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This paper contains new views about the amorphous and partially ordered phases of the three polymers
listed in the title. The discussion is based on information on structure, thermodynamic stability, and
large-amplitude molecular motion. Polyethylene is the basic backbone of all alkene polymers, and the
other two are the first members of the vinyl polymers which have stereospecifically placed alkyl side
chains. Their multiphase structures consist of metastable crystals, mesophases, and surrounding rigid
and mobile amorphous fractions. All these phases have sizes ranging from micrometer dimensions down
to nanometers. Besides the phase structures, information about the molecular coupling between the
phases must be considered. Depending on temperature, the polymer phases can vary from solid (rigid) to
liquid (mobile). New knowledge is also gained by cross-comparison of the title polymers. The experi-
mental information was gained from (a) various forms of slow, fast, and temperature-modulated thermal
analysis to identify equilibrium and non-equilibrium states, (b) measurement of structure and
morphology at various length scales, and (c) tracing of the large-amplitude molecular motion, the
kinetics of order/disorder changes, and the liquid/solid transitions (glass transitions). It is shown that
much more needs to be known about the various phases and their coupling to characterize a given
polymer and to fine-tune its properties for a given application.
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1. Introduction
1.1. The multiphase structure

semi-crystalline polymers have a metastable, multiphase
structure with superstructures of dimensions from macroscopic
(above 1 pm) to nanometers. The common morphologies vary in
character from lamellar (as single lamellae, hedrites, spherulites, or
dendrites) to fibrillar or nodular, detected by optical, electron, or
atomic force microscopy. The crystals are in most cases much
smaller than the molecules are long. This forces the molecules
either to fold (chain-folding principle [1, Sect. 3.2.2.1]), or to assume
a fringed micellar macroconformation which couples multiple
phases [1, Fig. IIL5].

To understand such complicated systems, it is of importance to
know the crystal structures and the molecular motion. The crystal
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structure is usually derived from diffraction experiments. To
directly assess molecular motion, one can use infrared spectroscopy
(IR), Raman spectroscopy, or solid state nuclear-magnetic reso-
nance (NMR). With macroscopic calorimetry one can judge thermal
motion by interpretation of the heat capacity, C, = (0H/0T)p,n, which
represents the change in enthalpy, H, with temperature, T, at
constant pressure, p, and composition, n [2]. Critically reviewed
experimental values of C, are collected in the ATHAS Data Bank [3].
From calorimetry, one can also assess the degree of order via the
latent heat, L, by evaluation of entropy changes, AS, during equi-
librium transitions. A full thermodynamic description must
consider the global, usually non-equilibrium nature of the sample
and separate contributions from the local subsystems or phases.
Errors due to changes during measurement at time scales similar to
those innate to the unstable components must be avoided [2].
The crystals are surrounded by amorphous phases which can be
characterized by their glass transition. Above the glass transition
temperature, Tg, the amorphous material is considered to be mobile
(mobile amorphous phase, MAF). The glass transition is usually
broadened to higher temperature from that of the entirely amor-
phous phase, the bulk-amorphous phase. Amorphous domains
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bordering the crystals may remain solid up to a separate, higher T
and are called a rigid-amorphous fractions, RAF, [2]. Earlier, the RAF
was called an ‘amorphous crystal-defect’ because of its close
coupling to the crystal [1, vol. 1]. Above its Ty, C;, of the RAF is similar
to that of the liquid MAF as it is extrapolated from the melt data.

1.2. The different molecular motions

The relaxed, amorphous liquid of flexible, linear macromole-
cules (also designated as melt) can be considered to be in ther-
modynamic equilibrium. On lowering of the temperature, the
glassy, solid state is approached due to slowing of the cooperative,
large-amplitude motion. Depending on the molecular structure,
this large-amplitude motion can consist of intramolecular confor-
mational motion and for small molecules also of rotation and
translation of the whole molecule. Relative to the liquid, the glass
represents a metastable state with practically all of its heat capacity
generated by vibrations (small-amplitude motions). The amor-
phous structure and enthalpy of liquid and glass are identical when
extrapolated to their Tg, resulting in zero entropy change, AS, and
a non-zero change in heat capacity, AG,.

The small-amplitude thermal motion in the glassy and crystal-
line solid states can be separated into group vibrations and skeletal
vibrations, as is indicated in Fig. 1 for PE crystals. The group
vibrations are usually of high frequency (10—100 THz), and for
the same chemical structure, they are largely independent of the
degree of disorder, i.e., are similar in glasses and crystals. The
skeletal vibrations, in turn, reach from the acoustical frequencies to
about 10 THz. The contributions of the large-amplitude motion and
the skeletal and group vibrations to C, are known for many poly-
mers from thermal analysis, while the contributions from the group
vibrations can also be calculated from their infrared and Raman
spectra [4].

