although it should be noted
that the data for the two fractions are essentially indis-
tinguishable below the regime I-regime II transition ([ ~

Lamellar Thickness (nm)

1/1(aT) x 103

Figure 14. Plot of lamellar thickness vs. 1/10%(fAT) for the hevea
rubber frasctions having molecular weights (0) 3.13 X 10° and (1)
5.43 %X 10°,

85 A). Calculation of o, using a value of v of 1.46 (9) results
in values of ¢, comparable to those obtained from the
kinetic data (Table II). Although the errors are sizeable
because of the low lamellar thicknesses typical of cis-
polyisoprene, the effect is clear. Both o, values for each
fraction differ by no more than 11% whereas the difference
between values for the low and high molecular fractions
in never less than 15%. The two independent estimations
of o, therefore correlate as well as can be expected, further
confirming the validity of the kinetic analyses.

Regime theory predicts that there will be no change in
the lamellar thickness—temperature relation caused by a
regime. If, however, there is a change in ¢, accompanying
a regime transition, as a result of changes in adjacent
reentry folding fractions, the slope of a plot such as that
in Figure 14 would be expected to change. We have ex-
plored this possibility by simply curve fitting the data for
the different regime regions separately. For molecular
weight fraction 3.13 X 10° the o, values are regime I, 3.3
X 102 J m™; regime I1, 3.2 X 1072 J m™%; and regime III,
2.33 X 1072 J m? and for molecular weight fraction 5.4 X
10° they are, regime 11, 2.59 X 1072 J m™2 and regime III,
2.03 X 1072 J m™2. Because of the smaller number of points
being considered the correlation coefficients were lower,
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Figure 15. Spherulite axialite showing evidence of fractionated
growth in the regime I region (T, = -1 °C).

averaging 0.943, whereas the correlation coefficients for
the single continuous fits average 0.984. Although there
is some indication of slope change, always in the direction
of lower ¢, values for higher supercoolings, the number of
points available limit the confidence that can be placed
in the analysis.

Some comment should be made on the morphological
changes associated with the regime I-regime II transition.
In linear polyethylene® a clear change from axialites in
regime I to spherulites in regime II was observed. Here
the change is not so dramatic, perhaps because of the
molecular weight distribution (M,,/M,, = 1.5) being much
broader than those of the polyethylene fractions. In both
regimes the species begin as sheaves comprising three to
seven lamellae. Lamellae growing in regime II, when ob-
served in the “turned-over” orientation, conform to the
well-established ribbonlike form having a width of ~400
A. The width increases with crystallization temperature.
In regime I the growth is clearly platelike and the lamellar
width is of the order of the lamellar length. The growth
front, however, remains flat or is curved and does not take
on the sharp faceted appearance of single crystals. Evi-
dence for the dependence of lamellar width on regime can
be seen in Figure 15 for a crystallization temperature just
inside regime I. The lower right part of the aggregate has
crystallized in regime I showing very wide lamellae whereas
the upper portion exhibits wide ribbons typical of regime
Il crystallization close to the transition. Presumably the
different widths are due to molecular weight fractionation.

The regime II-III transition is believed to be associated
with a situation in which the frequency of secondary nu-
cleation exceeds the rate of lateral spreading. Under
normal circumstances the rate of lateral growth should be
greatest because of the lower energy penalty associated
with attachment to a niche on the crystal surface. A strong
presumption to be made therefore is that the mobility of
lengths of polymer chain greater than the lamellar thick-
ness is significantly impeded under the conditions pro-
ducing regime III. Mobility will be determined by the
internal flexibility of the polymer chain together with the
length of the polymer chain. The former is an intrinsic
property of the stereochemistry of the chain, the latter a
function of the chain’s ability to translate over large dis-
tances. For instance, cross-linked polyethylene always
shows regime III behavior since translation over long
distances is not possible.” In the case of high molecular
weight polymers rheological behavior has often been in-
terpreted by using the concept of “permanent” entangle-
ments. Since the advent of reptation theory,?* however,
the concept of permanent entanglements should be re-
placed with the concept of time scale of chain translation
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relative to the time scale of crystallization, except of course
for actual knots. A longer chain simply cannot disentangle
effectively on the time scale of crystal growth. The critical
condition for onset of ineffective disentanglement will be
related to both chain length and to the intrinsic flexibility
of the polymer chain. For a given molecular weight
therefore the onset of ineffective disentanglement will be
determined by temperature in a manner similar to the
onset of molecular stiffness, i.e., the regime II-regime III
transition should be related to the glass transition. The
growth curve of Figure 3, as well as the sensitivity of the
regime III slope to mobility parameters, demonstrates
clearly the importance of internal diffusion in crystalli-
zation at high supercoolings. Indeed, the mobility expo-
nential controls the crystallization and the process can be
regarded as diffusion controlled. In contrast to the regime
I-regime II transition, which is determined by supercooling
(i.e., probably thermodynamic in nature) the regime II-
regime III transition appears to be controlled by molecular
dynamics or at least to have strong molecular dynamic
overtones. Such a hypothesis is consistent with current
information but must be related in an independent man-
ner. Pressure studies of the regime I-regime II transition
in polyethylene* clearly demonstrated its probable ther-
modynamic origin since the pressure dependence of the
regime transition paralleled that of the equilibrium melting
point. When the effect of pressure on lamellar growth in
unfractionated cis-polyisoprene was first reported? it was
noted that single crystals were generated at low super-
coolings. Indeed a line was drawn showing the maximum
supercooling for single-crystal formation as a function of
pressure (see ref 25, Figure 7). That line is now to be
identified with the regime I-regime II transition in cis-
polyisoprene. It also tends to mirror the equilibrium
melting line but the correlation must await a detailed
evaluation, which will be reported at a later date. Testing
of the validity of the kinetic hypothesis of the regime
II-regime III transition must await evaluation of its
pressure dependence and in particular its relation to the
known pressure dependence? of the glass transition of
natural rubber.

