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ABSTRACT: Herein, we study comparatively melt-memory effects on LLDPE TREF 2001 m LLDPE
recrystallization of two sets of linear low-density polyethylenes (LLDPE) | LLPPE i LLDPE
synthesized with Ziegler—Natta (ZN-LLDPE) and with metallocene | 615 P |
catalysts (M-LLDPE), respectively. All copolymers have M,, ~ 120,000 g/ ' Pl L A, -
mol, M,/M, ~ 4, and very similar average comonomer content (~2 mol % 12— 6 mol% i 3 "a s
branches) but different comonomer composition distribution (CCD). While  |comonomer ! a5 |0 ." K
all types of copolymers display the strong melt-memory effect of the initial : : mol% | o = A
crystallites enhancing the recrystallization rate from melt temperatures = o | m DSC

: L 100

(Tpere) up to ~160 °C, a subsequent retardation of the rate associated with
liquid—liquid phase separation (LLPS) is found mainly in ZN-LLDPEs.
Only one M-LLDPE displays the retardation of the recrystallization rate.
The conclusion from a detailed quantitative analysis of the TREF profiles is that copolymers with inversion of crystallization rate,
characteristic of LLPS, have CCD comprising 15—25 wt % molecules in the 12—6 mol % comonomer range and <50 wt % in the 6—
1.5 mol % comonomer range. The rest (30—50 wt %) are lowly branched molecules (<1.5 mol %) that comprise the high-
crystallinity component. Characterization of the spherulitic crystalline morphology with polarized optical microscopy allows us to
extract the exponential variation of the number of residual clusters (self-nuclei) in the melt as a function of decreasing T, within
the melt-memory range. The comparative CCD-crystallization analysis carried out in this work serves as a guideline to design

30 60 90 120
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Crystallization Rate ——

LLDPEs with distributions prone to LLPS during processing.

1. INTRODUCTION

Commercial linear low-density polyethylenes (LLDPEs) are
random copolymers of ethylene and an a-olefin incorporated
at levels between 2 and 15 mol %. Typical a-olefin comonomer
units are 1-butene, 1-hexene, and 1-octene. The commercial
copolymerization is carried out using Ziegler—Natta (ZN) or
metallocene (M) catalysts in homogeneous or heterogeneous
processes. Copolymers produced with Ziegler—Natta catalysts
display broad molecular weight distribution (MWD) and
bimodal interchain comonomer composition distribution
(CCD), with the highest comonomer content accumulated
in the low-molecular-weight chains.'™ Conversely, single-site
metallocene catalysts lead to narrow MWD and narrow
interchain CCD. Metallocene catalysts are also modified to
produce LLDPE resins with single MWD or with bimodal
MWD and a preferred incorporation of comonomer in the
longest chains for a superior process/property balance.”* It is
perceived that the placement of comonomer in the high molar
mass portion of the distribution increases the chain
connectivity between crystallites (tie chains). Such metallocene
LLDPEs with bimodal but orthogonal comonomer composi-
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tion distribution (BOCCD) have enhanced tear and dart
impact compared to classical ZN copolymers.*’

The mechanical properties of LLDPEs are a function of the
semicrystalline structure developed during processing; there-
fore, understanding the state of the melt and crystallization of
ZN and M-LLDPEs with comparable bimodal interchain CCD
is important for a better control of the ultimate properties of
these materials via tuning the chemical microstructures.

Recently, we discovered that melts of random ethylene
copolymers display a strong memory of the previous crystalline
state up to temperatures ~65 °C above their observed final
melting, and ~30° above their equilibrium melting point.'*~"*
When crystalline LLDPEs are heated to temperatures above
the observed melting, but within the range of melt memory,
the recrystallization kinetics is significantly enhanced. This
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Table 1. Characterization of Ethylene Copolymers Synthesized with ZN Catalysts

sample ID comonomer type average branching content (mol %) M, (g/mol) M, /M, T, (°C) AH (J/g)
ZN EH1.7 1-hexene 1.7 120 000 4.0 124.3 121.4
ZN EH1.9 1-hexene 1.9 110 000 4.7 124.1 93.2
ZN EB2.1 1-butene 2.1 112 000 3.9 121.0 113.8
ZN EO2.0 1-octene 2.0 122 000 4.5 120.8 116.7
ZN EO2.2 1-octene 22 130 000 4.8 119.1 112.7

remarkable effect is attributed to molten clusters of ethylene
sequences that compose the initial crystals. These molten
sequences remain in close proximity (retain space memory)
well above the crystal melting. On recrystallization, such
clusters act as self-nuclei lowering or bypassing the usually high
energy barrier for nucleation, hence speeding up the
crystallization process.

Beyond the academic drive to understand the crystallization
of polymers, there is industrial interest in this peculiar self-
nucleation. As commercial crystalline polymers are processed
from the melt, recrystallization from self-nucleated melts
(those in the melt-memory range) can shorten molding or
solidification cycles with obvious commercial profits. Faster
recrystallization also improves the optical properties of films,
such as transparency and haze, by reducing the size of the
spherulites due to enhanced nucleation density.