1.3. The different phases

For molecules of a sufficiently regular chemical structure,
lowering of the temperature of a liquid may introduce different
degrees of order by crystallization [1] or mesophase formation [5].
Any phase with sufficient cooperative, large-amplitude mobility
will undergo a glass transition on cooling [6]. Comparing different
phases of the same chemical composition at a given T, the most
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Fig. 1. Approximate vibrational spectrum of crystalline PE which reproduces the C,
from 0K to the beginning of large-amplitude motion. Glassy PE shows the same
spectrum except for a change of @3 to 80 K (® = hv/k where h and k are the Planck and
Boltzmann constant, respectively). The theta temperatures ®; and ®; designate
the limiting three-dimensional and one-dimensional Debye temperatures,
respectively [2,4].

stable phase has the lowest free enthalpy, G (Gibbs energy,
G=H-T1S).

To assess the energetics of phases of linear, flexible macromol-
ecules, one first establishes the intramolecular bond energies
between the atoms. A second, lesser contribution comes from the
conformational energy due to internal rotation and its corre-
sponding intramolecular steric hindrance. This is followed by the
packing of the molecules of given conformation by considering
intermolecular van der Waals interactions, and for more polar
molecules, other weak bonding, such as dipole interaction and
hydrogen bonding [1, Sect. 2.3]. The fourth contribution comes
from the vibrational spectrum, as given for PE in Fig. 1. To the
vibrational contributions those from large-amplitude molecular
motion are to be added.

Fig. 2 presents a schematic of the ten possible phase types [1,5,6]
as distinguished by their glass and disordering transitions. This
scheme developed over the years, as documented by the publica-
tions [1,5,6]. The glass transitions, marked on the left side of the
figure, link mobile and solid condensed phases of the same struc-
ture. The glass transitions are time-dependent and occur over
a temperature range centered at T, the temperature of half-
completion of the ACp.

The disordering transitions on the right, in contrast, may be
sharp and reversible. The schematic also lists the connections to the
possible transition entropies on disordering. The overall entropy
increase on fusion, AS(fusion), refers to the equilibrium transitions
from crystal to melt (liquid). The three mesophase crystals are
increasingly disordered when going from top to bottom. Plastic and
liquid crystals are not connected by disordering transitions because
of their incompatible structure requirements (mesogen shapes) [5,
Sect. 2]. The five upper phases are solid phases, with even some
crystals, such as poly(oxyethylene) and aliphatic nylons, being solid
only below the T of their crystals occurring separate from the
melting temperature, Ty, [6].

The flexible, linear macromolecules can be characterized by four
overall shapes or macroconformations [1, Fig. II.5]: The ‘folded-
chain’ and the ‘fringed micellar’ macroconformations are usually
metastable. All spontaneous ordering from the third macro-
conformation, the ‘random coil,’ found in the liquids, yields more
stable states, but rarely equilibrium. The ‘extended-chain’ macro-
conformation is found in equilibrium crystals. It may develop on
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Fig. 2. A schematic of the 10 types of phases and their typical transitions. Also marked
on the left are the mechanical appearances and heat capacity changes, AG,, at Ty. On
the right the approximate increases in entropy, AS, are listed on disordering as caused
by the various large-amplitude motions. The ‘bead’ corresponds to the molecule or part
of the molecule undergoing large-amplitude motion. The progression of the phases
from top to bottom commonly involves an increase in T.
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annealing of mesophases with sufficient chain mobility or by direct
crystallization from the monomer to the polymer crystal (crystal-
lization during polymerization) [7].

Since in semi-crystalline samples the macromolecules may
bridge several phases, they are coupled across their phase bound-
aries. This coupling may influence the phase transitions [8], and
ultimately may create additional phases, such as the RAF, which
was first described in [9].

14. The different polymers

The industrially most important linear polymer is polyethylene
(PE) with a monomer-based repeating unit of CH,—CH,—. In addi-
tion to molar mass, polydispersity, and thermal as well as
mechanical history, the properties of PE and other polymers, are
influenced by the chemical microstructure. The common types of
PE with different microstructure are:

1. Polymethylene (PM), also the structure-based name of PE. It
has a strictly linear structure (LPE), (CHy—)x. It was first made
by decomposition of diazomethane [10] and named long before
flexible macromolecules were recognized as a special class of
molecules.

