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ABSTRACT: The melting temperatures and phase structures of a series of hydrogenated polybutadienes
with fixed co-unit content (2.3 mol % branch points) and varying molecular weights have been studied. These
copolymers represent molecular weight and composition fractions of randomly ethyl-branched ethylene
copolymers. Also studied were a set of random ethylene-hexene copolymers with a lower co-unit content.
The observed melting temperatures, after a variety of crystallization procedures, were found to decrease with
increasing molecular weight for both copolymer types. This unusual result could be attributed to the decreasing
crystallite thickness in the chain direction with molecular weight. At the higher molecular weights, M = 4.6
X 105, the crystallite thickness is reduced to about 30 A. Associated with the crystallite is a relatively large
disordered overlayer. Although small-angle X-ray measurements and thin-section transmission electron
microscopy give results that are in quantitative agreement for the crystallite thickness, the Raman LAM
measurement give significantly higher values in the low-size range. The conventional extrapolative method
of plotting the observed melting temperature against the crystallization temperature, in order to obtain the
equilibrium melting temperature, failed for the random copolymers at low levels of crystallinity. A straight
line resulted that paralleled the 45° line. Therefore, extrapolation to the equilibrium melting temperature
could not be accomplished. Although the extrapolation could be made for higher levels of crystallinity, this

procedure was arbitrary and lead to unreasonable values for the equilibrium melting temperature.

Introduction

Many properties of crystalline polymers are known to
be very dependent on molecular weight and crystallization
conditions.l5 Linear polyethylene has been extensively
studied in this connection. A variety of properties ranging
from simple thermodynamic to more complex mechanical
ones follow this generalization.2-1> The reason for the
change in properties is that the fundamental structural
features, which define and describe the crystalline state,
can be varied over wide limits by control of molecular
weight and crystallization conditions. Random copolymers
would be expected to behave in a similar manner. With
copolymers, besides molecular weight and crystallization
conditions, the influence of co-unit type and concentration
needs to be assessed. Although many properties of
copolymers have been investigated, thereis a lack of studies
where molecular weight and co-unit content are controlled.
Wereport here a detailed study and analysis of the melting
temperature and phase structure of a set of random
ethylene copolymers where both the molecular weight and
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composition are controlled. We have chosen for study a
set of copolymers for which it has already been established
that the co-units do not enter the crystal lattice.16-21 With
these samples it is possible to independently assess the
influence of molecular weight and of copolymer compo-
sition on the properties of interest.

Experimental Section

Materials. The molecular characteristics of the random
ethylene copolymers used in this work are listed in Table I. The
hydrogenated polybutadienes, labeled HPBD, were supplied by
Dr. William W. Graessley; their synthesis and some of their
properties have been previously given.?228 Samples designated
P-16, P-108, and P-420 are also hydrogenated polybutadienes
that were purchased from the Phillips Chemical Co. These
copolymers have narrow molecular weight and composition
distributions. The ethylene—1-hexene copolymersstudied in this
work were prepared by the method of Kaminsky et al.# using
(CsH;)2ZrCly as catalyst. These copolymers have a most probable
molecular weight and narrow composition distributions.?* The
ethylene—1-octene is a fraction that has been used in a previous
work.!” Thedetails of the fractionation procedure have also been
given.!” A fraction of a high-pressure free-radical polymerized
ethylene, containing both long-chain and short-chain branches,
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Table I
Molecular Characteristics of Ethylene Copolymers
My 13C

copolym type designation x 10 Mw/My IR NMR
hydrogenated PBD HPBD-2200 22 =11 216
hydrogenated PBD HPBD-3580 3568 =~11 230 215
hydrogenated PBD HPBD-4530 453 =~11 227
hydrogenated PBD HPBD-6950 695 =~1.1 2.36
hydrogenated PBD P-16 16 14 210 205
hydrogenated PBD HPBD-24 24 ~11 230
hydrogenated PBD HPBD-79 79 a1l 244
hydrogenated PBD P-108 108 1.31 220 2.08
hydrogenated PBD HPBD-145 145 ~11 270
hydrogenated PBD P-420 420 1.84 220
hydrogenated PBD HPBD-460 460 ~11 236
hydrogenated PBD HPBD-4 160 1.05 3.2
hydrogenated PBD HPBD-5 180 1.05 45
hydrogenated PBD HPBD-8 150 1.05 5.75
ethylene-1-hexene EH-19 18.9 2.39 143
ethylene-1-hexene EH-112 112 2. 148
ethylene-1-hexene [EH-240 240 217 147
ethylene-1-hexene EQA-1 =60 0.69
branched PE A-5 123 1.01

(high pressure)

was also used in some experiments.?® It contained a total
branching content of 1.01 mol %. The branching content of all
the copolymers was measured by IR spectroscopy using a
calibration established by 1*C NMR. Some of the samples were
also directly analyzed by 13C NMR.2"28 The results from both
kinds of spectroscopy were similar and are also listed in Table
I. The weight- and number-average molecular weights were
obtained by gel permeation chromatography following conven-
tional procedures.

Procedures. Melting temperatures were obtained in a Perkin
Elmer DSC-2B differential scanning calorimeter operating at a
heating rate of 10 °C/min. The melting points were identified
with the maximum in the endothermicpeak. Toavoid differences
in melting temperatures caused by variations in sample weight,
asample mass of about 3 mg was used in all the DSC experiments.
In a majority of the experiments a rapid quenching crystallization
procedure was adapted to ensure similar kinetics and morphology.
In this procedure a thin film, placed between aluminum foil, was
immersed in an oven at 150 °C for approximately 2 min and then
dropped quickly into a dry ice/2-propanol mixture set at -78 °C.
This method ensures a very efficient quenching. The resulting
quenched films of about 150 um thick were used in the DSC
experiments, density, X-rays, Raman spectroscopy, and trans-
mission electron microscopy. In a specific set of experiments
the hydrogenated polybutadienes were crystallized isothermally
at higher temperatures in order to better approach equilibrium
conditions. The crystallization temperature was chosen to
correspond to the maximum in the exothermic peak obtained
when the sample was cooled in the DSC at 5 °C/min. The samples
were held at this temperature for 16 h and then heated at the
rate of 10 °C/min. The enthalpies of fusion were calculated from
the area of the melting endotherm and converted to degrees of
crystallinity, (1 — A)ag, by taking the enthalpy of a perfect
polyethylene crystal to be 69 cal/g.?®

The melting behavior of the hydrogenated polybutadienes with
molecular weights between 6950 and 460 000 and constant
branching content of about 2.3 mol % were also studied by
standard dilatometric methods.4303! Conventional dilatometers
withsample weights of about 0.2g were used.?! Details concerning
the preparation of the dilatometer and of the crystallization
procedures have been described in a previous publication.?2 The
melting process was followed from the isothermal crystallization
temperature after the maximum extent of the transformation
was attained. A slow heating rate was adopted particularly in
the temperature interval close to melting. The complete melting
process usually took 8-10 days.

The densities were measured at 23 °C in a triethylene glycol/
2-propanol density gradient column calibrated with standard
glass floats. The densities were converted to degrees of crys-
tallinity (1 ~ A\)4, by the specific volume relationship given by
Chiang and Flory.??