An alternative approach to nucleation theory is the new
one introducing surface roughening as a substitute for
nucleation as the operating mechanism in crystal
growth.?”?®  This approach has not yet been tested
quantitatively and is still in its formative stages. We
choose not to comment on the validity of the surface-
roughening approach at this time. Attempts at its evalu-
ation using the data reported here are under way and will
be reported in a separate publication.

Conclusions

(1) The regime II-regime III and regime I-regime II
transitions occur in cis-polyisoprene and are molecular
weight dependent. (2) Fractionated cispolyisoprene of
molecular weight 3.13 X 10° shows all three regimes of
crystal growth; a fraction of molecular weight 5.4 X 10°
shows only regime II and regime III. (3) When molecular
weight is equal to or exceeds 8.9 X 10° only regime III
growth occurs. (4) Narrow molecular weight fractions are
needed for the ratio of Kg(III) to Kg(II) and of Kg(I) to
Kg(II) to equal the theoretical values of 2.0. (5) Fold
surface free energy is molecular weight dependent, being
lower for fractions exhibiting only regime III. (6) The
regime II-regime III transition is influenced strongly by
kinetic effects.
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ABSTRACT: This work deals with the gel-like behavior of systems resulting from mechanical mixing of high
molecular weight siloxane chains with silica particles. Statistical properties of polymer chains were probed
by measurement of the magnetic relaxation of protons after removing all free siloxane chains. The specific
residual amount of polymer bound to silica was varied from 1.2 to 2.4 (w/w); the fractal character of siloxane
chains bridging particles and dangling chains was enhanced by using a swelling agent (chloroform). The
spin-lattice relaxation of protons was shown to be insensitive to silica concentration variations; it was also
insensitive to the addition of solvent, at polymer concentrations smaller than about 2.4 (w/w). These two
results were assigned to the presence of dynamic screening domains analogous to those originating from
entanglements in a pure melt. Scaling properties of these domains were probed in a semilocal space scale
from the transverse magnetic relaxation of protons. Results observed in these systems are in very strong contrast
to those observed for calibrated gels: (a) no packing condition effect was observed and (b) no affine property
was induced by reversibily swelling silica-filled siloxane systems.

I. Introduction

This work describes an NMR investigation attempting
to characterize the unfolding mechanism of polymer chains
in a gel-like structure, i.e., a system where mineral filler
particles serve the function of interlinkages; in addition
to these junctions, physical combinations of chains are also
mediated by trapped entanglements. The present study
concerns siloxane chains linked to silica particles through
hydrogen bonding; the size and the concentration of silica
particles, on the one hand, and the average chain molecular
weight, on the other hand, were chosen in a way appro-
priate to the formation of a network structure. The un-
folding effect of polymer chains connecting silica particles
was induced by a swelling agent. Although siloxane chains
are not covalently linked to particles, the random mixture
resulting from a saturated adsorption onto the silica sur-
face may be reversibly swollen by using a suitably good
solvent. The mixture may be shown to behave like a
permanent gel because interlinkages provided by hydrogen
bonds are strong compared with the strength of silica—
solvent interactions.

It has been long recognized that elementary chains in
a gel have a fractal character: they store the elastic energy
of the system. Also, the statistical volume pervaded by
a given elementary chain is much larger than the volume

of the corresponding condensed material.! Polymer chains
are known to be swollen by one another in a pure melt.
Elementary chains in a gel are likewise intertwined, not-
withstanding the presence of cross-links.? The collective
fractal character of a gel can be perceived from its elastic
equation of state,” whereas the individual fractal character
of elementary chains cannot be observed without con-
trasting some of them with peighboring chains which serve
the function of a swelling agent.

The contrast may be created by a partial deuteriation
of the network.? This labeled system has been used to
illustrate a fundamental property of polymeric gels: the
mean square dimension of the chain segment joining two
successive covalent links is governed by Gaussian statistics.
It is equal to that measured from a similar chain segment
embedded in a pure melt. The observation of swelling
effects of a network structure is a convenient way often
used to explore gel properties because it magnifies the
fractal character of elementary chains. The maximum
swelling, obtained at equilibrium with a pure solvent, re-
flects the full unfolding of elementary chains taking ex-
cluded volume effects into consideration. The maximum
swelling effect obeys the C*-theorem propounded by De
Gennes. Correspondingly, the elastic modulus of a swollen
gel is weakened.! However, it may be worth emphasizing
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