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ABSTRACT: We report the first known instance where the
formation of layered crystals in long-spaced polyesters is bypassed
on rapid quenching. Aliphatic polyesters spaced by 18−48 carbons
in both the diol and diacid components of the repeating unit form
orthorhombic, highly symmetric, layered crystals on relatively slow
or isothermal crystallization. Though the unit cell is maintained on
rapid quenching to 0 °C and lamellar crystals still form, the X-ray
reflection of the ester layer disappears in PE-48,48 and weakens in
the shorter-spaced polyesters. Since all crystal thicknesses are
larger than the distance between the two consecutive esters, the
esters must be inside the crystals in a random distribution. On heating, such unlayered crystals transform into the layered type at
temperatures between 45 and 60 °C, which further melt at 98−115 °C with an increasing methylene spacer in the polyester. Rapidly
quenched PE-48,48 develops only the unlayered structure, while shorter-spaced polyesters form mixed unlayered and layered
crystals, indicating that a larger depth of quenching is required for the development of the unlayered form with decreasing CH2

spacer length. We posit that on fast crystallization, metastable lamellar crystals form via staggering of chain segments and random
chain folding, locking a structure where the ester groups are unlayered, while on slower crystallization, ester layering is facilitated by
maximizing packing of the full length of CH2 units via van der Waals interactions and intermolecular dipolar interactions of ester
units. The discovery of unlayered, metastable structures of polyethylene-like materials developed under fast cooling from the melt is
important for applications that mimic those which currently utilize commercial polyethylenes and that would benefit from
sustainable monomer sources and material recyclability.
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■ INTRODUCTION

In recent years, biosourced and biodegradable aliphatic
polyesters have been identified as sustainable alternatives to
a variety of commodity polymers synthesized from fossil fuels.
Polyesters such as poly(lactic acid), poly(4-hydroxybutyrate),
and poly(ε-caprolactone) have found uses in a diverse range of
applications, from packaging and textiles to biomedical and
tissue engineering.1−4 Most aliphatic polyesters are semi-
crystalline, meaning comprehensive studies of their crystal-
lization and melting processes, including crystallization
kinetics, crystal structure, polymorphism, morphology, etc.,
are required for effective tuning of the desired physical
properties and ultimate material performance.
The diversity of chemical structures possible in aliphatic

polyesters makes for a complex range of crystallization
behavior. Poly(hydroxyacid)s have the simplest repeating
monomer unit of −(CO)−(CH2)X−O−, while the structure
of poly(alkylene dicarboxylate)s depends on the length of both
the diol and diacid segments, i.e., −O−(CH2)X−O−(CO)−
(CH2)Y−2−(CO)−. Recent advances in catalysis have
enabled the synthesis of polyesters with increasingly long

aliphatic segments; poly(alkylene dicarboxylate)s have been
synthesized with up to X = Y = 48.5

While many short-spaced aliphatic polyesters have been
studied, those with X and Y >∼13 have not been considered in
as much detail, in part because of synthetic difficulties and in
part because of the desire for biodegradability in some
applications, which diminishes in aliphatic polyesters with
longer CH2 sequences due to increased crystallinity and
hydrophobicity.6−8 For instance, van der Meulen et al. studied
the hydrolytic degradation of poly(pentadecalactone) (PE-14)
and poly(hexadecalactone) (PE-15) in a phosphate-buffered
saline (PBS) solution at physiological conditions (37 °C, pH =
7.4).8 From the negligible mass loss and unchanged level of
crystallinity, they concluded that the long aliphatic sequences
prevented ester group hydrolysis even after a period of 2 years.

5243

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1un278q04kinp8

Erschienen in: ACS Applied Polymer Materials. ACS Publications. 2021, 3(10), S. 5243-5256 
https://doi.org/10.1021/acsapm.1c01025



Furthermore, enzymatic degradation studies using Pseudomo-
nas cepacia lipase (Lipase PS) in PBS also showed no
detectable mass loss over 100 days. In contrast, the amorphous
regions of polycaprolactone (PCL) undergo biodegradation
more readily.8

Not only do long-spaced aliphatic polyesters display long-
term stability, as shown by the above-mentioned biodegrada-
tion studies, but they also display unique chemical recyclability.
We recently demonstrated that a small number of functional
group “breakpoints” incorporated into a polyethylene back-
bone chain enable chemical recycling by solvolysis with a
monomer recovery rate >96%.9 This is drastic improvement
over the chemical recyclability of linear polyethylene, which
requires high temperatures (>600 °C) and produces
substantially lower ethylene yields. Chemical recycling was
accomplished in the long-spaced aliphatic polyester (LSAPE)
PE-18,18 (as well as its analogue polycarbonate, PC-18) with
quantitative monomer recovery at modest temperatures
between 120 and 150 °C.9

The fact that PE-18,18 can be chemically recycled is
especially significant since, with sufficient aliphatic character,
the physical and mechanical properties of LSAPEs approach
those of linear polyethylene.10−13 This makes PE-18,18 and
analogue LSAPEs feasible and sustainable alternatives for
classical polyolefins, which are derived from fossil fuels and
display poor recyclability. In view of practically relevant
material properties, it is necessary to expand studies of
crystallization behavior of aliphatic polyesters to include those
with longer CH2 sequences. Herein, we investigate the
crystalline morphologies of LSAPEs with CH2 sequence
lengths between consecutive ester groups ranging from 18 to
48.
From the available data, it is known that the ester groups of

LSAPEs participate in the crystalline regions, and furthermore,
that ester groups act as defects to the crystalline lattice, causing
a depression in melting temperature and level of crystallinity
relative to that of linear polyethylene.7 It has also been shown
that the crystals of LSAPEs are typically layered, as seen for
example in PE-44,5,10 PE-22,5,10 PE-22,4,11 and PE-48,48,14

among others.15−20 A crystal structure in which functional
groups are present in layers is also characteristic of many
polymers with equally spaced moieties placed along a linear
methylene backbone, as found in various precision poly-
ethylenes and polyamides.21 When such moieties are highly
interactive, for example, sulfone,22 carboxylic acid,23 or
amide,24 the driving force to form a layered crystal structure
originates from strong intermolecular functional group
interactions, often hydrogen bonding. In precision poly-
ethylenes with weaker interactive functional groups, the
layered packing is driven instead by maximizing van der
Waals interactions of CH2 groups and by preferential folding of
the polymer chains at or near the substitution, as is the case for
precision polyethylenes with halogens.21,25,26