Macromolecules, Vol. 25, No. 24, 1992

T T
s —

T T TV T T

4
N B
[ ]
nap -
"=Omasy i
1O} . -
3] K
o . '\._
~ 08} \
I3 ™ Bl
P- .\ \(2
Y
| o R
o6 “ ]
N
.
d \\
7 Ay
104— \\\ -—
[ ]
102~ —
100}~ —
10° 10 10® 108

Mw

Figure 1. Plot of melting temperature, T, against log weight
average molecular weight, My, for hydrogenated polybutadienes
(~2.3 mol % branch points) and ethylene-hexene copolymers
(~1.45 mol % branch points). Hydrogenated polybutadienes:
@, rapidly crystallized; O, pseudo isothermally crystallized.
Ethylene-hexene: @, rapidly crystallized.

Small-angle X-ray scattering patterns of the quenched films
were photographically recorded using a slit-collimated Rigaku-
Denki camera and Cu Ka radiation with exposure times of 24 h.
The observed first-order maxima were converted to lamellar
thickness by direct application of Bragg’s law.

The staining and thin-sectioning techniques used in the
transmission electron microscopy were similar to those described
by Kanig.3435 Under carefully controlled conditions the staining
agent penetrates only into the noncrystalline region which thus
appear dark in the micrographs. Low staining temperatures (20
°C) and short staining times (12 h) have proven to give excellent
results with other ethylene copolymers® so that these where the
conditions used in the present work. Furthermore, comparison
with correlation functions from X-ray work indicated that the
crystalline thicknesses of a high-pressure polymerized polyeth-
ylene having 3.3 total branches per 100 carbons corresponds to
a highly oriented core plus a less oriented surface region.21:%”

The Raman spectra in the region 950-1550 cm™ as well as the
longitudinal acoustic modes (LAM) were obtained by using
instrumentation that has been previously described.! The
method of analysis has also been described in detail.354 In
particular the ordered sequence length, L, was obtained from the
LAM frequency, A, by using the first term in the Shimanouchi-
Schaufele relation® corrected for temperature:4!

- m (E\1/2
Ay = —=
P = 5eils) @
Here Av is the mode frequency, m is the mode order (m = 1, 3,
5, ...), ¢ is the velocity of light, p the density of the vibrating
ordered sequences, and E the Young's modulus in the chain
direction.

Results and Discussion

Melting Behavior. The melting temperatures as a
function of molecular weight are plotted in Figure 1 for
the hydrogenated polybutadienes containing about 2,3 mol
% branch points and the ethylene—1-hexene copolymers
with 1.45 mol % branch points. Both type of copolymers
were rapidly crystallized (quenched) prior to fusion. The
hydrogenated polybutadienes were also crystallized iso-
thermally following the procedure described in the ex-
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perimental part. Except for the quenched hydrogenated
polybutadienes of the lowest molecular weight, where there
is the distinct possibility of end-group effects, the melting
temperatures decrease with increasing molecular weight.
This decrease is especially marked in the 10-10° molecular
weight region where a decrease of the order of 7-8 °C is
observed. A qualitatively similar set of results has been
reported.*? However, this behavior, and its significance,
was not investigated further. The melting temperatures
of the ethylene~hexene copolymers are displaced to higher
values compared to the hydrogenated polybutadienes
because of their lower co-unit content.!”25> However, the
molecular weight dependence of both copolymer types is
very similar. The melting temperatures of the hydro-
genated polybutadienes that were crystallized at elevated
temperatures are plotted as the dashed curve in this figure.
These data are displaced to higher values because of the
higher crystallization temperatures. The trend with
molecular weight is the same. We can conclude that the
molecular weight effect on the melting temperature is quite
general for random ethylene copolymers. The results
illustrated in Figure 1 are unusual, since melting tem-
peratures are expected to increase with molecular weight
for both homopolymers and copolymers.434 Wethusneed
to seek the reason for this behavior.

The variation of the melting temperatures with mo-
lecular weight does not depend on the chemical nature of
the co-unit for random copolymers.4® The melting tem-
peratures of copolymers are crucially dependent on the
sequence distribution.!”#34¢ Hence, the possibility of the
sequence distribution varying with molecular weight was
investigated. Detailed :3C NMR analysis were carried out
for this specific purpose with three of the hydrogenated
polybutadienes, M, = 3580, M, = 16 000, and M, =
108 000. The spectral data were analyzed according to
the methods described by Randall.2"-2846 It was found
that they all possess a random sequence distribution.
Possible differences in sequence distributions between the
copolymers is, therefore, not the cause of the inversion of
the melting temperatures.

The properties of the molecular chain constitution,
chemical type co-unit, and sequence distribution, are not
the cause of the molecular weight dependence. Thereasons
might be found in the changes with molecular weight of
the crystallite structure and associated morphology. Be-
fore examining this possibility, it is of interest to establish
the equilibrium melting temperature by extrapolation
methods.

Relation between Melting Temperature and Crys-
tallization Temperature. Because of the unusual results
that have been described, an effort was made to establish
the equilibrium melting temperature of each copolymer
by an extrapolative method. An attractive and commonly
used method is to determine the melting temperature,
T, a8 a function of the crystallization temperature, T,
and extrapolate the results to the intersection with the T,
= T, 45° straight line.4”% We shall term this the T/ T\
method. This method has been very successful in deter-
mining the equilibrium melting temperature, Tw.°, for a
variety of homopolymers.4850-52 According to the theory
underlying this method (¢f. below), as well as in practice,
the experimental T, should be determined only at very
low levels of crystallinity.5052 This extrapolative method
is based on the concept that the crystallite thickness, and
thus the melting temperature, is related to the crystal-
lization temperaturz by the dimensions of the critical size
nucleus. The development of appreciable levels of crys-
tallinity, at a given temperature, vitiates the basic postulate
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Table 11
Samples Used for Tn—T. Experiments in Figure 2
mol %
symbol in branch My
Figure 2 copolym type pts  x10* My/My
X linear polyethylene fraction 0 478
v ethylene-1-hexene 042 ~T7
v ethylene-1-octene 0.69 =7
A high-pressure branched PE (A5) 1.01 12.3
A ethylene-vinyl acetate 1.12 7.1 44
[o) hydrogenated polybutadiene 2.20 10.8 1.3
® hydrogenated polybutadiene 2.20 42 2.66
u] ethylene-1-butene 2.64 10.6 2.7
[ ] hydrogenated polybutadiene 4,14 5 ~1.1
Q hydrogenated polybutadiene 450 18 1.05
e M, from ref 50.

underlying the method. This conclusion has been amply
verified in the study of homopolymers.59:52

To apply this extrapolative method to the problem at
hand, we have selected a comprehensive set of copolymer
fractions for study. The characteristics of these copoly-
mers are listed in Table II. They represent a wide range
in co-unit type, co-unit concentration, and molecular
weight. These copolymers were crystallized isothermally
inside the DSC at a specified temperature for a prede-
termined time so that a crystallinity level of about 5%
was attained. After thislevel of crystallinity was reached,
the samples were heated at the rate of 10 °C/min, and the
melting temperature Ty, was determined. The directly
observed melting temperature, obtained under these
conditions, is plotted against the crystallization temper-
aturein Figure 2. The results for all the copolymers listed
in Table II are included in this figure. Also plotted, for
reference purposes, are previously reported results for a
linear polyethylene fraction that was initially crystallized
to the same low crystallinity level.50

The plots in Figure 2 are quite surprising and not typical
of the usual results obtained by this method. Each of the
copolymers yields a straight line that is parallel to the
Tw—T.line. The melting temperature and crystallization
temperature decrease with co-unit content, as expected.
However, as the dashed line indicates, despite the very
large differences in the molecular constitution of the
copolymers, they all fall on the same master straight line,
with just minor deviations of the two copolymers with
very high co-unit content. The expected, more conven-
tional behavior is demonstrated by the polyethylene
fraction. Itis clear from these plots that an extrapolation
to the equilibrium melting temperature of any of the
copolymers by the prescribed method is operationally
impossible.