The strong melt memory of LLDPEs is attributed to the
formation of a topologically complex amorphous region during
sequence partitioning in the LLDPE crystallization proc-
1> Since branches longer than methyl are excluded from
the crystals, during LLDPE crystallization, suitable ethylene
sequences have to diffuse to the crystal front. On the path to
crystallization, branches, knots, loops, and other topological
constraints are rejected to the intercrystalline regions,
especially at high levels of transformation, and accumulate
preferentially at the basal surface of the lamellar crystallites. It
is perceived that on melting, diffusion of crystalline sequences
to a randomized melt is hampered by the constraints in the
amorphous regions and requires temperatures well above the
equilibrium melting point.'”'*'”'® The fact that both
molecular weight and level of crystallinity affect the strength
of melt memory, and that there exist threshold values below
which melt memory vanishes, supports the diffusion-limited
rationale posited to explain the strong melt memory observed
in LLDPEs.'”'>"” Unbranched polyethylenes do not display
strong melt memory."’

In a subsequent work, we compared the effect of melt
memory on crystallization of narrowly and two broadly
distributed commercial LLDPEs"® and found a remarkable
behavior of the latter. The narrow LLDPEs displayed a strong
memory of crystallization and enhanced recrystallization rates
from temperatures (T,) above the equilibrium melting point
akin to the behavior of model ethylene 1-butene random
copolymers.”® The recrystallization of two LLDPEs with a
broad CCD ranging from 0.5 to 13 mol % comonomer showed
an additional feature. When cooled from very high-melt
temperatures, these copolymers displayed first a constant
recrystallization range, followed by accelerated crystallization
with lowering T, as is observed in the narrow resins. With a
further decrease of T, between ~150 and ~125 °C, there
was an unexpected decrease of the recrystallization rate in the
broad copolymers. This inversion of the recrystallization rate
was explained as demarcating the onset of liquid—liquid phase
separation (LLPS) between comonomer-rich and comonomer-
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poor molecules.'”> The decrease of the recrystallization rate
with lowering T, in the LLPS region is a consequence of a
decrease in number of clusters due to the strong thermody-
namic drive for molecular segregation between molecules with
a difference in comonomer content >8 mol %. In crossing the
LLPS binodal line, there is rapid diffusion of the crystalline
sequences toward equilibrating the composition of the two
liquid phases and thus effectively dissolving self-nuclei. The
LLPS of the broadly distributed copolymer was further
confirmed by direct measurements of the state of the melt
using neutron scattering experiments.14

A feature of interest of the reversed dependence of the
crystallization rate on the decreasing melt temperature of
copolymers with broad CCD is the simplicity of the
experiment to characterize the state of the melt and its
potential effect to enhance the imlpact properties of LLDPEs
with specific CCD distributions.”" Preliminary studies with
ZN copolymers indicate an effect of the content of molecules
across the CCD distribution on the extent of melt memory and
liquid—liquid phase separation of ZN-LLDPE.'® Of interest are
the threshold contents of molecules with a difference in
comonomer content higher than 6—8 mol % to observe LLPS
behavior by the reverse effect on crystallization from melts with
memory. In the present work, we quantify the content of
molecules in different regions of the CCD and correlate these
data with the extent of melt memory and LLPS in a larger set
of commercial ZN copolymers. Furthermore, the same analysis
is conducted in a set of bimodal broadly distributed
metallocene copolymers. To minimize the effects of molecular
characterization other than that of the interchain CCD, the
LLDPEs synthesized with ZN catalysts and with metallocene
catalysts feature similar molar mass, similar molar mass
distribution, and almost the same average comonomer content.
Details of the distribution that allow a clear signature of LLPS
are highlighted. We also provide direct evidence of self-nuclei
during recrystallization from melts with crystalline memory.

2. EXPERIMENTAL SECTION

2.1. Materials. Two sets of samples were used in this study.
The first set is commercial ethylene copolymers with broad-
bimodal CCD synthesized with ZN catalysts. The average
molecular mass and branching content are listed in Table 1.
The ethylene 1-hexene copolymer designated as ZN EHI1.7
was provided by ExxonMobil Co. and was used in a previous
work."” It was demonstrated by neutron scattering that ZN EH
1.7 contains a small fraction of highly branched molecules that
phase-separate in the melt.'”” ZN EHI1.9 and ZN EB2.1 are
ethylene 1-hexene and ethylene 1-butene copolymers,
respectively, and were provided by Sinopec Co. The other
two ethylene 1-octene copolymers, ZN EO2.2 and ZN EQO2.0,
are manufactured by Dow Chemical Co.

The second set includes ethylene copolymers with bimodal
CCD synthesized with metallocene catalysts. Their average
molecular mass and average branching content are listed in
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Table 2. Characterization of Ethylene Copolymers Synthesized with Metallocene Catalysts

sample ID comonomer type average branching content (mol %) M, (g/mol) M,/M, T, (°C) AH (J/g)
M EH1.2 1-hexene 1.2 110 000 2.7 116.8 107.1
M EH1.3 1-hexene 1.3 125 000 3.0 119.5 108.7
M EO1.3 1-octene 1.3 128 000 4.4 119.3 93.4
M EO1.4 1-octene 1.4 107 000 39 120.6 110.0
M EH1.7 1-hexene 1.7 123 000 3.6 121.3 107.6
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Figure 1. Room-temperature FTIR spectra of solvent treated (a) ZN-LLDPEs and (b) M-LLDPEs.
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Figure 2. Representative heating and cooling profiles for crystallizations from different initial melting temperatures. Each copolymer was subjected
to three cycles, to cover a large range of Ty (2) and (b) show two of these cycles. Heating and cooling rates are both 10 °C/min. Holding time at

each temperature is S min.