For aliphatic polyesters, ester layer packing is expected to be
driven by dipole−dipole interactions.7,27,28 Interactions
between the esters of adjacent chains reduce the enthalpic
penalty that occurs as a result of incorporating ester groups
into the crystal lattice. Despite the presence of the ester groups
within crystallites, LSAPEs maintain a polyethylene-like
orthorhombic crystal lattice,11,17,18 meaning that van der
Waals interactions between adjacent CH2 sequences play the
major role in determining the drive for crystallization. This will
be especially true as the length of the CH2 sequences is

increased, i.e., as the number of ester groups in the polyester
chain decreases. The LSAPEs studied here provide the
opportunity to probe if structures other than the usual layered
one may evolve under different crystallization conditions or
modes when the distance between consecutive ester groups
increases from 18 to 48 methylenes. PE-48,48 is the longest-
spaced polyester synthesized to date,5 making it a particularly
apt candidate for this purpose. Crystalline structures developed
under fast cooling from the melt are of special focus in the
present study as such processes will mimic those used in
commercial production and will thus drive the useful
properties of these materials.

■ EXPERIMENTAL PART

Materials. The synthesis and molar mass characterization of the
long-spaced aliphatic polyesters (LSAPEs) studied here have been
reported in previous works.5,9,13 The nomenclature for all LSAPEs is
PE-X,Y, where X indicates the number of carbon atoms in the diol and
Y indicates the number of carbons in the diacid. The structural
repeating unit is −[O−(CH2)X−O−(CO)−(CH2)Y−2−(C
O)]n−. For the polyesters studied here, X = Y = 18, 19, 32, or 48.
These PE-X,Y polyesters are considered pseudo-precise polyethylenes,
as the number of CH2 groups between each ester group alternates
between X and X − 2.

Relevant chain characteristics are listed in Table SI.1. The weight
average molecular weight, Mw, determined using gel permeation
chromatography (GPC), ranges between 30 and 90 kg/mol, and all
LSAPEs have a polydispersity index (Mw/Mn) of around 2. Thermal
properties, including peak crystallization and melting temperatures
obtained with differential scanning calorimetry (DSC), are also listed
in the table.

Measurements. Thermal Analysis. For initial DSC measure-
ments, the original samples were placed between two thin sheets of
Teflon and melt pressed to form films of ∼100 μm thickness. Around
4 mg of these films were encapsulated in aluminum DSC pans for
thermal analysis. Static temperature, thermal lag, and heat of fusion in
the DSC were calibrated with indium, and all operations occurred
under dry N2 flow. The DSC is connected to an RC900 intracooler to
allow for subambient temperature control. For thermal character-
ization, samples were brought to ∼30 °C above the final observed
melting temperature and held for 5 min to erase thermal history
before cooling and heating at 10 °C/min to observe the crystallization
and melting thermograms.

To test the impact of different cooling rates on thermal behavior,
samples were cooled from the melt at rates of 5, 10, 20, 40, and 100
°C/min before subsequent heating at 10 °C/min. Although ∼40 °C/
min is the limit of cooling for classical DSC in the temperature range
used here, a nominal rate of 100 °C/min was included to ensure that
the fastest cooling rate possible was achieved. In addition to cooling at
different rates inside the DSC, samples were rapidly quenched ex situ,
after which they were quickly encapsulated in a DSC pan and heated
at 10 °C/min to observe the melting endotherm. The rapid
quenching procedure involved sandwiching a sample between two
pieces of ∼10 μm aluminum foil (to ensure maximum heat transfer)
and bringing it from the melt as quickly as possible into an ice water
bath at 0 °C.

Simultaneous Small-Angle X-Ray Scattering (SAXS)/Wide-Angle
X-Ray Diffraction (WAXD). A Bruker Nanostar diffractometer with an
Incoatec microfocus X-ray source (IμS) was used to collect
simultaneous small-angle X-ray scattering (SAXS) and wide-angle
X-ray diffraction (WAXD) patterns at room temperature. The
incident X-ray beam was a Cu Kα line with a wavelength λ of
1.5418 Å. The diffractometer was equipped with a HiStar 2D
Multiwire SAXS detector and Fuji Photo Film plate for WAXD
detection, and the plate was read with a Fuji FLA-7000 scanner.

For X-ray analysis of nonisothermally and isothermally crystallized
samples, one piece of the ∼100 μm melt-pressed film was placed
inside a DSC pan and either cooled from the melt at 40 °C/min to 25
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°C (nonisothermal) or cooled from the melt to the selected
isothermal crystallization temperature, Tc, held there for long enough
to develop a full exothermic peak and finally cooled at 40 °C/min to
25 °C. The samples were then removed from the DSC pans and
brought to the X-rays. Rapidly quenched samples prepared using the
method described above were also analyzed by X-rays. In addition to
the initial ∼100 μm films quenched to 0 °C, thinner films of ∼20 μm
were also prepared using this rapid quenching method, and quenched
from the melt to temperatures ranging between 0 and 100 °C. Either
ice or a hot plate was used to control the temperature of the water
bath into which the samples were quenched.
A Peltier device placed in the sample holder of the Bruker

instrument was used to record X-ray patterns on heating. These in situ
temperature variable experiments were carried out with samples
quenched to 0 °C. Quickly after rapid quenching, samples were
brought to the X-rays and placed inside the sample holder of the
Peltier device, which was at a temperature of ∼5 °C. SAXS patterns
were collected at every 5 °C on heating.
From the WAXD diffractograms, the level of crystallinity Xc was

estimated by peak deconvolution, assuming a two-phase (amorphous
and crystalline) model. SAXS patterns were Lorentz-corrected to
determine the long period L. The long period and crystal thickness
were also estimated using the normalized one-dimensional correlation
function (γ(r)) applied to the first-order SAXS peak and obtained as a
function of the correlation distance r29,30
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Appropriate extrapolations at q → 0 and q → ∞ were conducted
according to the method described by Goderis31 and outlined by us
previously.14

Fourier Transform Infrared (FTIR) Spectroscopy. Spectra were
collected at room temperature using a Thermo Scientific Nicolet iS50
spectrometer equipped with a DTGS KBr detector. OMNIC software
provided with the instrument was used for operational control and
peak analysis. Absorption mode was used in a wavenumber range
between 400 and 4000 cm−1 with 2 cm−1 resolution. Spectra were
collected on the ∼100 μm polyesters prepared by rapid quenching to
either 0 or 80 °C.
Polarized Optical Microscopy (POM). Polarized optical micro-

graphs were obtained using a type BX51 Olympus optical microscope
equipped with an Olympus digital CCD camera. CellSens software
provided by Olympus was used to analyze the obtained images. For
temperature control, we used a Linkam hot stage connected to a
TMS94 temperature programmer. Films of ∼20 μm thickness were
placed between two glass coverslips, heated to ∼30 °C above the

observed melting temperature, held for 5 min, and rapidly quenched
to either 0 or 80 °C using temperature-controlled water baths. Images
were collected at room temperature and on heating from room
temperature at a rate of 10 °C/min. The same samples and exposure
settings were used for both quenching temperatures.