Although these results do not represent the usual
behavior there are several examples in the literature that
are similar. Okui and Kawai have studied T/ T extrap-
olations for ethylene-vinyl acetate copolymers.53 Except
for the very high crystallization temperatures, two melting
peaks were observed. The lower melting temperatures
resulted in straight lines parallel to the line Ty, = T... The
higher melting temperatures gave slopes between 0.35 and
0.50. Although the authorsrelated the lower melting peak
as a melting of a bundlelike crystal and the higher melting
peak as coming from a folded lamellar crystal, the fact is
that the copolymers that they investigated were not
fractionated and the multiple melting behavior might be
theresult of a bimodal sequence distribution of the samples
analyzed.

Lee and Porter reported two melting peaks for poly-
(ether ether ketone).>* The lowest peak was parallel to
the Tiw~T. line and assigned to the thickened original
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Figure 2. Plot of observed melting temperature against crystallization temperature for a series of random ethylene copolymer fractions
and a linear polyethylene: v, ethylene-butene, 0.42 mol % branch points, M,, ~ 7 X 10% ¥, ethylene—octene, 0.69 mole % branch
points, My, ~ T X 10%; A, high-pressure polymerized, branched polyethylene, 1.01 mol % branch points, M, = 1.2 X 105 A, ethylene-
vinyl acetate, 1.12 mol % branch points, M, = 7.1 X 104 O, hydrogenated polybutadiene, 2.20 mol % branch points, M, = 1.08 X
105; @, hydrogenated polybutadiene, 2.20 mol % branch points, M, = 4.2 X 10% O, ethylene-butene, 2.64 mol % branch points, My,
= 1.06 X 105 m, hydrogenated polybutadiene, 4.10 mol % branch points, My, = 5 X 10% §, hydrogenated polybutadiene, 4.50 mol %
branch points, M, = 1.8 X 105 X, linear polyethylene, M,, = 470 000. Initial level of crystallinity approximately 5% for all samples.

45° Ty, = T, line is also indicated.

crystals. The higher melting peak was associated with
the melting of recrystallized material formed during the
heating process. In studying very low molecular weight
poly(tetramethylene oxide) polymers, Roland and Buck-
ley® found that the experimental T,/ T, plot paralleled
the T, = T, line. Since the level of crystallinity of the
samples studied was not specified, it is difficult to attempt
aninterpretation of these results. Polyethylene sebacates
of relatively low molecular weight also presented Ty,/T.
plots that paralleled the T\, = T, line in the high-
temperature region. No explanation was offered for this
unusual behavior.58

The extrapolation of the observed melting temperatures
to the line T, = T, has apparently been successfully used
with many different homopolymers in order to obtain the
equilibrium melting temperature.+748-5257-5 However,
only in a few cases has the level of crystallinity deliberately
been kept low so as to comply with the theoretical
requirements. Differences of at least 3-4 °C are found
between the extrapolated melting temperatures of low and
highlevels of crystallinity.5052 This extrapolation method
has also been carried for other copolymers with apparent
success.%81 However, with just one exception,5? the
crystallinity levels were not controlled and can be pre-
sumed to have been at convenient high levels.

Table III
Samples Used for T,-T. Experiments (Varying (1 - A\)) in
Figure 3

mol %
branch percentage

theor extrap-
equil olated

ethylene copolym  pts  crystallinity® Tyt Tw  slope
ethylene-1-octene  0.69 5 143 1
(EOAL) 0.69 15 154 0.68
branched PE 1.01 5 142 1
high P (A5) 1.01 10-20 >165 0.93
1.01 30 135 0.64
HPBD (P108) 2.20 5 137.6 1
HPBD (P108) 2.20 15 >165 0.95

¢ Calculated from heat of fusion measurements. ® Calculated from
Flory’s equilibrium theory for random copolymers: (1/Ty)~(1/Tw®)
= (-R/AHy) In p; (Tw° = 145.5 °C, AH, = 960 cal/mol).

The T/ T. method has been extensively used to obtain
what has been thought to be equilibrium melting tem-
perature of copolymers. On the basis of our present results,
we have examined this method in detail for higher levels
of crystallinity. Three different ethylene copolymers with
branching composition between 0.69 and 2.2 mol % of
branch points were studied for this purpose. The char-
acteristics of these copolymers are given in Table III. The
melting behavior of the branched, high-pressure polyeth-
ylene was analyzed at three different levels of crystallinity,
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Figure 3. Plot of observed melting temperature, T, against
crystallization temperature, T, for selected copolymers. These
are listed in Table III as are the initial crystallinity levels and
extrapolated melting temperatures. Ethylene-octene, 0.69 mol
% branch points; O, crystallinity level 5%; @, crystallinity level
15%. Hydrogenated polybutadiene, 2.2 mol % branch points:
¢, crystallinity level 5%; ¢ crystallinitylevel,15%. High-pressure
polymerized polyethylene, 1.01 mol % branch points: A, crys-
talliflity level 5%; A, crystallinity level 10-20% ; ®, crystallinity
level 30%.

5,15, and 30%. To obtain the crystallinity level of 30%,
the copolymer had to be crystallized at temperatures close
to the nonisothermal crystallization region. The other
two copolymers were crystallized to the 15% level, which
suffices for present purposes. The observed melting
temperatures are plotted against the crystallization tem-
perature in Figure 3. Increasing the level of crystallinity
now permits an extrapolation of the data to the 45° line.
However, the extrapolation is obviously arbitrary since it
depends on the initial level of crystallinity. Consequently,
the extrapolated value of Ty,° is also arbitrary. The
extrapolated equilibrium melting temperatures are in-
cluded in Table III. Higher levels of crystallinity results
in lower Tw/T, slopes and lower extrapolated melting
temperatures. A similar behavior was observed with
homopolymers.552 Equilibrium melting temperatures
calculated from theory*34 are also listed in Table III.
Depending on the choice of initial level of crystallinity the
extrapolated melting temperatures can be greater or less
than the theoretical expectation.

We are thus faced with aserious dilemma in determining
the true equilibrium melting temperature of random
ethylene copolymers by the extrapolative T/ T, method.
This raises a serious question as to the use of this
extrapolation to determine the equilibrium melting tem-
perature of other type random copolymers. Thisrestraint
and concern also holds for sterecirregular polymers, such
as the polypropylenes.®¢ They are properly treated as
copolymers from the point of view of crystallization
behavior.

Before attempting to explain these unusual findings, it
isinformative to examine the underlying theoretical basis
for this extrapolation method. The method, although
simple in principle, involves some very important as-
sumptions. One starts with the Gibbs~Thompson equa-
tion and the inherent assumption that the lateral dimen-
sions of the crystallite are much greater than its thickness.
Hence, the melting temperature, Ty, of the finite size
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crystallite can be expressed as
T, = T,°[1-20,/AH,]] @)

Here Ty,° is the equilibrium meeting temperature of
the infinite sized crystallite, [ is the crystallite thickness
with melting temperature Ty, AH, is the enthalpy of fusion
per repeating unit, and o, is the interfacial free energy
characteristic of the interphase. Equation 2, based solely
on thermodynamic principles, has general applicability
to both monomers and polymers. It does not depend on
any specific surface structure and, in the case of polymers,
has nothing to do with folded chains as has often been
implied.4” The crucialstep inthe theoretical development
is relating ! to the critical size nucleus /*. This involves
specifying a particular nucleation process and the changes
that take place in I* and in the interfacial free energy
during the development of the critical nucleus to the
mature crystallite. As an example, consider in detail the
formation of a coherent two-dimensional nucleus of the
type first discussed by Gibbs.%5 In this case