Table 2. As shown, the average comonomer content and
molecular mass are very similar to the ZN copolymers.
Ethylene 1-hexene copolymers M EH1.2 and M EH1.3 were
provided by Sinopec Co. M EH1.3 is a commercial resin, while
M EH1.2 is an experimental laboratory specimen. Ethylene 1-
octene copolymers M EO1.3 and M EO1.4 were provided by
Dow Chemical Co., and ethylene 1-hexene copolymer M
EH1.7 was provided by ExxonMobil Co. All GPCs can be
found in Figure S1.

Except for M EH1.2 that was received as reactor powder, all
ZN and metallocene LLDPEs were received as pellets. The
molecular mass and polydispersity index were analyzed by
GPC using polyethylene standards, and the average branching
content by '*C NMR.*’ Tables 1 and 2 also list the peak
melting temperatures and heats of fusion of all copolymers
crystallized by cooling from 200 °C at 10 °C/min to 40 °C.

2.2. Methods and Techniques. Prior to DSC and
microscopy analysis of the melt-memory behavior, all of the
copolymers except M EH1.2 were recrystallized from a 0.01%
w/v solution in xylene at 120 °C using cold acetone as the

polymer precipitant. Since acetone is miscible with xylene and
is a good solvent at room temperature for the most common
antioxidants, such as Irganox and Irgafos, these and other
additives that may interfere with the copolymer’s melt memory
remain dissolved in acetone and are separated from the
polymer after filtration. Talc, an effective nucleant, was also
removed quantitatively from ZN EHI.7 using Soxhlet
extraction following the procedure described previously."
The presence of Irganox, calcium stearate, and talc prior to and
removal after solvent treatment was evaluated by transmission
FTIR using a Thermo Scientific Nicolet 6700 spectrometer
equipped with a TE cooled DTGS detector. The spectral range
was 400—4000 cm™ and the resolution was 2 cm™'. The
molecular weight prior to and after solvent treatment is
unchanged (Figure S2).

Figure la,b shows FTIR spectra of the solvent-treated or
Soxhlet-extracted ZN-LLDPEs and M-LLDPEs, respectively.
The absorption characteristic of the Si—O—Si asymmetric
stretching vibration of talc at 1017 cm™" that was present in the
spectra of the original ZN EH1.7 and M EO1.3 copolymers is
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Figure 3. TREF profiles of (a) ZN-LLDPEs and (b) M-LLDPEs. Regions I, 11, and III demarcate the elution range of molecules with high (12—6
mol %), medium (6—1.5 mol %), and low (<1.5 mol %) comonomer content. Elution temperatures and the corresponding comonomer contents

are shown in the bottom and top x scales.

absent in Fi§ure 1, indicating successful removal of the talc
additive.”' = Also absent after the solution treatment are the
COO— antisymmetric stretching absorbances of the carbox-
ylate group in calcium stearate at 1540 and 1577 cm™" and the
ester group of Irganox at 1740 cm™’, as shown in the insets of
Figure 1.”%*° Calcium stearate was present in the original
spectra of ZN EO2.2, ZN EO2.0, and M EO1.3, and Irganox
1010 was present in all original samples except ZN EO2.2 and
ZN EO2.0. Most ZN and metallocene LLDPEs show a small
vinyl absorbance (905 cm™). ZN EH1.7 displays an
absorbance at 965 cm™ consistent with Trans-vinylene groups.
Such absorbance becomes prominent after the removal of talc
by Soxhlet extraction, as seen in Figure 1a.”° FTIR spectra
prior to and after solvent treatment are shown comparatively in
the Supporting Information (Figures S3 and S4).

The comonomer composition distribution was characterized
by temperature rising elution fractionation (TREF) using a
TREF300 instrument commercialized by PolymerChar
(Spain) with 1,2,4-trimethylbenzene as the polymer solvent
and also as the solvent eluent in the column. The
crystallization rate was 0.1 °C/min from the stabilization
temperature of 95 °C down to 30 °C, and the subsequent
solvent elution rate was 0.5 mL/min from 30 to 130 °C at a
rate of 1 °C/min.

The crystallization and melting behaviors were followed by
differential scanning calorimetry (DSC) using a TA Q2000
instrument and the same thermal protocols as in our previous
work.'”"? All data were collected in three continuous cycles.
The heating and cooling cycles of two of these runs are
schematically shown in Figure 2. As illustrated, the copolymer
was first heated from 40 °C to a temperature (T,,;) well above
the observed melting temperature of 120—125 °C, held for §
min, and cooled to 40 °C. The heating and cooling rates were
at 10 °C/min. The crystallization temperatures were read at
the peak of the cooling exotherm (T jeqi). Trmelc Was changed in
a random pattern to avoid any possible systematic error in the
measured crystallization temperature. As shown in Figure 2, to
avoid any possible annealing of melt memory, a relatively low
T el such as 135 or 140 °C was followed by a T, > 180 °C.