2—5. Low-density PE (LDPE), was the first industrial PE. It was
developed in the 1930s [11], synthesized from ethylene,
CH,=CH,, at high pressure via free-radical processes. It
contains many statistically placed paraffinic branches of four
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and five carbon atoms, in addition to some long branches.
Both of these structure defects reduce the maximum crys-
tallinity that can be reached by cooling a melt of LDPE. Later,
other low-density variations of PE were introduced and
characterized as: Linear-low-, Very-low-, or Ultra-low-
density PE (LLDPE, VLDPE, and ULDPE, respectively).

. High-density polyethylene (HDPE) is predominantly linear. It
was developed by the 1950s, using syntheses at low-pressure
[12,13]. Industrially, HDPE contains a small number of
branches, deliberately introduced by copolymerization or
from intrinsic side-reactions of the synthesis. A distinct
variety of such linear polyethylene, Ultra-high Molar Mass PE
(UHMMPE) has been developed predominantly as material
for high-strength PE fibers.

The thermal properties of most of the different PEs are
summarized in [14]. The shape of lowest energy of a PE molecule is
a planar zigzag with all C—C-bonds in a trans-conformation, shown
as the left entry in Fig. 3 for a 12 repeating unit sequence. Metal-
locene, single-site catalysts were discovered in 1976 [15]. They
allow not only tailor-making polyethylenes (mPE), but are used
mainly to synthesize copolymers of fixed microstructure within
and between molecules.

Propylene, CH,=CH(CH3), is the second in the series of alkenes.
Its methyl group characterizes the double-bond of the monomer as
a vinyl group. The repeating unit of polypropylene (PP), thus, is
CH,—CH(CH3)—. Using free-radical polymerization, as for the
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Fig. 3. The four helix types of PE, iPP, and iPB. The planar zigzag is illustrated for PE. It is found in all its polymorphs. The polymorphs of iPP show the same helix type as the
illustrated crystal form I of iPB. To appreciate the decrease in the overall length of the helices, every segment is drawn for 12 molecular repeating units. The crystal c-axis lengths of
the planar zigzag corresponds to the orthorhombic PE, the monoclinic iPP has the same c-axis length as iPB (see also Fig. 11, below).
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synthesis of LDPE, however, yields an atactic polymer (aPP). In aPP
the methyl groups are randomly placed above or below the planar
zigzag shown for PE in Fig. 3. Such aPP cannot crystallize and
remains rubbery down to its T. In isotactic polypropylene (iPP), to
be discussed in this paper, all methyl groups are placed on the same
side of the planar zigzag of Fig. 3.

Industrially useful, highly isotactic PP could only be produced
after the iPP synthesis was discovered in the 1950s using Zie-
gler—Natta catalysts [16]. The invention of the synthesis of iPP [17]
was, however, made in a number of different laboratories within
a very short time period, so that it took some 30 years and many
law suits until a legal resolution of the patent was established in
1983 [18,19]. By this time, iPP was already one of the most produced
plastics.

Isotactic poly(1-butene) (iPB), finally, has the repeating unit
CH,—CH(CyHs5)—. It has =50% of all its matter located in the short
side chains and is a thermoplastic vinyl polymer with outstanding
mechanical properties and resistance to many solvents. Despite
the excellent properties, the applications of iPB are limited due to
its more complex polymorphism when compared to PE and iPP.
The iPB can develop five crystal modifications with a variety of
helix conformations when subjected to different thermal and
mechanical histories [20—23]. The three most important modifi-
cations are displayed in Fig. 3 as crystal forms I-IIl, drawn after
Ref. [22].

The intramolecular steric hindrance between the methyl groups
of iPP and ethyl groups of iPB forces the backbone into the helical
structures shown in Fig. 3. The helices of the crystal form I of iPB
may be right-handed or left-handed with regular gauche-trans
sequences of the C—C-backbone. Tracing the iPB helices in Fig. 3
from the bottom to the top, one finds that the rotations are coun-
terclockwise, making the helices left-handed. In addition, the ethyl
groups are not normal to the axis of the helix, but inclined. In Fig. 3,
they all point ‘up’. A helix may, thus, be placed in four ways onto
a crystal surface, as a left-handed or right-handed helix, and one of
two inclinations of the methyl groups, all ‘up’ or all ‘down’ [1,
Fig. 11.28].

In Fig. 3 all molecules are drawn as sequences of 12 repeating
units in order to compare the shortening of the different helixes.
The iPP conformation is identical to that found in form I of iPB, but
with methyl groups instead of the ethyl groups. All three polymers
are of ‘class 2’, i.e., they have repeating units of two backbone
atoms. (But note, if considering PE as PM, it is of ‘class 1’ with
a repeating unit of CHy—.) The class 2 helix of iPP with its two
backbone atoms completes after every third monomer one turn of
the helix. Following this description, the helix point-net notation
designates it as 2*3/1. The 2*3/1 helix is the basic, low-energy
conformation in all polymorphs of iPP, but the helix symmetry is
not part of the symmetry of the crystals.