■ RESULTS AND DISCUSSION

Nonisothermal Crystallization and Melting Behavior.
Shown in Figure 1 are crystallization exotherms (a) and
subsequent melting endotherms (b) collected by DSC at a rate
of 10 °C/min. PE-18,18, PE-32,32, and PE-48,48 crystallize
with sharp, single exothermic peaks, while a double exotherm
consisting of an initial relatively sharp peak followed by a
smaller shoulder at lower temperatures is observed for PE-
19,19. The peak crystallization and melting temperatures
decrease with the increasing ester content (values are tabulated
in Table SI.1). This behavior is consistent with previous work
on shorter-spaced LSAPEs of the type PE-X,Y, where X =
Y,5,12,20,32,33 as well as other polyethylenes with precisely
placed moieties that may be incorporated into the crystalline
regions and act as defects decreasing the melting temperature
and retarding the crystallization process, including, for
instance, halogens,34 acid,23 and methyl and ethyl
branches.35,36

PE-48,48 and PE-19,19 have double melting peaks on
heating at 10 °C/min. It was demonstrated in a previous study
that the double melting peak of PE-48,48 occurs due to the
presence of crystals with the same crystallographic packing but
different thicknesses.14 Specifically, lower and higher melting
peaks correspond to crystals with noninteger and integer (3 full
layers) numbers of ester−ester layers, respectively. The higher
melting temperature of the integer-layered crystals was
associated with a decrease in surface free energy due to the
placement of the ester moiety at the lamellar basal surface
upon completion of the ester layer. We postulate that a similar
phenomenon may be the cause of the double melting peak in
PE-19,19, while reorganization of an initial noninteger
structure to the integer form on melting may be too fast in
PE-18,18 and PE-32,32 as the double melting is not as
prominent in these samples.
Interestingly, the heat of fusion ΔHm observed for PE-19,19

is ∼10% lower than that of PE-18,18 (see Table SI.1). This
apparent anomaly could be explained by the odd−even effect

Figure 1. Crystallization exotherms (a) and subsequent melting endotherms (b) of long-spaced aliphatic polyesters PE-18,18 (red), PE-19,19
(blue), PE-32,32 (purple), and PE-48,48 (green) collected by DSC at 10 °C/min. Data have been vertically shifted for clarity.
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on thermal properties, which occurs in n-alkanes37,38 and in
many molecules with moieties inserted at a precise equal
length along a polyethylene backbone.7,39,40 When the number
of CH2 groups between consecutive ester groups is even and
the polymer is in an all-trans conformation, the configuration
of consecutive carbonyl oxygens (CO) with respect to the
chain backbone alternates, allowing opposing ester dipole
moments to cancel out and stabilizing the structure. In
contrast, for an odd number of CH2 groups, the configuration
of consecutive carbonyl oxygens in the backbone is maintained,
preserving the local polarization and creating a less stable
crystal structure.7 Therefore, although PE-19,19 does have
slightly higher Tm and Tc than PE-18,18 (as would be expected
in the absence of the odd−even effect), some differences in

crystal packing and crystalline properties, including heat of
fusion, are expected in odd short-spaced polyesters with
respect to even analogues. Clearly, such a known configura-
tional difference explains the odd−even effect observed in
polycarbonates in a recent paper.41 The odd−even effect
diminishes with the increasing length of the CH2 spacer.

7,39

Isothermally Crystallized, Nonisothermally Crystal-
lized, and Rapidly Quenched LSAPEs. Simultaneously
collected SAXS/WAXD measurements were used to inves-
tigate the impact of different rates of quenching and quenching
depths on the crystalline structure of the series of LSAPEs.
Figure 2 shows X-ray patterns collected at room temperature
after three crystallization conditions, isothermal crystallization
at the Tc listed in the legend, cooling at 40 °C/min in the DSC

Figure 2. (a−c) WAXD and (d−f) Lorentz-corrected SAXS patterns for PE-18,18 (red), PE-19,19 (blue), PE-32,32 (purple), and PE-48,48
(green) obtained at room temperature after isothermal crystallization (a, d) at Tc = 90, 90, 102, and 110 °C, respectively, cooling from the melt in
DSC at 40 °C/min (b, e) and after rapid quenching to Tq = 0 °C in ice water (c, f). q, 2q, and 3q in (d−f) indicate the first-, second-, and third-
order long period, respectively, while d indicates the ester layer scattering in PE-48,48 and PE-32,32. Data have been vertically shifted for clarity and
normalized by their total area for ease of comparison.

Figure 3. Level of crystallinity (a) and lamellar thickness (b) as a function of the number of ester groups per 100 CH2 groups for isothermal
crystallization (pink diamonds), nonisothermal crystallization (green triangles), and rapid quenching (black circles). Red squares in (b) are the
distances corresponding to the observed ester layer reflections.
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from the melt to 20 °C, and very fast manual quenching from
the melt into ice water. The WAXD patterns, given in Figure
2a−c, are equivalent to the diffractogram of orthorhombic
polyethylene. The two major reflections correspond to the
(110) plane at q ∼ 1.53 and (200) plane at ∼1.69 Å−1 for all
LSAPEs regardless of crystallization conditions. The ortho-
rhombic packing is expected as this unit cell structure has been
found in other LSAPEs, including PE-22,5 and PE-44,5,10 PE-
22,4,11 PE-15,17 and PE-16.18 After both isothermal and
nonisothermal crystallization, the level of crystallinity obtained
from the WAXD patterns is Xc ∼60−70%, while on very fast
quenching, Xc is reduced by ∼10−20% for all LSAPEs, as
shown in Figure 3a.
Lorentz-corrected SAXS patterns of isothermally crystallized