*=20,T,°/AH(T,°-T,) 3

en" m

Here oo, is the interfacial free energy associated with
forming a nucleus of critical size. This free energy willin
general differ from ... For polymers, ., Or ¢, represents
the excess free energy associated with the diffuse interfacial
region or interphase that is characteristic of the boundary
between the crystalline and liquidlike regions. T is the
crystallization temperature. Inusingeqs2and 3, attention
is focused solely on changes that are related to the
crystallite. The tacit assumption is made that the free
energy of fusion per repeating unit, from which AH, is
obtained, is independent of the level of crystallinity and
that the structure of the melt is independent of the
crystallinity level and temperature.® This assumption is
valid for homopolymers, except for those of very low
molecular weight. However, this is not a valid assumption
for random copolymers. In this case the sequence dis-
tribution continuously changes with both the crystallinity
level and crystallization temperature.?4 Hence, the
distinct possibility exists that the apparent melting
temperature, Ty, will change for this reason. It will be
further augmented by the Gibbs-Thompson equation and
crystallite properties as embodied in the quantity /.
However, we proceed in the analysis by first considering
the influence of [ on the apparent melting temperature.

By assuming that ! = I* and g, = oep, the simple relation
T.=T, (€]

is obtained. It waspointed out by Gibbséthat a crystallite,
even of infinite lateral dimensions, that adheres to these
conditions would not be stable at temperatures infini-
tesimally above T.. Therefore, this model is not very
useful, either in general or for our specific purpose.
However, stability of the mature crystallite can be achieved
by allowing ! to increase beyond [* with the interfacial
free energy fixed. If weallow!=ml* wherem isaconstant
greater than unity, for all crystallizing temperatures

m - 1 Tc

Tm=( m )Tm°+; (5)
Crystallite stability is thus achieved by this assumption.
Alinear relation between T, and T is obtained with slope
1/m. This type relation is experimentally observed for
many homopolymers, with the slope usually being in the
range 0.3-0.6. Theextrapolationleadstoreasonable values
of T,® when the experiments are carried out at low levels
of crystallinity.5052 We should note that when m = 2, eq
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5 is identical to that obtained for a three-dimensional
nucleation process, with [* being the corresponding critical
sized nucleus and assuming [ = [*. In this case stable
crystallites result without requiring further growth in the
chain direction.®” The requirements of eq 5 are clearly
not met by the experimental data reported here. Neither
does a three-dimensional nucleation process hold for the
present experimental data.

In a further ramification of eq 2, it is assumed that /*
= | but 0., does not equal ... The result is that

T, =T,°(1-B) +pT, ®)

where 8 = g,./0en. Combining the two cases, namely, | =
ml* and gen, # 0o, leads to the result

Ty = Tp°l1 - B/m)] + B/m)T, 7

Both of these cases lead to linear relations with slopes
that differ from unity. Hence the models do not satisfy
the present experimental data. Utilizing other types of
nucleation processes, but following the same procedure,
leads to the same results.

Another approach to this problem, that still focuses sole
attention on the properties of crystallites, has been given
by Hoffman and Lauritzen.®® In their analysis of steady-
state crystallization kinetics, it is assumed that a two-
dimensional coherent nucleus comprised of regularly
folded chains was involved. The inherent instability of a
crystallite whose thickness was the same as that of a critical
sized nucleus was recognized. Since a nucleus comprised
of regularly folded chains was assumed, there was no
mechanism for the required stability to be achieved by
growth along the chain axis. To rectify this situation,
average size fluctuations about [* were considered. The
result was that eq 3 was modified to

2aenTm°

¥=——————3§l 8
AH (T °-T) @

where
6l = kT /byo )]

Here k is Boltzmann’s constant, ¢ is the lateral interfacial
free energy, and by is the thickness of one layer in the 110
plane. Overtherestricted temperature range of isothermal
crystallization, 8/ is essentially a constant. Itisestimated
to be in the range 5-10 A for the polyethylenes.t®6® This
procedure suggests that instead of adding a specifically
defined quantity 6/ we add an arbitrary quantity, ¢, to I*
and analyze the results. In effect, instead of multiplying
I* by a factor independent of crystallization temperature,
we add a constant term. By assuming oec = 0en = 0, and
substituting into eq 2, one obtains

AT 1 ]
= ° _—= —
w=Ta[1 Tm°(1 T caAT/Tm°) (10)
Equation 10 is the expression given by Morra and Stein.™
Here AT = T° - T. and a« = AH./20.. In this model Ty
isnolongerlinearin 7. Thus, althoughstabilityis gained
by adding the constant ¢ to the thickness of the nucleus,
we do not obtain the general result that Ty, is linear in T,
nor the specific results obtained here, namely, that T, =
T, + k.
We can explore the magnitude of the deviation from
linearity by expanding the series in eq 10 to obtain

ca(AT)? _ca(dT)’
Tw® T2

Dalal et al.7472 took the analysis one step further by

T =T, + (1)

Macromolecules, Vol. 25, No. 24, 1992

- AT

57 47 43 36 27 17 135
! T 1

|501> T \ T

; 1 . | . 1 )
50 70 90 110 130 150

T (°C) —

Figure 4. Plot of calculated melting temperature against
crystallization temperature. Calculationsare based oneq 11 with
the constant c set equal to 10 A. Linear polyethylene (—) and
copolymers with 0.7 (- - -), 2.2 (- ~-) and 4.14 (- —-) branch
units per 100 carbons. Experimental results are shown for the
following: A, linear polyethylene; A, ethylene-octene, 0.69 mol
% branch; points O, hydrogenated polybutadiene, 2.2 mol %
branch points; ®, hydrogenated polybutadiene, 4.14 mol % branch
points. Undercooling characteristic of each sample is given on
upper abscissa.

allowing [* in eq 8 to increase by a factor n although the
nucleus is still comprised of regularly folded chains.
Letting | = ni* and following the methods given above,
there is obtained

T, =T, -0 -kar+ ®ary- .1 a»

where K = AH,;6l/20,T°. Equation 12 has the same
characteristics of eq 11 and reduces to it for n = 1.
According to eq 11, the melting temperature, relative to
the crystallization temperature, will depend on the quan-
tities ¢ and a and also on the equilibrium melting
temperature and the undercooling at which the crystal-
lization is conducted. Equation 11isrepresented in Figure
4 for some typical samples. These include linear poly-
ethylene and random copolymers containing 0.69, 2.2, and
4.14 mol % branch points, respectively. In this example
¢ was taken as 10 A to correspond to 6l. The equilibrium
melting temperature of linear polyethylene was taken as
145.5 °C.50.73 The equilibrium melting temperatures of
the copolymers were calculated from theory.## The other
parameters were AH, = 2.8 X 10° erg/cm?® and ¢ = 100
erg/cm?. For these parameters, and the range of crystal-
lization temperatures of interest, the third and higher
termsineq 11 are negligible. The curves in Figure 4 differ
from one to the other because of the change in T,° with
co-unit content. The curvature of the theoretical curves
are quite evident. However, each of them approaches
linearity as T'»° (the T, = T\ straight line) is approached.
Also plotted in Figure 4 are the experimentally deter-
mined melting temperatures for each of the polymers. The
undercoolings at which the crystallizations were conducted
are also indicated. We can note immediately that the
experimentally observed linearity of Ty, with T, with a
slope of unity, is not explained by the theoretical curves.
With the exception of the 2.2 mol % copolymer, the actual
melting temperatures differ significantly from the theo-
retical prediction. For example, for the 4.14 mol %
copolymer a c value of 10 A is too high since it overestimates
the melting temperature. The value of ¢ would have to
be severely reduced to predict the correct range of melting
temperatures. Incontrast,to obtain melting temperatures
comparable to the experimental ones, values of ¢ between
37 and 93 A are needed for the 0.69 mol % copolymer and
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between 45 and 107 A for the linear polyethylene. The
closeness of the predicted melting temperature to the
actual ones, for the 2.2 mol % copolymer, is fortuitous.
We conclude, therefore, that eq 11 cannot be used to
explain the results that cover the range from homopolymers
and copolymers. Consequently, the premises upon which
the equation are based are not valid.