Polarized optical micrographs were recorded using 50 ym
thick films obtained by melt pressing the copolymer film
between two microscope cover glasses. The morphology was
recorded using an Olympus BXS1 optical microscope
equipped with an Olympus DF72 digital camera and a Linkam
hot stage TMS94 for temperature control. The Linkam’s stage
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temperature was calibrated recording the change in the light
intensity of the copolymers during cooling and during heating
in the polarized optical microscope, in reference to the DSC
enthalpic change at the same cooling or heating rate. The
morphology was followed by polarized optical microscopy
using the same thermal protocols as in DSC experiments. The
copolymer was heated up to a T, well above the observed
melting, held for 5 min, followed by a subsequent cooling
down to 40 °C, both at a rate of 10 °C/min. Micrographs of
spherulites for M EH1.2 were recorded continuously (no
holding time) during cooling at 10 °C/min with 1° intervals,
or every 6 s.

3. RESULTS AND DISCUSSION

3.1. Characterization of Bimodal CCD. The broad
bimodal comonomer composition distributions of ZN and
metallocene copolymers listed in Tables 1 and 2 are first
characterized by the TREF profiles shown in Figure 3a,b,
respectively. The profiles are normalized by equal area and
superposed to facilitate a comparative analysis. In TREF
experiments, a high-temperature solution of the polymer is
slowly cooled to 30 °C to separate crystallites according to the
chain composition. In a subsequent step, the temperature is
slowly raised while a solvent is injected and eluted at a constant
flow rate.””*® Thinner crystals, formed from comonomer-rich
molecules, dissolve and elute at the lowest temperatures, and
those from the least-branched molecules elute at the highest.
The concentration of eluted polymer is measured continu-
ously, providing a CCD profile after application of a
temperature—comonomer content calibration. The corre-
sponding comonomer contents are given in the top x-axis of
Figure 3. For the calibration, we used 10 comonomer
composition fractions of M EHI1.7, each collected within a
narrow range of elution temperatures using preparative TREF
in a prior work.” These fractions feature a narrow branching
distribution as indicated by their individual TREF profiles. The
comonomer content of each fraction was measured by *C
NMR. The linear calibration between the mean elution
temperature and comonomer content can be found in the
Supporting Information (Figure SS).

To facilitate a subsequent discussion about the effect of
content of branched molecules on LLPS and recrystallization
from different melt temperatures, the TREF profiles are
divided into three regions, demarcated by the vertical dotted
lines in Figure 3a,b. Region I, ranging from an elution
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Figure 4. Crystallization from 200 °C and subsequent melting thermograms of (a) ZN-LLDPEs and (b) M-LLDPEs.

temperature of 30—65 °C, represents the highly branched
molecules (comonomer content 12—6 mol %). Molecules with
medium comonomer content (6—1.5 mol %) elute in Region
II between 65 and ~90 °C (85 °C for M EH1.7). Lightly
branched molecules (comonomer content <1.5 mol %) are
assigned to region III with a range of elution temperature from
~90 to 105 °C.

Among the ZN-LLDPEs, copolymers ZN EH1.7 and ZN
EH1.9 display relatively different TREF profiles compared to
the rest of the Z-LLDPEs. These two copolymers feature a
lower content of molecules in Region II (65—90 °C elution
temperature) at the expense of a higher content in Region IIL
Furthermore, a major characteristic of copolymer ZN EO2.0 is
basically a lack of highly branched molecules eluting in Region
L

The TREF profiles of M-LLDPEs shown in Figure 3b are
also bimodal but mostly differ from those of the ZN-type. A
major characteristic is the small content of molecules that elute
in the 30—60 °C range, except for M EH1.7 that shows a
relatively high content of molecules in this region. Quantitative
analysis of the TREF profiles of M-LLDPEs reveals that, except
for M EH1.7, the majority of the M-type copolymer molecules
(~75%) elute in Region II. Conversely, a lower content of the
M-type copolymer molecules (~25%) elutes in the high-
temperature region (Region III) compared to the ZN-type,
indicating a less diffuse, though still bimodal CCD in the
former. M EH1.7 is an especially broad copolymer with a much
higher content of the highly branched molecules. About 30%
of the M EHI1.7 molecules elute at temperatures <65 °C
(Region I) compared to less than 10% for the rest of the M-
LLDPEs studied. As seen later, this feature is important
because it correlates with the extent of LLPS identified in some
of the broadly distributed LLDPEs. The TREF profile of M
EO1.4 is also very different from the rest. Instead of having
broad components merging with Region III around 90 °C, the
comonomer distribution of M EO1.4 shows two relatively
narrow components, one centered at 72 °C in Region II and
the other centered at ~98 °C in Region III. Clearly, the
bimodal distribution between the high and medium crystal-
linity components is more discrete in M EO1.4 compared to
the rest, resembling the profile of a two-component
mixture.”**’

3.2. Crystallization and Melting from Homogeneous
Melts. While a slow crystallization from solution facilitates a
separated crystallization of molecules by their comonomer
content, thus minimizing cocrystallization, the cocrystallization
of molecules with different but not too dissimilar comonomer
content is unavoidable in a standard crystallization from the
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melt, for example, cooling at a rate of 10 °C/ min.*° Therefore,
the CCD characterization of LLDPEs should be extracted from
TREF profiles or by advanced TREF/GPC combination with
recently introduced IR detectors.’*” DSC crystallization and
melting thermograms may not reflect fully the double
transitions expected for copolymers with bimodal CCD. Figure
4a,b displays the crystallization exotherms from a melt
temperature of 200 °C and the subsequent melting
endotherms of all ZN- and M-LLDPEs, respectively.