LSAPEs (Figure 2d) display first- (q), second- (2q), and third-
order (3q) long period scattering, corresponding to highly
correlated lamellae stacks. Values of q, 2q, 3q, and the
corresponding distances are listed in Table SI.2. Other
prominent scattering peaks at q ∼0.131 and ∼0.178 Å−1 in
Figure 2d are the ester layer (d) reflections for PE-48,48 and
PE-32,32, respectively. In other words, the reflection marked as
“d” corresponds to the distance between planes formed by the
intermolecular staggering of ester groups. The positions of
these reflections remain constant irrespective of Tc and
correspond reasonably well with the calculated all-trans
distances between ester groups after accounting for chain
tilts of ∼38° and 30° for PE-48,48 and PE-32,32, respectively.
When the rate of crystallization is increased by cooling at 40
°C/min in DSC from the melt to room temperature, the
crystals develop a lower degree of periodicity, as shown by the
absence of 3q in Figure 2e. The core lamellar thickness lc
estimated from the normalized one-dimensional correlation
function (CF), applied to q, is ∼30−50 Å lower after
nonisothermal crystallization when compared to the isothermal
values, as depicted in Figure 3b. Hence, the increased
undercooling on nonisothermal crystallization leads to thinner
crystals as expected, while Xc remains basically unchanged.
Values of Xc, lc, and the linear crystallinity, ϕ, (level of
crystallinity within the lamellae stack cluster, for example,
within a spherulite, calculated from the CF31,39) are tabulated
in Table SI.3.
Decreasing the crystallization temperature further by rapidly

quenching the polyesters from the melt to 0 °C results in a
deeper loss of correlated lamellae stacking, evident by the
disappearance of the 2q reflections in most of the patterns and
the loss of the d reflection in the SAXS pattern of PE-48,48
(Figure 2f). Although not vanished, the magnitude of the
corresponding second-order reflections and d spacing in PE-
32,32 are greatly reduced as well. Note that the layer
reflections of PE-19,19 and PE-18,18 correspond to q > 0.25
Å−1 and are beyond our SAXS detection limit. Additionally, a
faster rate of quenching results in dramatically reduced Xc, and
lc; the latter being nearly 50% lower than after isothermal
crystallization (see Figure 3b). Despite the significant
depletion of long-range order and periodicity under rapid
quenching to 0 °C, the orthorhombic unit cell is maintained
(Figure 2c).
The correlated crystalline ester layer reflections for PE-19,19

and PE-18,18 can be observed in the lowest q region of the
WAXD patterns, as seen in Figure 2a,b. Unfortunately, the first
layer reflection overlaps at low q with scattering from the
opening of the diffraction plate. A more intense reflection at q
∼ 0.3 Å−1 in the WAXD patterns of PE-19,19 and PE-18,18

compared with the other two polyesters confirms additional
scattering from the first ester layer, as is highlighted in Figure
SI.1. After isothermal crystallization, PE-19,19 and PE-18,18
both display first- (d) and second-order (2d) ester layer
reflections. The 2d reflections are not affected by the plate
opening and, therefore, may be used to calculate the layer
distance in both PE-19,19 and PE-18,18 (Table 1).

Furthermore, the presence of ester layers was confirmed
from synchrotron patterns collected at Argonne National
Laboratory on samples cooled to room temperature, see Figure
SI.2. The 2d reflections are not observed in PE-19,19 and PE-
18,18 on rapid quenching, as shown in Figure SI.1b, a behavior
analogous to that observed for PE-48,48 and PE-32,32 under
the same fast crystallization to 0 °C.
Ester layer distances and calculated tilt angles between the

chain and layer normal are tabulated in Table 1. The calculated
tilt angles, between 25 and 38°, are in line with values found
for other LSAPEs,11 polyethylenes, and n-alkanes,42,43 as well
as precision polyethylenes with halogens.25,26 It has been
proven that the chain tilts with respect to the layer normal to
reduce overcrowding and an anomalous density increase at the
surface of the lamellae.42 Under isothermal crystallization at
low undercooling, the lamellae of the LSAPEs studied
comprise an integer number of ester repeats, with the ester
groups at the basal surfaces and contributing to the chain tilt.
Although for polyethylenes, the chain tilt angle increases

with increasing molecular weight,42,43 the variation of chain tilt
of LSAPEs scales with the length of the methylene spacer
rather than with molecular weight. This trend may result from
conformational disorder around the two CH2 adjacent to the
ester group.25,26 We expect the tendency to deviate from the
all-trans packing of LSAPEs to increase with the number of
layers in the crystal as the ester content in the chain increases,
and thus alleviate some of the need for the chain to tilt to
reduce the excess density at the lamellar surface.
The presence of ester layer reflections after relatively slow

crystallization conditions is expected since layered crystallites
have been found previously in other aliphatic polyest-
ers,10,11,15−20 and furthermore in most precision polyethy-
lenes.22,25,26,39,44−46 However, the reduction in ester layer
periodicity after rapid quenching for PE-32,32, PE-19,19, and
PE-18,18, and especially the complete disappearance of the
layer reflection in PE-48,48 is quite remarkable, since all other
reported fast quenched systems have been found to be layered.
Even the recently studied long-spaced polyacetals that adopt a
disordered, mesomorphic-like structure under fast crystalliza-
tion were found to be layered.39,40,47

Table 1. Ester Layer Distance and Chain Tilt in Long-
Spaced Aliphatic Polyestersa

sample
all-transb repeat

length (Å)
observed layer distance,

d (Å)
tilt anglec

(±1°)

PE-18,18 22.9 20.8 ± 0.2d 25

PE-19,19 24.1 21.8 ± 0.2d 25

PE-32,32 40.6 35.3 ± 0.5e 30

PE-48,48 60.9 48.0 ± 0.6e 38
aSamples crystallized isothermally or cooled at 40 °C/min in DSC.
bCalculated with all-trans C−C distance of 1.27 Å and C−O distance
of 1.17 Å. cEstimated chain tilt with respect to the lamellar normal
assuming an all-trans structure. dSecond-order layer observed in
WAXD (Figure SI.1). eFirst order observed by SAXS (Figure 2).
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The fact that no layer reflection is evident in PE-48,48 on
rapid quenching indicates one of two structural possibilities.
Either the core lamellae thickness, lc, under these crystallization
conditions is less than the all-trans distance between
consecutive esters and the ester groups remain in the
amorphous region or the ester groups reside inside the crystals
but are not layered. As shown in Figure 3b, the lc of all rapidly
quenched LSAPEs are considerably larger than d and larger
than the all-trans ester−ester distances listed in Table 1. For
example, for rapidly quenched PE-48,48, the lc is ∼83 Å,
compared to d = 48.0 Å and to the theoretical ester−ester
distance of 60.9 Å. Such difference is accentuated in the
shorter LSAPEs. Thus, the core crystal accommodates the ester
units, which under these fast crystallization conditions must be
randomly dispersed or unlayered, as illustrated schematically in
Figure 4a. Schematics are also given for noninteger-layered
crystals that develop by cooling from the melt in the DSC
(Figure 4b) and for integer-layered crystallites that form under
isothermal crystallization (Figure 4c).14 Note that the number
of ester groups per crystallite shown in Figure 4 is reflective of
the structure of PE-48,48, but the general features of the
schematics apply as well to the shorter LSAPEs. The ratio (lc/
d) for unlayered crystals or the number of ester layers in the
core-layered crystals is listed in Table SI.3 for each LSAPE.
The possibility of unlayered packing of functional or