This just defined helix point-net notation is different from the
screw axis notation of crystal symmetry and is preferred to
describe helical molecules. The crystal screw axis does not neces-
sarily generate consecutive repeating units of the helices on the
crystal lattice. A right-handed 2*3/1 helix can be described by a 34
crystallographic screw axis, but a left-handed 2*3/1 helix, as drawn
in Fig. 3, is not equivalent to a 3; crystallographic screw axis since
only right-handed rotations are used in the description of crystal
symmetries. A 3; screw axis (producing 1/3 of a right-handed turn
and a 2c¢/3 translation) yields the proper symmetry, but repeats
itself only after two unit cell lengths, i.e., it does not follow the
structure of the molecule, rather, it needs an added c-translation to
fill-in the parts of the molecule missed by the 2c/3 translation.
Together, the right-handed 1/3 turn, 2c¢/3 translation forward,
followed by a c-translation backwards, produces the left-handed
2*3/1 helix.

Continuing the isotactic alkene polymer series, it becomes
increasingly difficult to combine a backbone with a linear paraffinic
side chain to a perfect crystal. Ultimately, the crystals assume the
character of paraffins of double the length of the side group
accommodating the backbone in the middle. In line with these
changes in crystal structure, the Ty, of the isotactic alkene polymers
decreases from a high for iPP (461 K) to reach a minimum of about
300K in the range from poly(1-hexene) to poly(1-nonene) [1,
Tables VIIL.4 and X.10]. This low Ty, is close to that of octadecane
(C18Hsg) of 297 K. Thereafter, T, increases again and reaches 365 K
for poly(1-docosene), to be compared to 360K for tetrate-
tracontane (C44Hgp). Finally, it should reach the Ty, of PE of 414.6 K.

The alkene polymers with low Tys are difficult to crystallize
[1,24] because of their two opposing structure elements. As the side
chain becomes longer, the backbone chain is increasingly decou-
pled from the main crystal elements and acts as a defect, negating
also the need of stereospecificity for crystallization. These polymers
with long paraffin side chains can also use different backbone
chains for similar crystal structures. An example of a study of the
latter is that of poly(octadecyl acrylate) (PODA) with a repeating
unit of CH,—CH(COO{—CH,}17—CH3)—. Its paraffinic side chains
contain = 80% of the molecular mass. As expected, PODA has a T, of
~320K [25], not far from that of octadecane, and it has lost the
double layer nature of the isotactic polyalkenes with shorter side-
chain lengths [1, Sect. 10.3.4]. Similar decoupling is possible for
precisely synthesized long-chain methylene sequences which are
regularly interrupted by different structure elements. For example,
PE with side groups placed at every 21st methylene of the backbone
by attaching methyl, ethyl, or two methyl groups were studied in
detail (PE1M, T, = 338K; PEIE T, = 309K; and PE2M
Tm = 320K, respectively) [25]. It is interesting to note that despite
the paraffin-like Ti,s, the crystal morphology of these molecules
remains that of a macromolecule with lamellar, chain-folded
crystals of similar fold lengths as found for PE. The decoupled non-
fitting groups are located on defect planes within the overall crystal
[25,26].

In this paper, the three title polymers are to be compared and
discussed within the framework of their molecular motion and
thermodynamics as it fits into the schematic of the phase types and
properties displayed in Fig. 2 and the molecular conformations
summarized in Fig. 3. As expected, all mesophases to be discussed
are conformationally disordered (condis crystals or CD glasses) [5].
The main types of phases of Fig. 2 used in the comparison of the
title polymers are liquids, condis crystals, crystals, CD glasses, and
glasses. The CD glasses (condis crystals cooled below their Tg), as
well as the various forms of amorphous glasses have frozen chain
conformations and are not able to change their order below Tg.
Since these glass transitions are frequently rather broad, it is
important to know their full temperature range. For example, low
temperature crystallization of PE can occur below Tg, but still within
its glass transition range which reaches to lower temperatures than
the value defined in Sect 1.3 as Tg, as will be described in Sect. 2.5,
below. The needed data of C, of the liquid and solid phases for all
three polymers can be found in [27] and the ATHAS Data Bank [3].