The crystallization exotherms are relatively sharp and
dominated by the rapid crystallization and high enthalpic
change of the lowly branched component, while the level of
crystallinity and heat of fusion of molecules with a higher
content of branching is much lower and spreads over a wide
range of temperatures, as shown in Figure 4a,b. The final
melting of a random copolymer with co-units excluded from
the crystal reflects the composition of the surrounding melt. In
the set of ZN-LLDDPEs, the crystallization and melting peak
temperatures scale proportionally with the average content of
comonomer. As seen in Figure 4a and in the data listed in
Table 1, ZN EH1.7 and ZN EH1.9 crystallize and melt at the
highest temperatures; hence, they are expected to have a higher
fraction of lowly branched molecules. In comparison, ZN
EO2.2 shows the lowest values. Due to the interchain spread of
comonomer composition in Regions I and II, coupled with the
unavoidable cocrystallization, and the low heat of fusion of
crystallites in these two regions, the endothermic transition of
crystallites from molecules in these two regions is broad and
overlaps with melting of the high-crystallinity fraction.

Compared with the ZN copolymers, the double melting
profiles of M-LLDDPE:s reflect better the bimodal distribution of
these copolymers (Figure 4b). The crystallization and melting
of the medium and high-branched molecules of M-LLDPEs are
more prominent, denoting a more discrete distribution
between the high-crystallinity and low-crystallinity compo-
nents, as also indicated by the TREF profiles. The double
melting of the high-crystallinity component of M EO1.3 and M
EO1.4 indicates a double population of molecules with little
but different branching content, which also shows up in the
TREF profiles of Figure 3b at ~98 and 102 °C.

3.3. Effect of CCD on Melt Memory and LLPS. The
effect of melt temperature on recrystallization was evaluated by
DSC following the thermal protocol described in the
experimental part and in Figure 2. A representative example
is given in Figure 5 for M EO1.4. The exotherms are shown on
a more expanded scale in the inset of this figure. At T, > 160
°C, the crystallization temperature does not change, indicating
a homogeneous melt state. For 135 °C < T, < 160 °C, the
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are due to differences in self-nucleation density, as previously
discussed for model copolymers and narrow M-LLDPEs.'*"
The remarkable feature is that the recrystallization starts to
increase from any Ty, < 160 °C, well above the final melting
of these copolymer crystals (~123 °C). In other words,
clusters of ethylene sequences from the initial crystals remain
in the melt and act as self-nuclei at ~40° above the observed
melting. Such a large difference between the end of melting
and the onset of melt memory is a unique feature of random
ethylene copolymers. Comparatively, linear unbranched poly-
ethylenes are basically free of melt memory.'” The strong self-
nucleation effect in random copolymers was mentioned in a
recent review,”” but with no emphasis on it being the largest
ever reported or why self-nuclei can survive at such high melt
temperatures.

Given that the emphasis of this work is on a comparative
analysis between ZN and metallocene copolymers, the
variation of the crystallization peak temperature (Tc,peak) as a
function of the initial melt temperature (T,,;), for both sets of
copolymers, is given in Figure 6. Avoiding overlaps for clarity,
separate scales show the data for ZN EH1.7 and ZN EH1.9 in
Figure 6a, and the data for M EH1.7 in Figure 6b.

All copolymers display the increase of crystallization rate for
Toae < ~160 °C characteristic of the melt-memory effect.
Three ZN-type and one M-type LLDPE display the increase in
T peax followed by a decrease in crystallization rate, which is a
characteristic of liquid—liquid phase separation (LLPS). To
facilitate the discussion, the data are divided into four regions.
For instance, region A of ZN EB2.1 (T, = 165 °C)
demarcates where T, is constant and crystallizations occur
from a homogeneous, one-phase melt. In region B (165 °C <
Tnee < 150 °C), the crystallization peak shifts to higher values
indicative of a melt-memory effect from the presence of self-
nuclei. As posited, in this temperature range, clusters of molten
ethylene sequences from the initial crystallites remain in close
proximity, increasing in number as T decreases, and thus
increase the rate of recrystallization. Region C (125 °C < Ty
< 150°C) is where the crystallization rate is inverted,

104 106 108 110 112 114 112 114 116
Tc, peak (OC)

Figure 6. Temperature of the initial melt (Tp.) vs peak
crystallization temperature (Tc,peak) for (a) ZN-LLDPEs and (b) M-
LLDPEs. To avoid overlap, the data for ZN EH1.7 and ZN EH1.9 in
(a) and for M EH1.7 in (b) are plotted in more expanded separated
scales. The range of T, where crystallization undergoes changes is
denoted as A, B, C, and D regions.

decreasing with decreasing T, instead of increasing further
as expected from the melt-memory effect. This inversion of the
recrystallization rate is a peculiar feature associated with LLPS,
which has been observed in other broadly distributed
copolymers.'*'%** As we showed by direct analysis of the
melt using small-angle neutron scattering (SANS)'*'* and
light scattering (SALS),'® the inversion demarcates the onset
of LLPS. Lastly, Region D corresponds to relatively low T,
very close to or at the end of the observed melting peak, where
a small fraction of crystals remain unmolten and serve as true
self-seeds to accelerate recrystallization. As seen in Figure Ga,
in region D, Tc,peak increases again as expected. Only regions A,
B, and D are present in copolymers that display melt memory
but not the features of LLPS.