Recently published results® have also been analyzed
taking into account the above considerations. Unfortu-
nately, the level of crystallinity used in the Ty/T,
extrapolations was not specified by the authors. Therefore,
the validity of the Tp,° cannot be assessed. If eq 11 is to
be used to analyze the experimental data, the critical sized
nucleus has to thicken to between 25 and 200 A to satisfy
the observations.

In examining the reported results for linear polyeth-
ylene,? one finds that if eq 11 is used, with 6] =~ 10 A, the
difference between [* and the crystallite thickness cal-
culated to satisfy the experimental Ty values, 45-107 A,
has to be interpreted as coming from thickening at the
isothermal crystallization temperature. However,the T'y’s
were determined at very low levels of crystallinity, about
5% .50 Hence, achieving the required amount of isothermal
thickening would appear to be highly unlikely. On the
other hand, the linear extrapolation of T, yields T,° values
in accord with other types of extrapolation.”#”> For the
copolymers the isothermal thickening requirements vary
from 0 to 90 A depending on the polymer and undercooling.
In summary the formalism outlined cannot explain either
the values of T, for both homopolymers and copolymers,
or the slope in the Tyw/T. plot. Either substantial
isothermal thickening must occur or a different nucleation
mode is operative.#® Involving other nucleation modes
such as a three-dimensional one, or variants thereof, can
explain a large amount of the available data for ho-
mopolymers. However, when similar analysis is applied
to the copolymers studied here, we do not obtain the result
that Tw = T. + k.

We have pointed out earlier that the basic analysis that
is conventionally used and which we have outlined focuses
attention solely on the properties of the crystallite. This
is probably a valid procedure for homopolymers. However,
for copolymers the thermodynamic properties of the melt
change with crystallinity level and temperature. The
reason is that the chemical potential of a repeating unit
in the melt depends on the sequence distribution of the
units rather than directly on compositon.” As different
length sequences crystallize, the concentration of a given
length is progressively depleted. The free energy of a unit
in theliquid phase will be altered accordingly. This process
has been established for equilibrium conditions and is the
basis for the broad fusion range of random copolymers.4
Although it is difficult to quantify this concept for
nonequilibrium situations, changes in the chemical po-
tential with the crystallization temperature should occur
for this reason. One can expect a contribution from this
source to the Ty/ T, relation which could cause, in part,
the experimental observations depicted in Figure 2.

Because of the lack of success in obtaining equilibrium
melting temperatures by the extrapolation method, dilato-
metricstudies were undertaken in an attempt to approach
equilibrium melting conditions. Some of hydrogenated
polybutadiene samples that were used to determine the
melting temperatures given in Figure 1 were also used in
the dilatometricstudies. A setofisothermal crystallization
temperatures were used for each fraction. The temper-
ature range for the isothermal crystallization was limited
only by the time restraints imposed by the crystallization
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Figure 5. Plot of dilatometrically determined melting temper-
ature (slow heating) against crystallization temperature for aset
of hydrogenated polybutadienes. Characteristics of the copol-
ymers are listed.

kinetics.32 After the initial isothermal crystallization, the
dilatometers were heated at the rate of 10 °C/h or
somewhat lower, in an effort to approach conditions close
toequilibrium. The adoption of slow heating rates results
in a substantial amount of melting and recrystallization
as the temperature is raised. Therefore, the melting
temperatures that are obtained by this procedure are not
appropriate to use for the extrapolation method described.

The melting temperatures that were obtained by
dilatometry are plotted against the crystallization tem-
peratures, T, in Figure 5. There is an overlap in the
crystallization temperatures among most of the fractions.
However, the highest crystallization temperatures that
could be practically attained progressively decreased with
increasing molecular weight. Thus, the lowest under-
cooling that could be attained for isothermal crystallization
was not the same for each of the fractions. This effect is
most marked with the highest molecular weight fractions.
The data in Figure 5 indicate that compared to the
calorimetric results (see Figure 1) the difference in melting
temperatures between the molecular weights has become
much smaller, particularly after crystallization at the
higher temperatures. Although the difference in melting
temperatures has become smaller, the inversion with
respect to molecular weight is still observed. The trend
in the plots in Figure 5 indicate that if crystallization at
still lower undercoolings could be carried out, the resulting
melting temperatures of the different fractions would
become closer. This expectation is particularly evident
for the two highest molecular weight fractions.

The experimental and theoretical restraints inherent
to random copolymers have hindered both the extrapo-
lation and direct approach to the equilibrium melting
temperature. To further understand the melting tem-
perature-molecular weight relation, it is necessary to
examine the phase structure of the copolymers.

Phase Structure. The relative amounts of the lig-
uidlike, crystalline, and interfacial regions have been
determined from density and enthalpy of fusion mea-
surements, as well as from analyses of the Raman internal
modes.2”” The results for the hydrogenated polybuta-
dienes with about 2.3 mol % ethyl branches and molecular
weight ranging between 2200 and 420 000, listed in Table
I, are summarized in Figures 6-8. In Figure 6 (1 - A)q, the
crystallinity level from density (1 - A) sz that from enthalpy
of fusion and o, the crystallinity level from analysis of the
Raman internal modes are plotted for the samples



6388 Alamo et al.

Level of Crystallinity

0. _
TN BT TN R
103 104 0% 108 107
My

Figure 6. Plot of level of crystallinity against log of molecular
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Figure 7. Comparison of crystallinity level between hydro-
genated polybutadienes, 2.3 mol % branch points, and ethylene-
hexene copolymers, 1.47 mol % branch points, as a function of
molecular weight. (1-A)4: A, ethylene~hexene; &, hydrogenated
polybutadiene. (1-\)ag: 0, ethylene-hexene; 8, hydrogenated
polybutadiene. «.: O, ethylene~hexene; ®, hydrogenated po-
lybutadiene.

quenched to -78 °C. Also given are previous reported
results for (1 — A)q and (1 — A)ay for quenched linear
polyethylene.?’® The values of o, and (1 - A\)ax have been
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Figure 8. Relative amount of phase structure for the hydro-
genated polybutadienes as a function of molecular weight: O, a;
®, o A, ap,) A, oy, for ethylene~hexene copolymers.