2. The phases of polyethylene (PE)
2.1. Polymorphism and molecular mobility of PE crystals

The low-energy, planar zigzag chains of PE as given in Fig. 3 can
be considered to be a degenerate helix of type 2*1/1, i.e., it is
generated by a turn of 360° per (CH,—),. For the identical PM
molecule, the planar zigzag can be considered a 1*2/1 helix with
a turn of 180° per CH,—. One finds two possible close-packed
crystal structures for PE [28]. In one, the planes of the zigzag chains
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are parallel with triclinic or monoclinic symmetry, the other is
orthorhombic with two chains per unit cell with the planes rotated
=90° [1, Figs. 1.34—36]. In both structures, every PE chain has
a coordination number of six for nearest neighbor chains [1, Sect.
2.3.6].

Orthorhombic crystals are found on crystallization of PE by
cooling from the quiescent melt or solution. This is also the crystal
structure for the longer straight-chain paraffins. First detailed X-ray
experiments for PE were made by Bunn [29]. He assigned the unit
cell to the (non-standard) setting Pnam which places the chain
direction parallel to the crystallographic c-axis. (The standard
setting would be Pnma [1, Sect. 2.2.4]). The twofold screw axis, 21,
two centers of symmetry, i (at the centers of the C—C-bonds), and
the mirror plane, m, through the methylene groups of the molecule
are also part of the crystal symmetry.

The second polymorph was identified in drawn PE by Turner-
Jones [30] as being closely related to the triclinic crystal structures
of the n paraffins shorter than docosane. In contrast to the paraffins,
polyethylene, however, retains a mirror plane (m) parallel to the
chain direction, doubling the unit cell to two chains and increasing
the crystal symmetry to monoclinic, C2/m [1,31] which places the
chain direction along the crystallographic b-axis.

The complete vibrational spectrum of orthorhombic PE was
assembled from the analysis of the low temperature C, for the
approximation of the skeletal vibrations [27,32], while the group
vibrations were gained from normal mode calculations based on IR
and Raman spectroscopy [33]. Fig. 1 shows the vibrational spec-
trum which agrees up to room temperature with the ¢, measured
for equilibrium crystals of PE [34]. For the monoclinic polymorph,
one expects only an insignificant decrease in ®3 from the value
listed in Fig. 1.

2.2. The condis crystals of PE and paraffins

The crystal structure of the mesophase of PE was discovered by
Bassett [35] as a high pressure phase with hexagonal packing of the
chains. Before this discovery, it was already shown that crystalli-
zation under elevated pressure [36,37] must lead to higher chain
mobility in the crystals to yield extended-chain crystals from the
initially-grown, chain-folded macroconformation which is required
by the chain-folding principle, mentioned in Sect. 1.1.

Fig. 4 illustrates the drastic change of the crystal structure with
temperature at elevated pressure [38]. In the schematic of Fig. 2, the
mesophase of PE is a condis crystal [5]. The disordering transition to
the condis phase is characterized by a AS of more than half of the
entropy of fusion of the orthorhombic crystal [39, Sect 4.1]. This
high entropy resolves the puzzle that higher pressure can favor
a mesophase structure for the PE chain. The higher temperature
allows to populate mobile conformational defects. In the time it
takes to determine the X-ray structure, the defect chains are aver-
aged to symmetric cylinders which are interpenetrated at any
instant by the neighboring chains. This actual motion in a condis
crystal could be simulated by molecular dynamics calculations [40].
The averaging allows the chains to occupy a position of hexagonal
symmetry in the crystal despite their lower molecular symmetry.
The volume-increase on going to the condis phase is less than
expected by rotation of the zigzag plane as a whole, and its entropy
gain is considerably higher since each rotating segment gains the
entropy of a ‘bead’, as listed in Fig. 2. Fig. 5 represents the phase
diagram of PE, as discussed in [1, Sect 8.5.2]. The increasing range of
stability of the condis phase with temperature and pressure is
linked to the smaller increase in disorder on isotropization than on
the initial disordering from the crystal [39, Sect. 4.1].

A condis phase for n paraffins with 9—44 chain atoms with chain
disorder and hexagonal symmetry is also observed, but at
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to permit a direct comparison with the orthorhombic a-spacing.

atmospheric pressure. This mesophase was first described as
a ‘rotor phase’, implying the rotation of the whole planar zigzag
[41]. Its entropy of disordering from the crystal, however, is bigger
than for typical solid—solid transitions and smaller than the
orthorhombic to condis phase transition of PE. Still, it is larger than
can be estimated from Fig. 2 for the orientational disordering of the
whole molecule. From docosane to hexatriacontane, AS. per mole
of rotatable CyHs— is practically constant at 6.8]JK~!, while
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Fig. 5. Phase diagram of polyethylene as discussed in [39, Sect. 4.1] The condis-melt
boundary has a shallower slope due to its lower entropy of disordering than measured
for the orthorhombic-condis crystal transition.
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according to Fig. 2, as a molecular rotator, AS, for the whole
molecule should decrease from about 4.0 to 2.0JK~! (mol of
CyH,4) 7! [42]. Also, the activation energy for rotation of the whole
chain would be rather high since the volume-increase is insufficient
for a free rotation. Because the entropy of isotropization of the
condis phase of the paraffins is larger than the disordering on going
from crystal to condis crystal, in contrast to PE, the phase area of
stable condis phases of paraffins decreases with increasing pres-
sure. Below molar mass of 6500 Da no condis crystals were
observed for PE at high pressure [43].