pendant groups precisely placed on a polyethylene backbone
was postulated in a 2015 review;21 however, to the best of our
knowledge, the data on PE-48,48 represent the first clear
evidence of the formation of unlayered crystallites on fast
quenching from the melt. Notable is the fact that both layered
and unlayered structures are accessible in PE-48,48 depending
on the rate and depth of quenching.
The impact of the cooling rate on the crystal structure of

semicrystalline polymers has been widely studied in many
systems. In general, when rapid cooling rates are applied, a
lower degree of crystal ordering is expected. Often, different
rates of cooling result in different polymorphic structures, but a
change from a layered to an unlayered crystalline structure
with the increased cooling rate is unprecedented. For instance,
it is well known that highly isotactic polypropylene (iPP)
forms a mesomorphic structure on rapid cooling from the melt
and a monoclinic phase under slower crystallizations.48,49

Similarly, mesomorphic forms were found recently in fast
quenched long-spaced polyacetals.39,47 Other common poly-

mers, such as syndiotactic polystyrene,50 polyamide 66,51 and
polyamide 6,52 also form different polymorphs depending on
the rate of cooling. In contrast, for a series of polyhydrox-
yalkanoates, the lamellar thickness and spherulitic morpholo-
gies were highly dependent on the cooling rate, but the crystal
structure remained unchanged.53

The reduction in Xc and lc on rapid quenching in PE-32,32,
PE-19,19, and PE-18,18 is analogous to the behavior of PE-
48,48. Furthermore, the disappearance of both 2q and 2d in
PE-19,19 and PE-18,18 (Figure SI.1), along with the large
reduction in 2q and d reflections of PE-32,32, indicate that
rapid quenching to 0 °C partially impedes the ability of these
shorter-spaced polyesters to pack into the highly symmetric
layered structures, which occur on slower crystallization. As 2q
is also lost for quenched unlayered PE-48,48, we posit that a
mixture of layered and unlayered crystallites is formed in
polyesters shorter than PE-48,48 under the same rapid
quenching.
The mixed unlayered and layered crystals on rapid

quenching to 0 °C in PE-32,32, PE-19,19, and PE-18,18 are
explained on the basis of a number of crystalline layers found
in the crystals of these polyesters compared to those found in
the PE-48,48 crystallites. As seen in Figure 3b, under fast
quenching to 0 °C, the crystal thickness is 80 ± 5 Å for all
polyesters. Since 80 Å corresponds to ∼4 repeating units of the
two shortest-spaced polyesters, even on rapid quenching of
these LSAPEs, it is likely that in a fraction of the crystals
formed, the esters will end up aligned in layers. Conversely,
ester layering is less likely in the crystals of the longer spaced
PE-48,48 because only 1.7 repeats are found on average in the
chain axis of the crystal (see Table SI.3). It is thus concluded
that two factors play a role in the formation of unlayered
crystalline structures of LSAPEs: the distance between
consecutive functional groups and fast cooling rates analogous
to those used in industrial melt processes.

Dependence of the Crystalline Structure on the
Depth of Quenching. With a focus on rapid quenching, in
this section, we investigate the quenching temperature Tq at
which a layered structure is recovered either by the appearance
of d or 2q with increasing Tq. Figure 5a−c show Lorentz-
corrected SAXS patterns for PE-48,48 (a), PE-32,32 (b), and
PE-18,18 (c) as a function of increasing quenching temper-
atures Tq ranging from 0 to 100 °C. Note that the X-ray
patterns were collected at room temperature for thin films

Figure 4. Schematic diagrams for (a) unlayered crystals formed under rapid quenching to 0 °C, (b) noninteger-layered crystals formed on
quenching inside the DSC, and (c) integer-layered crystal structures of LSAPEs formed under isothermal crystallization. Circles represent ester
groups, where pink and blue indicate −(CO)− and −O−, respectively.
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(∼20 μm) that were melted under two hot plates and very
quickly quenched in a water bath held at the temperatures
indicated.
In Figure 5d−f, the areas of the 2q and d peaks are

quantified relative to their values at Tq = 0 or 20 °C. The red
vertical lines in the figure demarcate the layer reflection. For
PE-48,48, rapid quenching up to Tq ≤ 60 °C results in X-ray
patterns with no 2q or d periodicity, indicating the formation
of the unlayered structure. Concomitant with the formation of
the layered structure at Tq > 60 °C, the areas of the 2q and d
reflections display a sudden increase. As both the 2q and d
reflections become visible at the same Tq, we conclude that the
onset of 2q is indeed correlated with the formation of a more
correlated lamellar-layered crystal structure.
Since for shorter-spaced polyesters, layered and unlayered

crystals coexist even after fast quenching, we focus on the
evolution of 2q with increasing Tq to evaluate the onset of
unlayered crystals for these polyesters. For PE-32,32, 2q starts
to increase at Tq between 50 and 60 °C, as seen in Figure 5e,
and a similar increase is observed for PE-18,18 in Figure 5f,
demarcating the transition from mixed to all layered crystals.
The 2d reflection is not apparent in any of the WAXD patterns
for PE-18,18, regardless of Tq (Figure SI.3). The data in Figure
5 indicate a tendency for the transition temperature from the
unlayered to layered structure to increase from 50 °C to 70 °C
with an increasing methylene spacer. In summary, the trends
with the temperature, as shown in Figure 5d−f, confirm that
polyesters spaced by ≥ 18 methylene groups develop
unlayered crystals under fast quenching to Tq < ∼50 °C and
that >32 CH2 spacing is needed for the formation of a
completely unlayered structure.
The variation of the WAXD level of crystallinity (Xc) and

the crystal thickness (lc) calculated from the q data of Figure 5

shows a small and gradual increase with Tq (Figure SI.4). A
sudden increase of Xc or lc at the transition temperature
between unlayered and layered structures is not observed.