Since all copolymers studied have a broad comonomer
distribution that spans between ~12 and 0 mol % comonomer
content, the unexpected decrease of the crystallization
temperature in region C in four copolymers (ZN EH1.7, ZN
EH1.9, ZN EB2.1, and M EH1.7) must be related to the
differences in the uneven contents of molecules across the
broad CCD.">'® During the initial relatively fast cooling from a
homogeneous melt, cocrystallization of sequences from
molecules of different comonomer content is unavoidable in
copolymers with progressive change in composition in a broad
range, such as the copolymers analyzed here. It is likely that
sequences in Region I cocrystallize with sequences of Region II
(by forming part of the same lamellae crystal). Similarly,
sequences in Region II will likely cocrystallize with sequences
in Region III, but due to the large differences in crystallization
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kinetics, it is unlikely that sequences of Regions I and III
cocrystallize. It is known from early works that blends of
ethylene copolymers with a difference in comonomer content
>8 mol % phase-separate in the melt.'”>*™** The phase
diagram shows an upper critical solution temperature (UCST)
at ~150 °C, which is the temperature between regions B and C
in Figure 6.°°7"* When the crystals are brought to a T, in
region C, below the UCST, clusters from cocrystals between
molecules of Regions III and II most probably survive as the
difference in comonomer content is <8 mol %. However,
clusters from cocrystals of molecules in Regions II and I (>8
mol % difference in comonomer content) do not survive as the
strong thermodynamic drive for phase separation dissolves
them. The comonomer-rich and comonomer-poor molecules
diffuse to their LLPS domains, and in this path, they drag their
ethylene segments away from the cluster. The recrystallization
rate decreases in this region because the drive to phase
separation is stronger when T, is further below the UCST.

Copolymers ZN EH1.7, ZN EH1.9, ZN EB2.1, and M
EH1.7 show the characteristic inversion of T, due to the
interplay between melt memory and LLPS. The other two ZN
copolymers analyzed, ZN EO2.0 and ZN EO2.2, display a
large extent of melt memory, up to 3.5 °C increase in T, for
ZN EO02.0, but no inversion of crystallization rate despite the
broad CCD (Figure 6a).

As shown in Figure 6b, all M-LLDPEs display the shift of
T peax to higher values at a critical high T, consistent with
the onset of melt memory. However, except M EH1.7, none
display the inversion of the crystallization rate associated with
LLPS. Since the major difference between M EH1.7 and the
rest of the metallocene copolymers is the content of molecules
in Regions I and 1I, it is obvious that a specific CCD with a
critical content of molecules in these regions is needed to first
allow cocrystallization of compositionally differing molecules
during the cooling step, and further dissolution of some
clusters when reaching LLPS at T, ~ 150 °C.

To quantify the effects of melt memory and LLPS on
crystallization, we introduce two parameters as illustrated in
Figure 7. The extent of melt memory, which reflects the
maximum number of self-nuclei (ethylene clusters), is defined
as the largest difference in T, within region B. The extent of
LLPS indicates the loss of self-nuclei in the temperature range
of the phase-separated melt and is taken as the largest
difference in T, within region C. Furthermore, T

c,pea
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Figure 7. Variation of T, (x-axis) as a function of T, (y-axis) for
ZN EB2.1 to illustrate the parameters associated with melt memory
and LLPS. Shown are the onset of melt memory (T,,.), extent of
melt memory, onset of LLPS (Ty;ps), and extent of LLPS.

demarcates the onset of melt memory reflecting homogeneous
melts at any T > Toner Trips infers the upper critical
temperature of melt phase separation. Table 3 summarizes the
extent of melt memory, the extent of LLPS, T, and Typg
for all of the copolymers studied.

The contents of molecules with high, medium, and low
comonomer content, given by the areas beneath Regions I, II,
and III of the TREF profiles of Figure 3, are listed in Table 3.
Also included is the range of comonomer content in each
region. We focus on Regions I and II as they contribute the
most to LLPS. Copolymers that show the inversion of
crystallization rate, and thus give evidence of LLPS, have a
content of molecules in Region I (12—6 mol % comonomer)
>15 wt % and have <~50 wt % molecules in Region II (6-1.5
mol % comonomer). The low comonomer content (<1.5 mol
%) comprises 30—S0 wt % molecules. The only exception is
ZN EO2.2 that displays a TREF profile almost identical to ZN
EB2.1 but does not have evidence of LLPS. We can only
speculate that the longer branch of ethylene 1-octenes may
slow down diffusion, and much longer time in the melt will be
needed to dissolve clusters from the cocrystals in ethylene 1-
octene copolymers.

The only M-LLDPE that shows evidence of LLPS is M
EH1.7 with CCD distribution that falls under the requirements
observed for ZN copolymers with LLPS. M EH1.7 shows 26
wt % molecules in Region I (>15 wt %), 27 wt % in Region II
(<S0 wt %), and 47 wt % in Region III. While the distribution
is also broad in the rest of the M-LLDPEs studied, the content
of molecules in Region I is <7 wt %; hence, they lack a
sufficient number of highly branched molecules (>8 mol %
comonomer) to enable the characteristic inversion of
crystallization rate associated with LLPS. For those M-LLDPEs
that do not show LLPS, a lower content of molecules in
Region I is compensated by a higher content in Region II. The
inversion of the recrystallization temperature is a very sensitive
probe for LLPS in broad LLDPEs, even if they form very small
phase-separated domains that are difficult to identify by high-
resolution microscopy.m

From the data of Table 3 and Figure 6, we conclude that
melt memory and a subsequent inversion of the crystallization
rate due to the advent of LLPS is manifested at the greatest
extent in broad copolymers with 15—25 wt % molecules in a
range of comonomer composition between 12 and 6 mol %
(Region I), a content of 30—50 wt % in a composition range of
6—1.5 mol % (Region II), and with 40—50 wt % molecules of
<1.5 mol % comonomer (Region III).