From the thermodynamic data, it was concluded that the mes-
ophases of PE and n paraffins are not liquid crystals. Estimates for
AS,, of liquid crystals, as given in Fig. 2, would require a much
lower isotropization entropy than is found for the typical condis
crystal [5,39].

In the condis phase, the process of chain extension is acceler-
ated. Although not all condis crystals known for different flexible
macromolecules anneal to extended-chain crystals, all known
extended-chain crystals have seen an intermediate condis phase
when grown from the random coil of the melt or solution. A direct
path to equilibrium crystals has been found by crystallization
during polymerization [7]. This direct path involves polymerization
of the monomers to the polymer crystals, bypassing the random
coil macroconformation. A larger number of such reactions ranging
from organic to biological to inorganic chemistry are known,
including the polymerization of selenium, cellulose, and meta-
phosphates [1, Sect. 6.4].

2.3. Conformational motion in PE

The analysis of the measured and extrapolated C,, of crystalline
and amorphous PE yields the three integral thermodynamic func-
tions H, G, and TS, as illustrated in Fig. 6 [2—4,27]. On cooling
through the glass transition, the mobile phases freeze to meta-
stable, solid states and the functions G and S retain little meaning
since they apply to equilibrium only.

When comparing G, fitted to the vibrational spectrum of Fig.1 to
the measured and extrapolated Cps, it was noted that the latter
deviates gradually to higher values with temperature, starting
already at 120K for the PE glass, displayed in the left graph of
Fig. 7A [44]. Making use of the observation of NMR line-broadening
and the known energetics of the trans-gauche conformations on
changing from torsional vibrations to large-amplitude, conforma-
tional motion, this deviation could be quantitatively matched to the
shaded area in Fig. 7A. The rapid, isolated conformational motion
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Fig. 6. Integral thermodynamic functions H, S, and G of crystalline (c), liquid-amor-
phous (a), and glassy (g) polyethylene [1]. Also shown are the glass and melting
transition temperatures, Ty (237 K) and T,° (414.6 K).
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Fig. 7. Comparison of the contribution to C, of the large-amplitude motion in glassy
polyethylene (A) and crystalline polyethylene (B), marked by the shaded areas. The
‘total G’ refers to the vibrational heat capacity with ®3 =80K for the glassy PE and
03 =158 K for the crystalline PE (see Fig. 1).

changes above 200 K to the cooperative motion of the glass tran-
sition, centered at 237 K and completed at =250 K. At the time of
this investigation, many qualitative estimates of the glass transition
had appeared in the literature, placing the glass transition of PE
erroneously in the temperature region from 140 to 200 K, i.e., in the
region of isolated, large-amplitude motion. The error of such
interpretations was addressed in [45], but has still not been fully
removed from present-day’s literature. The change from isolated
gauche-trans defects to the cooperative motion defines the glass
transition. It is caused by the decrease of activation energy for the
simultaneous motion of neighboring conformations when
compared to their separate motions, as detailed for the example of
paraffins in [39, Sect. 2.2].

The same isolated, large-amplitude motion is observed in other
mesophases of small and large molecules. Such mesophases
frequently have heat capacities close to or even above that of the
liquid state, signifying a continuous change of order starting below
the transition temperature [39]. Even crystalline PE has an
increasing number of mobile gauche conformations above room
temperature (equilibrium defects), as shown in Fig. 7B. The same
observation of a gradual Cp-increase beyond the vibrational C, was
also made on paraffin crystals [46] and could be linked to detection
of the gauche conformations by IR analysis [47] and also to dynamic
mechanical simulation of the crystals [40]. In PE and paraffins this
motion does not reach the cooperativity of a glass transition below
Tm, but for the higher-melting aliphatic nylons, a glass transition in
the paraffinic regions of the crystals is possible [48]. Furthermore,
glass transitions in equilibrium crystals were seen in poly(oxy-
ethylene) crystals [49]. Such separate T; below Ty, is marked in
Fig. 2 as a possible transition within the box of the crystal phase. It
now links the four solid glasses at the top of the diagram to their
four condensed mobile phases at the bottom with crystals in the
center, eliminating structural order as the sole element deter-
mining solidity [50].