shown to be virtually identical for the polyethylenes.2 The
differences between (1 — A)q and (1 — A\) sy are well-known.
The levels of crystallinity for linear polyethylene,3? as
well as other homopolymers,57280 are dependent on
molecular weight for both isothermal crystallization and
by rapid cooling. For the homopolymer, the crystallinity
level decreases with increasing molecular weight and
appears to level off for molecular weights greater than
about 108. The ethylene copolymers, with fixed co-unit
content, have substantially lower crystallinity levels, for
reasons that have recently been discussed in detail.3?
However, the crystallinity decreases with molecular weight
in a similar manner. For example, the degree of crystal-
linity, as measured by o, continually decreases from about
41% for the fraction M, = 6950 to about 19% for the
fraction My, = 4.2 X 105, The density and enthalpy of
fusion determined crystallinity levels behave in a very
similar manner. There is, therefore, a significant decrease
in the crystallinity level with increasing molecular weight
at a fixed branching content. The data plotted in Figure
6 suggests that the crystallinity level for this set of
copolymers will level off at about My > 5§ X 105 This
suggestion is supported by the results of a copolymer
formed by the decomposition of diazoalkanes.’®* Such a
copolymer, with a molecular weight of several millions
and 2 mol % of propy! branch points, has a (1 — A)ay of
0.24, and o = 0.22in virtual agreement with the asymptotic
level of Figure 6. In general, for many aspects of
crystallization behavior, the copolymers behaved as though
they were of higher molecular weight relative to the
behavior of the linear polymer. On the basis of arestricted
set of molecular weight data, it was concluded previously
that the crystallinity level was independent of chain length,
except in the extreme limits, for branched and ethylene
copolymers.8! This conclusion was obviously not correct
based on the more extensive data reported here. The
molecular weight, particularly in the range 5 X 10+-2 X
105, does not play a secondary role in determining the key
thermodynamic properties as has been proposed.??
Figure 6 also shows that although the three different
methods used here for determining the crystallinity levels
show the same molecular weight dependence, their mag-
nitude differs from one another by small, but significant,
amounts. The Raman internal modes and enthalpy of
fusion methods give almost exact agreement for linear
polyethylene;28 however, (1 ~ A)ay is always about 5%
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greater than a. for the copolymers. The reason is due to
the nature of the two different measurements. The
copolymers have a broad melting range; hence, (1 - A)an
includes the contribution of a small amount of erystallinity
which has already disappeared at room temperature. The
Raman internal modes, being measured at room temper-
ature do not include this contribution. The density
determined level of crystallinity (1 - A)4 is always greater
than (1 - M) ag, or a, for both linear polyethylene and its
copolymers, The differences in this case are due to
structural reasons and involve the contribution of the
interfacial region to (1 - A)¢. This point will be discussed
in more detail shortly.

It has been previously shown that the chemical nature
of the branch group (when greater than CHj) does not
influence the crystallinity level when compared at the same
branching content and molecular weight. However, the
crystallinity level is influenced by the concentration of
branches and molecular weight. This point is {llustrated
in Figure 7, where the crystallinity levels of the 2.3 mol
% hydrogenated polybutadienes and the ethylene-hexene
copolymers with about 1.4% branch points are compared
as a function of molecular weight. The specimens with
the lower branch content have larger values of crystallinity
level. Despite the differences in branch type and co-unit
concentration, the dependence of crystallinity level on
molecular weight is almost identical for the two copolymers.
They both follow the pattern established by the linear
polymer. The datafor the copolymer plotted in this figure
reinforce the fact that crystallinity levels are sensitive to
molecular weight except perhaps in the high molecular
weight region M = 5 X 108, Thus, to assess the effect of
molecular weight, or copolymer composition, on properties
such as melting temperatures or crystallinity levels, it is
necessary to hold one of these variables constant.

Theresults of the Raman internal mode analysis for the
hydrogenated polybutadiene samples with 2.3 mol %
branch points are given in Figure 8. The plot of o, is of
course the same as has already been presented in Figures
6 and 7. The plot of the liquidlike content, «,, is inverse
to that of «, in that it increases with increasing molecular
weight. Surprisingly, the interfacial content oy remains
constant at about 12%, with molecular weight. The
previously reported interfacial contents, ap, of the eth-
ylene-hexene copolymers,? are also given in this figure.
For this set of copolymers, a; is also invariant with
molecular weight but at about the 10% level. Theseresults
for the molecular weight dependence of ay, of copolymers
are different from that found for linear polyethylene. For
the homopolymer ap monotonically increases with mo-
lecular weight.® Forrapidly quenched linear polyethylene
fractions ay, varies from 3 to 16 % as the molecular weight
increases from 7 X 103 to 8 X 1068 The invariance in ay,
with molecular weight for the copolymers indicates that
the interfacial structure is dominated primarily by the
need to accommodate the accumulation of branches on
the crystallite surface. This effect is implied by the
theoretical simulation of Mattice et al.3¢ The effect of the
branches dominates the influence of entanglements, which
are the major contributors to the molecular weight
dependence of the interfacial structure of the linear
polymer.8

The difference between (1 ~ N\)q and (1 — A)ay in linear
polyethylene has been shown to be due to the contribution
of the interphase to (1 — A\)q but not to (1 — A\)ag.28 The
density of the interphase is thus very close to that of the
core crystallite. A similar result has been reported for
ethylene copolymer fractions? and further supported by
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Figure9. Plotof a. + oy, as determined from the Raman internal
modes, against (1 ~ \)¢ for random copolymers. @, hydrogenated
polybutadienes, ~2.3 mol % branch points (this work); ®,
hydrogenated polybutadienes, 4.14 mol % branch points; A,
hydrogenated polybutadiene, 5.68 mol % branch points; O,
ethylene-hexene, 1.47 mol % branch points (this work); O, other
random ethylene copolymers.!?

the work reported here. These results are illustrated in
Figure 9 where the sum (a, + ay) i8 plotted against (1 -
Mg for the present data as well as those for other copolymers
which were previously reported.2’ Within experimental
error all the data quite clearly fall on the 45° line.

Another important property of the phase structure is
the thickness of the different regions. The thickness of
the core crystallite L., the liquidlike region L, and the
interfacial region L}, can be calculated from either the long
period, determined by the small-angle X-ray diffraction
maxima or from the ordered sequence length determined
by the Raman low-frequency longitudinal mode.1? Either
of these methods needs to be used in conjunction with the
Raman internal modes. The crystallite thickness and the
long period can also be obtained by direct transmission
electron microscopy using staining techniques.3537

We focus attention first on calculating the crystallite
core thickness. The small-angle long period, Lx, is plotted
against the molecular weight in Figure 10 for the hydro-
genated polybutadiene specimens with 2.3 mol % branch
points. Surprisingly, except for the two lowest molecular
weights Lx does not vary with chain length. However, the
periodicity that is measured includes both the crystalline
and noncrystalline regions. Thus to determine L., the
crystallite thickness Lx needs to be multiplied by the
crystallinity level. Since the crystallinity levels a. and (1
- A)ap differ from (1 — \)4, the question arises as to which
one is appropriate in the present problem. In Table IV
Ly is listed in column 3 and Lxa, and Lx(1 - A)4 in the
succeeding columns. The crystallite thicknesses, calcu-
lated by either of the methods, show the same trend with
molecular weight. For both calculations there is a sig-
nificant decrease in L, with increasing molecular weight.
However, since (1 — \)4 is always greater than o, one set
of L values is larger than the other. In Figure 10 we have
also plotted L. = Lxa,. At the verylow molecular weights
the crystallite thickness is about 60 A. However, at about
M = 104 a precipitous drop occurs and L. reaches a value
of about 30 A at My, = 4.2 X 105, We should note that this
result is quite different from the behavior of quenched
linear polyethylene. For this polymer different methods
give a constant value of L. of about 130 A over the molecular
weight over the range 104108168
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Figure 10. Plot of sizes against log Mw for hydrogenated
polybutadienes: O,long period from small-angle X-ray scattering,
Lyx; @, crystallite thickness from small-angle X-ray scattering,
Lxa.; A, most probable value of ordered sequence length from
Raman LAM, Lg; - - -, crystallite thickness from Raman LAM,
Lg cos 6, 6 taken as 30°,

The ordered sequence length, which can be related to
the core crystallite thickness, can also be calculated from
the Raman LAM. We follow the procedure that has been
successfully used for linear polyethylene. We apply the
Scherer-Snyder correction to the data and use eq 1, the
simplified Shimanouchi relation, with E, = 2.9 X 10'2dyn/
cm?,887 The results are listed in Table IV and yield a
value of Ly of about 70 A which is invariant with molecular
weight, as is indicated in Figure 10. By correcting for the
chain tilt, Ly can be converted to L. by the relation L, =
Ly cos 8. Taking a chain tilt of 30°, the corrected values
were calculated and areillustrated by the dashed horizontal
line in Figure 10. At the lower molecular weights Ly cos
0 gives essentially the same value as was obtained for L,
from the small-angle X-ray measurement when corrected
with a.. However, as the molecular weight increases the
invariance in L. obtained from the Raman LAM is
incompatible with the X-ray results. We must therefore
decide which method gives the correct values for L. and
the reason for the significant difference between the two
methods.