The content of molecules in each region is plotted against
the extent of melt memory for ZN- and M-LLDPEs in Figures
8a,b, respectively. For both types of copolymers, the extent of
melt memory increases with increasing content of molecules in
Region II and with decreasing content in Region III. These
results are consistent with previous data obtained in narrowly
distributed copolymers, which indicated stronger melt memory
in copolymers with 2—6 mol % comonomer (1—3 mol %
branches). In fact, a bell shape with maximum at 1.5—2 mol %
branches is found for the strength of melt memory with
increasing comonomer content in narrow copolymers.13 At the
highest comonomer content, melt memory is low because the
level of crystallinity is insufficient to build the constraints
required in the amorphous regions. Conversely, molecules with
none or low content of branches lack the sequence selection
process during crystallization that leads to the topological
constraints, responsible for the strong memory observed in
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Table 3. Content of Molecules (wt %) and Average Comonomer Composition (mol %) in Regions I, II, and III of the TREF

Profiles of ZN-LLDPEs and M-LLDPEs”

content (wt %) Region I content (wt %) Region II

content (wt %) Region III extent of melt  extent of  To... Tprips
(<1.5 mol % comonomer) memory (°C) LLPS (°C) (°C) (°C)
52.0 (0.3) 0.1 0.1 157 150
43.8 (0.3) 0.7 0.7 162 145
28.6 (0.6) 3.8 12 165 150
267 (0.5) 2.5 160
38.4 (0.6) 33 165
26.5 (0.9) 11 160
16.4 (0.6) 2.1 165
23.4 (0.01) 1.6 160
23.0 (0.1) 37 160
470 (12) 3.8 2.0 168 150

“The extent of melt memory, extent of LLPS, and critical temperatures of melts associated with melt memory (T,,.) and LLPS (Typs) are also

sample ID (13—6 mol % comonomer) (6—1.5 mol % comonomer)
ZN EH1.7 15.0 (7.7) 33.0 (3.7)
ZN EH1.9 17.3 (7.7) 38.9 (3.5)
ZN EB2.1 15.6 (7.5) 55.8 (3.5)
ZN EO2.2 15.9 (7.6) 574 (3.5)
ZN E02.0 8.4 (7.6) 532 (3.1)
M EH1.2 10.2 (7.5) 63.3 (3.3)
M EH1.3 6.6 (7.0) 77.0 (3.3)
M EO1.3 6.6 (7.2) 70.1 (2.9)
M EOL4 7.0 (6.8) 70.0 (3.6)
M EH1.7 26.0 (8.1) 27.0 (4.0)
listed.
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Figure 8. Content of molecules in Regions I, II, and III of the CCD distribution of broad ethylene copolymers vs extent (width) of melt memory.
(a) ZN-LLDPEs and (b) M-LLDPEs. The open vertical rectangle highlights the data for M EH1.7.

Figure 9. Optical micrographs taken at 106 °C for M EH1.2 crystallized during cooling from a T, of (2) 200, (b) 160, (c) 150, (d) 145, (e) 130,
and (f) 125 °C. The thermal sequence on each micrograph was (200—40—T,,,—106 °C). The scale bar represents a length of 50 ym.

more branched random copolymers. In Figure 8b, the
highlighted data for M EH1.7 do not follow the trend of the
other copolymers. It appears that the distribution of copolymer
molecules between Regions II and III in M EH1.7 (see Figure
3b) favors cocrystallization of molecules that comprise these
two regions, assisting with the stability of self-nuclei and
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leading to a larger extent of melt memory up to the onset of
LLPS.

3.4. Morphological Evidence of Melt Memory and
LLPS. The signature of the melt memory-increasing recrystal-
lization temperature is evident from the DSC data in all
copolymers analyzed in this and prior works. However, due to
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Figure 11. Optical micrographs taken at 40 °C for ZN EB2.1 crystallized during cooling from a T, of (a) 200, (b) 165, (c) 162, (d) 150, (e) 140,
(f) 130, and (g) 125 °C. As shown by the thermal sequence on each micrograph (200—40—T,,,,—40), Ty, was reached from 40 °C. The scale bar

represents a length of 20 ym.

the very high nucleation density, the morphological evidence
given in earlier work was only qualitative.'®'>'>'® Of the
systems studied in the present work, M EH1.2 is an
experimental resin free of the additives usually found in
commercial LLDPEs. Due to a cleaner synthetic path, M
EH1.2 resulted with a comparatively small number of
heterogeneities, and the number of self-nuclei active in the
range of melt memory could be quantitatively determined in
this resin independently of the heterogeneous nuclei.