2.4. The oriented noncrystalline phase of PE

The coupling of the crystals to the surrounding amorphous
phases in semi-crystalline polymers broadens the glass transition
of the amorphous phase to higher temperature. For PE, however,
one cannot observe a completed, separate RAF glass transition [51].
A surface layer of limited mobility between the crystal lamellae and
the amorphous PE was identified with element-specific trans-
mission electron microscopy. This layer is attached to the crystals
and accepts a lesser amount of a RuOy4 stain. It was estimated to
amount to 20—30% of the total mass [52]. Similarly, with solid state
13C NMR, =20% of an amorphous interphase of 3.6 nm domain size



R. Androsch et al. / Polymer 51 (2010) 4639—4662 4645

with limited backbone mobility was identified in HDPE [53]. Later,
a semi-rigid interphase was found to surround the orthorhombic
crystals in mPE copolymerized with 12.5 mol-% of 1-octene in
which the copolymer units are fully rejected from the crystals [54].
Finally, in gel-spun fibers of UHMMPE, the interphase of limited
mobility was shown to retain some orientation from the mechan-
ical deformation. These highly-drawn fibers consist mainly of
orthorhombic crystals and the oriented, noncrystalline phase
(mesophase?) which is kept metastable by being coupled to the
crystals. In addition, there are small amounts of monoclinic,
hexagonal, and MAF. The latter three phases have little influence on
the mechanical properties because of their low concentrations, but
they do influence reorganization and melting [55]. The analyses
consisted of calorimetry, full-pattern and small angle X-ray scat-
tering [56], and the molecular motion was derived from solid state
NMR [57].

Fig. 8 illustrates the difference of C, for highly-drawn UHMMPE
from that of the vibrational G, (see Fig. 1) and equilibrium crystals.
The glass transition range separates three regions of mobility. The
first, below 190 K, agrees largely with the vibrational G, (see the
data points with the enlarged ordinate in the upper part of Fig. 8).
Between 190 and 290 K there is a continuous increase in C, of the
fibers (ACp) over that of the extended-chain crystals, indicating the
broadened glass transition region of the noncrystalline content.
Finally, there is the beginning of gradual crystal disordering,
developing into a melting peak at about 375 K. The chemical shift of
the NMR is the same for the carbon atoms of the orthorhombic
crystals and the intermediate phases. The mobility of the inter-
mediate phase, however, is 15 times higher than in the ortho-
rhombic phase, as can be seen from Fig. 9 [57]. Their conformation
is that of zigzag chains with imperfect lateral packing. The inter-
mediate phase contributes significantly to the meridional X-ray
diffraction peaks, but not to the equatorial ones. In the fiber
direction the domains which consist mainly of the intermediate
phase are much longer than the orthorhombic ones, which are
more often interrupted. The overall tensile strength is thus mainly
determined by the mass fraction and orientation of the interme-
diate phase [56].

The increases in heat capacity of the fibers in Fig. 8 corresponds
to a noncrystalline content of 48% and does not agree with the
calorimetric or volumetric crystallinities (77 and 88%, respectively)
and certainly does not agree with the intensity of the crystalline
X-ray scattering. To match all fractions (amorphous, oriented
noncrystalline, and crystalline), one must assume that the oriented,
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Fig. 8. The heat capacity of gel-spun UHMMEPE fibers (reproduced with data from [55]).
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Fig. 9. A series of '>C NMR spectra of a gel-spun PE fibers at different recovery times
[57]. (Measurements of the spin-lattice relaxation times at room temperature using
magic-angle spinning and high-power proton decoupling applying the progressive
saturation method.).

noncrystalline phase has a heat of isotropization of =34% of the
heat of fusion of the orthorhombic crystals, AHg. This heat of iso-
tropization changes with different thermal and mechanical histo-
ries of the fibers, proving that the oriented noncrystalline phase is
not the same as the high pressure condis phase of PE.

2.5. The amorphous phases of PE

Above Ty, in the temperature range of the equilibrium melt, the
amorphous phase of PE is easily studied. Compared to other flexible
macromolecules, PE crystallizes quickly, so that the range of
supercooling for HDPE liquid reaches down to only =400 K [58].
Data, down to T, must then be extrapolated as function of
temperature or crystallinity [4] to obtain Fig. 6.

To keep PE liquid to lower temperatures, it was first attempted
to eliminate heterogeneous primary crystal nucleation. By dividing
the melt into microdroplets suspended in an inert medium, crys-
tallization on cooling can be avoided down to about 360 K in all but
the few droplets which contain a heterogeneous nucleus. Beyond
this temperature, about 60 K below the equilibrium Ty, crystalli-
zation is speeded up by homogeneous nucleation [59].