Morphology of Rapidly Quenched LSAPEs. To further
probe the impact of the depth of quenching on the
crystallization of the LSAPEs, we employed polarized optical
microscopy (POM) to contrast the morphology after rapid
quenching at temperatures below and above the unlayered−
layered transition. Figure 6 displays room temperature
micrographs for PE-18,18 (top), PE-32,32 (middle), and PE-
48,48 (bottom) after rapid quenching to Tq = 0 °C (left) and
Tq = 80 °C (right, 70 °C for PE-18,18). Note that for all
polyesters, unlayered crystals are expected on rapid quenching
to Tq = 0 °C, while layered crystals are expected at the higher
Tq (see Figure 5a−c). The same film was used for both
quenching modes.
Regardless of Tq, rapid quenching of the studied polyesters

leads to a highly nucleated, spherulitic morphology, as seen in
all images. The major difference between the two quenching
modes is the brightness of the micrographs. As expected for
crystallization at a higher undercooling, nucleation is much
more profuse for rapid quenching to low Tq than to high Tq.
Hence, smaller spherulites and a lower level of crystallinity
(Figure SI.4) result in a dramatic decrease of birefringence in
the images of LSAPEs quenched to 0 °C. In comparison, the
lower nucleation density of the polyesters quenched to 70 or
80 °C leads to larger, brighter spherulites and a coarser overall
morphology. The birefringence of the LSAPEs quenched at
high temperatures may also be accentuated by the intrinsic
increase in symmetry of the layered crystalline structure.
Therefore, these POM images further support the layered and
unlayered core lamellar morphology, in agreement with the
SAXS data discussed above.

Figure 5. (a−c) Lorentz-corrected SAXS patterns of PE-48,48, PE-32,32, and PE-18,18 collected at room temperature after rapid quenching to the
indicated temperatures. The red vertical lines denote the location of the ester layer scattering for PE-48,48 and PE-32,32. Data have been
normalized by area and shifted vertically for clarity. Red patterns in (a−c) indicate the Tq at which the 2q and/or d scattering is first observed. (d−
f) Area of the 2q peak (black circles) and d (blue diamonds) peak for the patterns shown in (a−c) relative to that at Tq = 0 or 20 °C.
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Melting Behavior of Unlayered and Layered Poly-
esters. To investigate differences in melting between
unlayered and layered structures, all LSAPEs were first rapidly
quenched ex situ at 0 °C, quickly encapsulated, and placed in
the DSC sample cell. The temperature was lowered to −20 or
to −50 °C prior to recording melting. After the first melting,
the samples were subsequently cooled at a nominal rate of 100
°C/min (to ensure the fastest rate possible in classical DSC) to
the same low temperature and melted again to compare the
results. Note that from Figure 2, recrystallization inside the
DSC leads to layered crystals even at the fastest DSC cooling
rate.
Melting endotherms collected after both quenching

conditions are shown in Figure 7. All four polyesters quenched
quickly outside the DSC (solid lines in Figure 7) display a low-
enthalpy endothermic transition over a broad range of
temperatures (from ∼25 to 60 °C), which can be seen in
the zoomed-in perspective of Figure 7b. In contrast, the
melting curves of LSAPEs cooled at 100 °C/min inside the
DSC (dashed lines in Figure 7) do not show any of this low-
temperature transition. The end of the low-temperature
endothermic event is about 60 ± 10 °C, which coincides
with the temperature at which layered crystallites start to
develop on cooling directly from the melt (Figure 5);
therefore, we associate the shallow low-temperature transition

with a transformation on heating from unlayered to layered
crystallites.
Although we cannot rule out that the transformation could

occur via melting recrystallization, it is likely that on fast
quenching, a metastable unlayered structure with a higher free
energy forms. The increased thermal motion on heating allows
sliding along the chain axis until the ester groups stagger into
the thermodynamically more stable layered structure. The
latter is supported by micrographs shown in Figure SI.5, which
demonstrate no visual evidence of melting recrystallization
taking place during heating of rapidly quenched samples at
temperatures below the main melting event. The only
morphological change that occurs on heating is a slight
increase in the birefringence, indicating increased symmetry in
the lamellar structure, in support of a transformation from
unlayered crystals to the layered type upon heating.
The similarity between the thermal behavior of rapidly

quenched PE-48,48 and the shorter-spaced polyesters further
confirms the formation of the unlayered form in PE-32,32, PE-
19,19, and PE-18,18. In all cases, ΔHm after rapid quenching is
∼10−15% lower than the ΔHm observed after cooling at a
nominal rate of 100 °C/min. This result infers that even after
transformation on heating, the level of crystallinity is lower
than for layered crystals formed on quenching in the DSC,
which is consistent with the lower level of crystallinity

Figure 6. Polarized optical micrographs for PE-18,18 (top), PE-32,32 (middle), and PE-48,48 (bottom) prepared by rapid quenching to Tq = 0 °C
(left) or 70 or 80 °C (right) between two glass slides. The same samples and exposure settings were used for quenching at both temperatures. Scale
bars are 50 μm.
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observed via WAXD after manual rapid quenching than after
cooling in the DSC (Figure 3a).
The high-temperature double melting peak observed in

Figure 7 for PE-48,48 after cooling within the DSC (see Figure
1b for a more clear visual) is associated with the melting of
noninteger (lowest melting peak) and integer-layered crystals
(highest melting peak), as discussed in a prior work.14 On
heating after rapid quenching, it is clear in Figure 7 that only
the lowest melting peak is present, indicating that unlayered
PE-48,48 crystals heated to temperatures >60 °C transform
into the noninteger-layered structure. Given that metastable
noninteger PE-48,48 crystals require relatively long isothermal
annealing to thicken to layered crystals of integer thickness,14 it
is not surprising that relatively fast heating at 10 °C/min, as
used in Figure 7, is insufficient to form the most thermally
stable crystallites for PE-48,48. This feature is less evident in

the shorter-spaced polyesters where, upon transformation,
crystals melt at the same temperature of the layered form. The
data of Table SI.3 suggest that as the spacing between esters is
reduced, integer-layered lamellar crystals flanked by ester
groups at the basal surfaces are favored even under mild
quenching from the melt and on transformation of the
unlayered into layered crystals on heating.
It must be emphasized that the fastest cooling rate possible

using classical DSC does not replicate the process of
crystallization on rapid ex situ quenching (Figure 2). In fact,
the crystallization temperature in general changes very little
(≤2 °C) even when the cooling rate is increased from the
standard 10 °C/min to a nominal rate of 40 °C/min or higher
(see Figure SI.6). Thus, the question becomes how fast must
we cool to observe the unlayered phase. To overcome the
limits of classical DSC, fast scanning calorimetry (FSC) was

Figure 7. DSC melting endotherms for PE-48,48 (green), PE-32,32 (purple), PE-19,19 (blue), and PE-18,18 (red) after cooling by DSC at 100
°C/min (dashed lines) and after rapid ex situ quenching into water at 0 °C (20 °C for PE-48,48). (b) is a zoomed-in perspective of (a). Data have
been vertically shifted for clarity, and the black dotted line is added to the PE-48,48 endotherm collected after rapid quenching in (b) to help guide
the eye over a broad, shallow transition.