The thermal protocol followed was identical to the one used
to obtain the data of Figure 6. The standard semicrystalline
state formed by cooling from 200 to 40 °C was heated to a
specific T, and then cooled at 10 °C/min. Images were taken
during the cooling process from different T,,,. A representa-
tive set of micrographs taken at 106 °C during cooling from
different T, covering the range of crystallization of
copolymer M EH1.2 from homogeneous and self-nucleated
melts is given in Figure 9. As shown in the DSC exotherms of
Figure 4, 106 °C corresponds to a relatively fast stage of
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crystallization of M EH1.2. The number of spherulites, or
number of nuclei, is unchanged in the images of Figure 9a,b,
thus indicating constant nucleation density for crystallizations
from the homogeneous melt (T = 160 °C). As T
decreases further, the number of spherulites that develop at
106 °C first increases slowly (Figure 9¢,d) and for T, < 145
°C increases rapidly, leading to finer morphologies indicative
of a very rapid increase in the number of nuclei (Figure 9e—f).

The number of nuclei per unit area is plotted as a function of
Thee in Figure 10a for micrographs recorded when the
temperature reached 110, 108, or 106 °C during cooling from
different T, .. As shown, for T, > 160 °C, the number of
nuclei is constant with a small variation at any fixed T,
These constant nuclei reflect the number of heterogeneous
nuclei (other than those from the copolymer molecules)
encountered in any semicrystalline polymer.”>** It is obvious
in Figure 9 that the spherulites develop from heterogeneous
nuclei at T, > 160 °C because they appear in the same

location. As T, decreases below 160 °C, thus crossing the
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onset T for melt memory (see Figure 6), the number of
nuclei starts to increase slowly first, and then very rapidly, until
counting becomes impossible for T4 < 125 °C. The
difference between the number of nuclei at T4 < 160 °C
and the constant number for T, > 160 °C are the number of
self-nuclei or clusters of ethylene sequences that remain at Ty,
< Typeer- As shown in Figure 10b, the number of self-nuclei is 0
at T, = 160 °C and increases exponentially for
recrystallizations from lower T.. The images in Figure 9,
and the data in Figure 10, provide the first quantitative direct
evidence of self-nuclei that increase the recrystallization rate of
LLDPEs.

While, as mentioned earlier, quantitative accounts of self-
nuclei could only be recorded for one copolymer, the effect of
the number of nuclei that remain at any T, can also be
observed in the overall spherulitic morphology of all
copolymers, including the dissolution of self-nuclei at T
entering the LLPS region. An example is given by the
composite of DSC data and polarized optical micrographs for
copolymer ZN EB2.1 in Figure 11. The micrographs were
taken in black and white to emphasize the contrast. All
micrographs were obtained at 40 °C after cooling from the
indicated T, The morphology is coarse when recrystalliza-
tion is from T, > 165 °C, indicating that only heterogeneous
nuclei remain in this range of temperatures and the copolymer
melt is homogeneous (images a and b in Figure 11). In the
range of T, between the onset of melt memory and the onset
of LLPS, the spherulitic morphology becomes finer, indicating
that in addition to the heterogeneous nuclei there are self-
nuclei from the initial crystalline ethylene sequences. A much
higher number of nuclei lead to smaller crystals and a darker
appearance of the overall micrographs as seen in images (c)
and (d) of Figure 11. In the LLPS region, some self-nuclei are
dissolved; consequently, the morphology becomes a little
coarser and brighter for Ty, between 150 and 125 °C. The
same morphological changes are seen in the rest of the
copolymers that show the inversion in the recrystallization rate.
Copolymers with no LLPS display the features seen in the
micrographs of Figure 11a—d.

4. CONCLUSIONS

The effect of crystalline memory in melts of LLDPE on
recrystallization was comparatively studied in a series of
copolymers synthesized with Ziegler—Natta (ZN) or metal-
locene (M) catalysts. The copolymers have the same M,, the
same polydispersity, similar average comonomer content, and
different broad-bimodal comonomer composition distribution
(CCD). The characteristics of the recrystallization depend
strongly on the profiles of the CCD.

All ZN- and M-LLDPEs display the enhanced recrystalliza-
tion due to melt memory when cooled from T, below a
critical temperature that for these copolymers is >40 °C above
the observed melting point.

For most ZN-LLDPEs, the enhanced recrystallization is
followed by a retardation, or inversion of the rate at T, < 150
°C. The inversion demarcates the onset of LLPS with
dissolution of some clusters (self-nuclei) during the
thermodynamic phase separation process. Conversely, most
M-LLDPEs studied do not show the retardation of
crystallization features associated with LLPS.

A quantitative evaluation of TREF profiles allows us to
conclude that the rate-inversion signature of LLPS requires ZN
or M copolymers with 15—25 wt % molecules in the 12—6 mol

% comonomer composition range, and <~50 wt % in a range
of 6—1.5 mol % comonomer. The rest of the lowly branched
molecules (<1.5 mol % comonomer) comprise the high-
crystallinity component of the copolymer (30—50 wt %).

The effect of self-nucleated melts at different levels on the
overall spherulitic morphology is documented via polarized
optical microscopy. For the first time, we obtained
independent quantitative data for the numbers of heteroge-
neous and self-nuclei in random ethylene copolymers. The
data suggest an exponential variation of self-nuclei with
decreasing Ty,

The comparative CCD-crystallization analysis carried out in
this work serves as a guideline to design LLDPEs with
distributions prone to LLPS during processing. While the effect
of melt memory on enhancing the recrystallization rate may be
beneficial to optimize postprocessing technologies, the advent
of LLPS identified by DSC may lead to a simple route to
predict the superior impact properties of these materials.
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