Fig. 10 illustrates that with increasingly faster cooling experi-
ments the crystallization is shifted to lower temperature. The first
set of data were obtained with standard differential scanning
calorimetry (DSC) and could be used for measurement of G, of the
melt down to about 390 K. The fast DSC of the second set could
extend these measurements to 380 K. Finally, the recently devel-
oped fast scanning calorimetry (FSC) [60—64], based on chip
technology, could push this value to 355 K by cooling at a rate of
5 x 10> K s~ L. Attempts at cooling UHMMPE at 106 K s~ pushed this
limit to =320 K [61,62]. A much reduced amount of crystallization
could be seen before reaching the end of the glass transition [60]
which is seen in Fig. 7A at =250 K.

A special quenching technique was developed earlier by
shooting a molten, 10—100 nm thick polymer films into a mixture of
solid and liquid nitrogen at =63 K. Electron microscopy and
diffraction of the films without warming suggested an amorphous
phase with 10 nm nodular superstructure [65,66]. Qualitative DSC
on PE gave evidence for a cold crystallization exotherm at
160—200 K [65]. These experiments make it likely that glassy PE
starts to crystallize in the temperature region of local large-
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Fig. 10. Non-isothermal crystallization of UHMMPE. Peak onset temperature in a wide
range of cooling rates achieved by combining data from three calorimeters. Data from
[60,61]. The line is a guide for the eyes.

amplitude motion (see Fig. 7A). On fast quenching, this means the
temperature of first cold crystallization must be traversed faster
than accomplished in Fig. 10.

To summarize the phases of PE, there is an orthorhombic phase,
stable below the equilibrium T, of 414.6K and a less stable
monoclinic phase, frequently found as a fraction of the crystals
grown on drawing of fibers or films, rolling, and melt extrusion. At
elevated pressure, a hexagonal condis mesophase becomes stable
(see Figs. 4 and 5), unrelated to the paraffin mesophases at atmo-
spheric pressure which become unstable at higher pressure. The
bulk-amorphous phase has a broad glass transition, starting at
about 120 K with local, large-amplitude motion which becomes
cooperative at higher temperature with a Ty at 237 K. There is
a restriction of the large-amplitude motion in the amorphous layer
around the crystal due to coupling through tie molecules, broad-
ening the glass transition to higher temperature. On deformation,
this layer becomes an oriented, noncrystalline phase which governs
the fiber properties, but is metastable only under the constraint by
the crystals. Although not studied in as much detail, such oriented,
noncrystalline phases, created by external mechanical deformation
are expected to be present in most other semi-crystalline, flexible,
linear macromolecules.

3. The phases of isotactic polypropylene (iPP)
3.1. Polymorphism and morphologies of isotactic polypropylene

Isotactic polypropylene (iPP) exhibits different crystal structures
and morphologies as a function of crystallization conditions [67,68].
Cooling the melt at low or moderate rates results in monoclinic o-
crystals (P21/c, sometimes also called form I), with details given
already in 1960 by Natta and Corradini [69]. The molecules adopt the
lowest energy helix (2*3/1) which is not part of the crystal
symmetry, as in iPB. The symmetry elements are shown in Fig. 11 and
can be compared to iPB form I. The 2*3/1 helices, as displayed in Fig. 3
for iPB, are aligned parallel to the crystallographic c-axis which
comes vertically out of the plane of the paper and, as common for
helices, left-handed and right-handed helices achieve closest
packing as nearest neighbors [1, Fig. I1.33]. Because of the relative
smallness of the methyl side group, even closer packing can be
reached in iPP than in iPB by contacting two isochiral helices in
addition to three nearest neighbor helices of opposite chirality. This
leads to the crystallographically rare coordination number five for
the helices of the monoclinic iPP crystals.

Fig. 11. The unit cells of the stable crystals of iPP (a-crystals, monoclinic) and iPB (form
I, trigonal). For iPP: The 2*3/1 helix axes of the molecules are not part of the crystal
symmetry. The two sets of twofold screw axes, 24, (1) parallel to b have been left out
for clarity. In space group P24/c, helices related by the left glide plane should be iso-
clined, ‘up’, and those by the right glide plane, due to the centers of symmetry, ‘down’,
or vice versa. Drawn after [1, Fig. I1.41]. For iPB: The glide planes n, located between the
marked c-glide planes and the twofold rotation and screw axes in the ab planes have
been left out for clarity. Elevations of the CHs-group are in units of ¢/12. The threefold
screw axes 31 and 3, of the crystal coincide with the 2*3/1 helix axes of proper sense of
rotation (also not indicated). Glide planes are marked by ' centers