Figure 8. (a) In situ Lorentz-corrected SAXS patterns collected at the indicated temperatures upon heating an unlayered sample of PE-48,48,
which was fast quenched to 0 °C. The temperature at which the layer peak is clearly demarcated is shown in red, while the location of the ester
layer peak, d, is indicated by the red, vertical line. Data have been shifted vertically for clarity. (b) Quantification of the area of the ester layer peak
as a function of temperature.
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employed in an attempt to answer this question. With FSC,
extremely fast cooling and heating rates are possible due to the
small sample mass used (Figure SI.7). However, even on
cooling at rates of 4000 K/s, the formation of the layered
structure was not bypassed (Figure SI.8). The crystallization
peak was found above the transition temperature. Hence, it is
not possible to replicate the results of ex situ quenching using
FSC. Manually fast quenching a relatively thin sample from the
melt is the most effective route to form the unlayered structure
in the LSAPEs.
Transformation from Unlayered to Layered Structure

on Heating. The transformation from the unlayered to the
layered structure on heating was investigated in the two
longest-spaced polyesters by collecting SAXS patterns during
heating of unlayered samples obtained by rapid quenching
from the melt to 0 °C. Selected Lorentz-corrected SAXS
patterns collected in situ on heating PE-48,48 are shown in
Figure 8 as a function of increasing temperature; similar
patterns for PE-32,32 are given in Figure SI.9. On heating from
9 to 58 °C, no changes are apparent other than a small increase
in the long period of about 10 Å. At 68 °C (red pattern in
Figure 8a), the 2q and d reflections are clearly demarcated,
indicating the inception of the layered form, and hence the
transformation from unlayered to layered crystals, at temper-
atures between 58 and 68 °C, in agreement with DSC and
prior X-ray data on quenched samples. The integrated area of
the d reflection relative to the pattern at 9 °C as a function of
temperature (Figure 8b) confirms that the ester layer structure
evolves at T > 60 °C. The simultaneous appearance of 2q and
d reflections at 60 °C < T < 70 °C is equivalent to the data
obtained for ex situ quenched samples of PE-48,48 (Figure 5a).
The latter reflects the same temperature range for the
formation of layered crystals either by fast cooling from the
melt or by heating the unlayered structure. Furthermore, the
lamellar structural details, such as variation of long period and
crystal thickness as a function of temperature, obtained by the
CF for the ex situ quenched samples and in situ on heating are
also identical (Figure SI.10).

With the discovery that unlayered structures develop in
LSAPEs under fast quenching conditions, the next question to
address is how stable these structures are at temperatures
below their transformation: in other words, whether the
unlayered phase will transform into the layered structure at
temperatures above the initial Tq but below ∼60 °C. To this
aim, unlayered PE-48,48 and PE-18,18 were annealed at 40 °C
for increasing time up to 35 days, and SAXS/WAXD patterns
(Figure SI.11) were obtained at various time points. There is a
relatively fast partial transformation within the first annealing
day but remains basically unchanged with increasing annealing
time. In other words, a significant transformation into the
layered phase is not observed. It is therefore concluded that
while the transformation of the metastable unlayered structure
begins at relatively low temperatures, as shown by the wide
shallow low-temperature endotherms of Figure 7, it is only at
temperatures ∼60 °C approaching the high range of the
endotherm when motion and chain diffusion increase for the
transformation to be fully completed.

Ester Group Interactions in Unlayered and Layered
Crystals. To probe for differences of interactions between
ester groups in unlayered and layered crystals, room temper-
ature FTIR spectra were collected on films of constant
thickness prepared by rapid quenching to 0 or 80 °C (70 °C
for PE-18,18). In Figure 9, the CO stretching (a) and CH2

rocking (b) regions of the spectra are shown for PE-18,18, PE-
32,32, and PE-48,48. From Figure 9a, LSAPEs rapidly
quenched to 0 °C (unlayered crystals, see Figure 5) show a
much broader absorbance band for CO stretching than for
the polyesters quenched to the higher temperature (layered
crystals). This broadening effect indicates that the CO
groups are present in a greater number of chemical
environments after quenching to 0 °C than 70 or 80 °C,
which is consistent with the notion that the ester groups are
present at random locations within crystallites upon rapid
quenching to 0 °C.
To demonstrate that the broadening of the CO stretching

band is not due to differences in the level of crystallinity

Figure 9. Room temperature FTIR spectra collected after rapid quenching to the indicated temperatures for PE-18,18 (red), PE-32,32 (purple),
and PE-48,48 (green) within the regions of CO stretching (a) and CH2 rocking (b). Tq = 0 °C produces unlayered crystals (shown in lighter
colors), Tq = 70 or 80 °C produces layered crystals (shown as dotted lines in darker colors). Data have been normalized by the height of the band
at 1740 cm−1 in the region from 1900 to 1500 cm−1 (a) and by the height of the band at 720 cm−1 in the region 850−600 cm−1 (b). Vertical
shifting is done for clarity.
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between unlayered and layered crystals, we turn to the CH2

rocking band located at wavenumbers between ∼750 and 700
cm−1 as shown in Figure 9b. In the case of crystallinity
differences, we would expect consistent broadening behavior
between the CO stretching and CH2 rocking bands. The
CH2 rocking band displays the well-known Davydov splitting
effect, which is indicative of the splitting field by the two
molecules in the orthorhombic unit cell of polyethylenes and
n-alkanes.54,55 After peak deconvolution (see Figure SI.12 for a
representative example and Table SI.4 for quantitative band
width data), the CH2 rocking bands at 730 and 720 cm−1,
shown in Figure 9b, both have nearly constant width for each
LSAPE regardless of Tq. Furthermore, there are no observable
changes with Tq in the wavenumber of any of the CH2 rocking
progression modes in the range of frequencies of 720−950
cm−1, assigned using the method developed by Snyder.55,56