To resolve the dilemma posed by these contradictory
results, we have examined several samples by thin-section
transmission electron microscopy. The micrographs are
shown in Figure 11, and the quantitative results are listed
in the last column of Table IV. The electron micrographs
were obtained with the same material that was used for
the small-angle X-ray measurements. Thin lamellar
crystallites are clearly observed for the copolymers illus-
trated. They, however, become thinner and more curved
with the higher molecular weight. We have previously
presented electron micrographs of a copolymer in this
series, with My, = 108 000.3¢ The lamellar character of the
crystallites is lost at this molecular weight under the same
crystallization conditions. It was reported as having very
small crystallites. Similarly, the electron micrographs of
the copolymer with M, = 420000 do not show any
definitive lamellar organization. These kinds of results
are expected when the crystallite thickness is the order of
30A orless. The electron microscopy results clearly show
adecrease in lamellar thickness with increasing molecular
weight. Except for the low molecular weights, the LAM
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analysis carried out does not give the correct results.
Possible reasons for this discrepancy will be discussed later.
In contrast to this discrepancy the electron microscopy
results show the same molecular weight dependence of L.
as the small-angle X-ray method (compare fourth and last
columns of Table IV). Moreover, good quantitative
agreement is found between the electron microscopy
crystallite thicknesses and those obtained from the long
period corrected by the crystallinity from Raman internal
modes to yield the crystallite thickness.

Ina previous publication8® the crystallite thicknesses of
hydrogenated polybutadienes having the same molecular
weight but varying co-unit content were reported for
samples crystallized either from the melt or from dilute
solution. The crystallite core thicknesses of the solution
crystals were found to vary from 34 to 10 A, by small-angle
X-ray measurement; while the copolymer composition
ranged from 2.2 t0 5.75 mol % branch points. The Raman
LAM, analyzed by conventional methods, gave higher
values consistent with the results just described. Electron
micrographs are not available for this series of copolymers,
crystallized from solution, to enable a more quantitative
comparison to be made. The HPBD with 3.2 mol % ethyl
branches that was slowly cooled from the melt gave similar
values between the different methods as to those that we
have found here. However, the electron microscopic
crystallite thickness, for the 2.2 mol % sample did not
give as good agreement. This discrepancy may be due to
the fact that two different slow-cooled specimens were
used. One was used with the Raman and X-ray mea-
surements, and the other with the electron microscopy.
The slow-cooled crystallization obviously produced crystals
in one specimen thicker than in the other.

In addition to the crystallite thickness, L., one can also
calculate the thickness of the liquidlike region, L., and
the thickness of the interphase associated with either of
thebasal planes, Ly. From the long-period and the internal
modes data the following relations can be established:

L, = Ly(a,p/p,) (13)
L = Ly(ap/p,) (14)

were p; = experimentally measured density of the spec-
imen, p. = 1.00 g cm™3, and p, = 0.852 g cm™3. The results
for the copolymers studied here are plotted in Figure 12
along with the previous results for L. As the core
crystallite thickness decreases with increasing molecular
weigt the thickness of the liquidlike region increases very
rapidly, reaching a value of about 120 A while the crystallite
thickness is only about 30 A. The thickness of the
interfacial region, on the other hand, remains constant
with molecular weight at about 11 A, This constancy is
consistent with the invariance of the interfacial content.

In comparison, the interphase thickness of linear
polyethylene fractions range from 14 to 28 A over a
comparable molecular weight range to that studied here.
One might intuitively expect that L}, of copolymers, being
dominated by the need to accommodate the branch units
on the crystallite surface, would be larger than for the
linear polymer of the same molecular weight. Although
Ly, of the copolymer is actually smaller, the situation is
reversed when comparison is made on the basis of
crystallite thicknesses. For example, the interphase of a
linear polyethylene fraction with a molecular weight of
10 500 represents only 11% of the total thickness of the
crystallite while the interphase of a linear fraction of
425 000 represents 18 % of the thickness of its crystal. On
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Table 1V
Structural Properties of Hydrogenated Polybutadienes (2.3 mol %) Rapidly Quenched to -78 °C
designation (as Table I) T (°C) Lx A Lxa. (A) Lx(1- Xy (A) Lz &) Lgr cos 30 (A) LgA)
HPBD-35800 106.2 144 60 84 74 64
HPBD-4530 107.3 151 60 85 63 55
HPBD-6950 106.4 156 68 91 m 67 545£ 10
P-16 103.1 160 58 81 67 58
HPBD-24 103.6 155 50 5 70 61 46688
HPBD-49 (102)¢ 160 46 70 72 62
HPBD-79 101.8 156 39 66 68 59
P108 100.0 155 37 62 67 58 very small crystals
P420 100.2 160 30 61 69 60 very small crystals
P108 SC.® 170 46 70 100 87 7014
HPBD-4 SC® 170 31 65 53 48 40%8

¢ Interpolated from Figure 1. ® Samples slow cooled from the melt. Data from refs 88 and 36.

the other hand, the interphase of the hydrogenated
polybutadiene with a molecular weight of 16 000 represents
17% of the core crystalline thickness. The interface of
the copolymer with 420 000 represents 37% of the crys-
tallite thickness. Therefore, relativeto the total crystallite,
copolymers with 2.3 mol % branch units possess inter-
phases that are about twice those of the linear polymers.

Figure 12 illustrates an interesting point that at the
higher molecular weights the small core crystallite thick-
ness of about 30 A supports a disordered overlayer that
is about 4 times as thick. This conclusion is supported by
the measured crystallinity levels and the electron micro-
graphs. Similar results have been obtained with hydro-
genated polybutadienes crystallized from dilute solution
as well as for isotactic polystyrene and isotactic polypro-
pylene.28 Although initially surprising, these results are
self-consistent. For a quenched high molecular weight
linear polyethylene the average crystallite thickness is
about half that of the long period.5®

The fact that the crystallite thickness decreases with
molecular weight is consistent with the observation that
the melting temperature also decreases with molecular
weight (Figure 1). These results can explain the unex-
pected melting temperature observation if the interfacial
free energies, aq, characteristic of the basal planes of the
mature crystallites did not vary very much with molecular
weight. Using the Thompson—-Gibbs equation, eq 2, o
can be calculated from the data in Table IV. We have
used AH, = 2.8 X 10° erg/cm3 % and T,° = 137.1 °C
calculated from equilibrium theory.#3# The values of o,
determined in this manner are plotted in Figure 13. Within
the experimental error there is a small decrease in o, with
increasing molecular weight. The reason for this slight
decrease in o, is not clear at present. It could be due to
several causes. Among those are the possibilities of chain
tilting and lattice expansion with molecular weight.
Nevertheless, the data make clear that the major reason
for the decreased melting temperature with increased
molecular weight is the decreasing crystallite thickness.
Other factors such as imperfection within the crystallites
may also contribute to this dependence.