Therefore, differences in the level of crystallinity between
unlayered and layered crystals are not the cause of broadening
in the CO stretching band; rather, the observed broadening
must be due to differences in the strength and number of
interchain ester group interactions. The fact that all LSAPEs
show equivalent broadening behavior of the CO band
provides further evidence that rapid quenching induces the
formation of unlayered crystals in PE-48,48 and in the shorter-
spaced polyesters.
Herein, we have demonstrated that LSAPEs have the ability

to pack in layered or unlayered crystalline lamellae, where the
ester groups, placed at equal distances along the polyethylene
backbone, are either in layers or are randomly arranged inside
the crystallites. The formation of layered or unlayered lamellae
is controlled by the rate and depth of quenching. LSAPEs must
in general be fast quenched to temperatures below ∼50−70 °C
(depending on the CH2 spacer length) to develop unlayered
structures, while on slower crystallizations, layered crystallites
are formed. It is known already that the ester groups of
LSAPEs act as defects to the crystalline structure and that
interactions between the ester groups of adjacent chains reduce
the enthalpic penalty associated with the incorporation of the
ester groups into the crystalline lamellae.7 For instance, layered
PE-26,26 has a melting temperature of 114 °C,12 while the
random polyester with an equivalent ester content melts at 107
°C.57 In unlayered crystals, ester−ester interactions are
limited/absent; thus, the structure is less thermally stable
than the layered one. The rapid quenching required to form
unlayered crystals in LSAPEs, which also inherently reduces lc,
contributes to the observed low transition temperature of
unlayered to layered crystals.
In addition to changes in thermal properties, the distribution

of the ester groups in LSAPE crystals is expected to impact the
mechanical properties of unlayered materials compared to the
layered counterparts. For instance, in a set of PCL and PPDL
random copolymers, the irregular ester stacking that occurs
with increasing content of PCL increases the mobility of the
crystalline phase, which in turn lowers the yield stress of the
associated copolymer.58 Furthermore, lower crystallinity
usually leads to higher percent elongation. Although
mechanical testing is not yet available for the LSAPEs studied
here, we expect similar trends when contrasting the properties
of unlayered and layered polyesters. Changes in mechanical
properties between the unlayered and layered structures may
also be accompanied by changes in degradability and/or
recyclability of these LSAPEs.

Based on the results presented here, the question becomes
how general the development of unlayered crystallites is for the
large variety of precision polyethylenes that have been
synthesized; and further, if the formation of unlayered
structures is directly correlated with the length of the CH2

sequence between each precisely placed moiety, as it seems to
be for the LSAPEs studied here. A review of available literature
data is inconclusive on this matter for a number of reasons.
First, data reported for newly synthesized precision poly-
ethylenes often do not report any crystal structure analysis.59,60

Even when some structural information is reported, for
example, an X-ray pattern, the range of scattering angles
shown is often insufficient to indicate whether the crystals are
layered. This has been the case for many recently studied
polyesters.20,61,62 While general X-ray patterns are usually
described, longer-range structural details are most often not
considered. Furthermore, the crystalline structure is rarely
reported for different quenching or different crystallization
conditions as those covered in this work.
Despite the abundance of LSAPEs synthesized,7 there exist

very few studies of their crystallization behavior. For instance,
LSAPEs PE-25,2532 and PE-30,3063 have been synthesized, but
efforts to discern their crystalline structure have not yet been
undertaken. Similarly, crystallization studies of PE-26,26 thus
far include only a single WAXD pattern.20 Asymmetric
LSAPEs including PE-38,23 and PE-44,2312 along with PE-
38,26 and PE-44,2664 have also been synthesized, but their
crystalline properties are yet unknown. We have presented
here what is, to the best of our knowledge, the first detailed
study of the crystalline morphologies of LSAPEs as a function
of both the CH2 spacer length and crystallization conditions.
We demonstrate that uncommon unlayered structures are
enabled under very fast quenching from the melt. Such
structures are of interest with regard to the processing of these
polymers.9

■ CONCLUSIONS

Under rapid quenching conditions, long-spaced aliphatic
polyesters with methylene sequence lengths ranging from 18
to 48 between consecutive ester groups form a crystalline
lamellar structure of relatively low symmetry. For slower
crystallization conditions, i.e., nonisothermal or isothermal
crystallization, the crystal structure is much more symmetric,
leading to second, or even third, order long period scattering
peaks. The expected orthorhombic, polyethylene-like unit cell
is maintained regardless of crystallization conditions.
In PE-48,48, SAXS results clearly demonstrate the vanishing

of the ester−ester layer peak on rapid quenching, indicating
that the lower symmetry crystal structure contains ester groups
that are unlayered. Though less clear in PE-32,32 and PE-
18,18, structural, thermal, and morphological behavior, which
are similar to PE-48,48, demonstrates that the lower symmetry
structure of these shorter-spaced aliphatic polyesters contains a
fraction of crystallites that are unlayered and a fraction of
crystallites that are layered. Layered and unlayered structures
are characterized by large differences in melting and
reorganization on heating. The crystal thickness and the level
of crystallinity are also reduced on rapid quenching by ∼50
and 20%, respectively.
On heating of the unlayered phase, transformation into the

more symmetric, layered structure is evident both through
DSC by a shallow, broad endothermic transition and through
in situ SAXS by the appearance of the layer and second-order
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long period peaks at temperatures ∼60 °C. Only small changes
to the crystal structure occur on annealing at 40 °C for over 1
month, indicating a relative stability of the unlayered phase at
this temperature.
The unquestionable formation of metastable unlayered

crystallites by fast quenching is relevant since industrial
processes utilize very fast solidification from the melt. It has
already been demonstrated that the tensile properties of
LSAPEs match those of commercial polyethylenes while
having the advantage of being chemically recyclable at >95%
yield.9 For this reason, and since their monomers are
biosourced, LSAPEs have obvious advantages over commercial
polyethylenes for single-use disposable products. The trans-
formation of the rapidly formed unlayered structure into the
more stable layered form upon annealing at a relatively low
temperature (∼60 °C) is an additional processing feature to
consider in establishing critical structure−property relations of
these polyethylene-like materials. When available, similar
studies in other linear polymers with regularly spaced moieties
will allow for the expansion of our understanding of the role
that a very low concentration of in-chain functional groups
plays on crystalline morphologies that develop in these systems
at high undercooling.
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