It is of interest to theoretically explore the magnitude
of the crystallite thickness and its molecular weight
dependence. This size is determined by the thickness of
the critical nucleus £* and its subsequent growth to astable
mature crystallite. For purposes of exploring the basis
for the crystallite thickness, we have calculated the critical
nucleus size for a coherent two-dimensional Gibbs type
nucleus using finite chain theory and reasonable values
for the interfacial nucleation free energy.32 The calcu-
lations were carried out for the lowest temperature at which
the crystallization process isisothermal. This temperature
is known from previous studies of the crystallization

kinetics of the same copolymers.’2 This temperature
decreases with increasing molecular weight. Since the
samples studied here were rapidly crystallized, this
temperature should serve as upper limit to the actual
crystallization temperature and thus to £*.

The values of £*, calculated in the manner outlined, are
plotted in Figure 14 for o, values of 2000, 1500, and 1000
cal/mol of sequences. The specific nucleation theory that
was selected for analysis predicts a similar molecular weight
dependence between the observed L. and the calculated
£*. Their orders of magnitude are also close to one another.
However, despite their qualitative similarities for g, =
2000 cal/mol, £* is greater than L. for all molecular weights.
This is of course an impossible physical situation. When
oen is lowered to 1500 cal/mol, £* will of course be reduced.
At the lower molecular weights, for this value of gep, £* is
5-10 A less than L.. At the higher molecular weights £*
again exceeds L.. If, however, o, is reduced to 1000 cal/
mol, then £* is less than L. while maintaining a similar
molecular weight dependence. For thissituation .. would
begreater than oe,. The actual temperature which governs
the crystallization (and nucleation) is probably less than
the lower isothermal limit used in the calculation because
of the rapid cooling that is involved. The result would be
a reduction in the size of the critical nucleus. This
qualitative analysis indicates that there is a distinct
possibility that L., and its molecular weight dependence,
is determined primarily by &*. Growth along the chain
axis must take place for stability to be achieved with this
nucleation mode. This would be expected to be a slow
process for random copolymers. A quantitative calculation
of the crystallite thickness is difficult because of the
inability to specify the actual crystallization temperature,
the specific nucleation mode that is operative and the exact
value of the interfacial free energy that is involved.

In a previous report the thicknesses of the different
regions were given for a series of hydrogenated poly-
butadienes that were rapidly crystallized from dilute
solution.?® The copolymers studied had a fixed molecular
weight of about 1 X 10° and a branch point concentration
that ranged from 2.2 to 6 mol %. The results are plotted
in Figure 15 along with the data for linear polyethylene
of similar molecular weight crystallized under the same
conditions. The interfacial thickness increases from 5 A
for the linear polymer to about 11 A for the copolymer
having the highest co-unit content. The crystallite thick-
ness, calculated from the long period, decreases rapidly
from about 80-90 to about 10 A as the branch content
increases. Concomitantly, the disordered overlayer in-
creases from 16 to 89 A.

Wilke et al. have reported small- and wide-angle X-ray
scattering data for ethylene-butene fractions crystallized
from the melt.#® The molecular weight and co-unit content
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(b)

Figure 11. Thin-section transmission electron micrographs of
rapidly crystallized hydrogenated polybutadienes: (a) Mw =6950;
(b) Mw = 24 000.

of the fractions were not treated as independent variables.
The thicknesses of the lamellae were calculated according
toaone-dimensional paracrystalline model and were found
to be independent of the degree of branching. However,
if the experimental values of the long period reported by
these authors are corrected by the given crystallinity levels,
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Figure 13. Interfacial surface free energies of crystallites of
rapidly crystallized hydrogenated polybutadienes plotted against
log My.
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Figure 14. Comparison of observed crystallite thicknesses (—)
with critical nuclei dimensions, calculated from finite chain two-
dimensional theory (- - -) for hydrogenated polybutadienes: (a)
o, = 2000 cal/mol; (b) o. = 1500 cal/mol; (¢) 0. = 1000 cal/mol.
A, experimental crystallite thicknesses (Lxa.).

the lamellae thicknesses decrease rapidly with increasing
co-unit content in agreement with our results.

Of particular interest in the present context is the
comparison between the crystallite thickness determined
by the Raman LAM and the small-angle X-ray maxima.
The difference between the two methods is similar to that
found for the bulk crystallized hydrogenated polybuta-
dienes. For the homopolymers there is good agreement
between the two methods. However, asthe co-unit content
increases, and the crystallite sizes decrease, a major
difference develops between them. As in the bulk crys-
tallized case the Raman LAM gives larger values for the
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Figure 15. Plot of size against log My for hydrogenated
polybutadienes crystallized from dilute solution: O, liquidlike
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interfacial thickness, Ly. Data from ref 88.

crystallite thickness.

The reason that the two methods do not agree is not
clear. Several possibilities suggest themselves. Because
of the relatively high proportion of the interfacial structure,
the use of eq 1 and the “free elastic rod” model may not
be correct. The non-ordered surface may have an im-
portant influence on the vibration of the ordered sequences
in the crystal. However, applying the segmented rod
model®?! to the spectral data further enhances the
disparity. Use of second and higher terms in the Shima-
nouchi-Schaufele formulation,* of which eq 1 is the first
term, also brings the results farther apart. Analyzing the
Raman LAM spectra by the method of Snyder and
Scherer4! yields a broad distribution of ordered sequence
lengths and thus of crystallite thicknesses. We know from
previous works that different methods do not always yield
the same average value for the crystallite size when dealing
with broad distributions.®2 This problem will be further
compounded when dealing with very small ordered se-
quence lengths.

Conclusion

Several different directions have been taken to explain
the decrease in melting temperature that is observed with
molecular weight for the random copolymers with fixed
co-unit content. Inanefforttoobtainequilibrium melting
temperatures, resort was made to the extrapolative method
involving the dependence of the observed melting tem-
perature on the crystallization temperature. This method,
which has been universally used for homopolymers, failed
in this case for reasons that are not quantitatively
understood as yet. The melting temperature was found
to be proportional to the crystallization temperature, so
that the extrapolation could not be carried out.

Long-time isothermal crystallization at high tempera-
tures that produce thicker and more stable crystals brought
the melting temperatures closer to one another. However,
the observed Tw/M,, dependence was still maintained.

Different methods of analysis of the level of crystallinity
all followed the same pattern with molecular weight as
observed for linear polyethylene. The level of crystallinity
decreases with increasing molecular weight due to the
increased entanglement concentration of the original melt.
The interfacial content, on the other hand, is independent
of molecular weight.

Attention was also directed to a study of the phase
structure and the crystallite thickness. For the first time,
the dependence of the phase structure with molecular
weight, at a fixed branching content, as well as with co-
unit content for a fixed molecular weight were indepen-
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dently analyzed for the copolymer fractions crystallized
from either the melt orsolution. Verysmall core crystallite
thicknesses were found for the highest molecular weights
and for the high co-unit content analyzed. The core
crystallite thickness decreased with increasing molecular
weight. The crystallite size was shown to be the major
reason for the decreased melting temperature. It wasalso
found in the work that the Raman LAM did not give
crystallite sizes that were in agreement with those deter-
mined by either thin-section electron microscopy or small-
angle X-rayscattering. This discrepancy can be attributed
tothe very small crystallite size and the concomitant large
disordered overlayer.

The observed dependence of properties with molecular
weight is not qualitatively altered by either the chemical
nature of the branch or the co-unit concentration.
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