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Preface 

Polymer crystallisation is a field of science whose widespread practica! and 
technological implications add to its scientific relevance. Unlike most molecu­
lar substances, synthetic polymers consist oflong, linear chains usually cover­
ing a broad distribution of molecular lengths. It is no surprise that only rarely 
may they give rise to regularly shaped crystals, if at all. As a rule, especially 
from the bulk state, polymers solidify as very tiny crystals interspersed in an 
amorphous matrix and randomly interconnected by disordered chains. How 
do these crystals form? Do they correspond to a state of thermodynamic equi­
librium, orare the chains so inextricably entangled that equilibrium is virtually 
impossible to reach? There is currently a widespread consensus on the latter 
conclusion, which only makes the problem more interesting as well as more 
difficult to handle. The perspective at the base of the present endeavour can 
be summarised with two questions: What are the key structural steps from 
the original non-crystalline states to the semi-crystalline organization of the 
polymer? Do these different stages influence the resulting structure and to 
what degree? 

As demonstrated by the collection of review articles published within three 
volumes of Advances in Polymer Science (Volumes 180, 181 and 191), this 
problem may be approached from very different sides, just as with the re­
lated topic of polymer melting, for that matter. Morphological and atom­
istic investigations are carried out through the several microscopic and scat­
tering techniques currently available. X-ray, neutron and electron diffrac­
tion also provide information to unravel the structure puzzle down to the 
atomistic level. The same techniques also allow us to explore kinetic as­
pects. The fast development of molecular simulation approaches in the last 
few decades has given important answers to the many open problems reiat­
ing to kinetics as well as morphology; in turn, statistical-mechanical stud­
ies try to make sense of the many experimental results and related simu­
lations. In spite of several successes over 60 years or more, these studies 
are still far from providing a complete, unambiguous picture of the prob­
lems involved in polymer crystallisation. As one of the authors (an out­
standing scientist as well as a very good friend) told me a couple of years 
ago when we started thinking about this project, we should not regard this 
book as the solution to our big problem - which it is not - but rather 
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as a sort of "time capsule" left to cleverer and better-equipped scientists 
of generations to come, who will make polymer crystallisation completely 
clear. 

Thanks to all the authors for making this book possible. Here 1 cannot help 
mentioning one ofthem in particular, Valdo Meille, who helped with planning, 
suggesting solutions and organising these volumes. Thank you, Valdo, your 
intelligent cooperation has been outstandingly useful. 

Milan, February 2005 Giuseppe Allegra 
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Abstract Crystalline polymers may be affected by various kinds and amounts of struc­
tural disorder. Lack of order in polymer crystals may arise from the presence of defects 
in the chemical constitution, configuration and conformation and defects in the mode 
of packing of chains inside the crystals. Polymeric materials characterized by long range 
order in the parallel arrangement of chain axes and a large amount of structural dis­
order may be considered as solid mesophases. The different kinds and amount of disorder 
present in the solid mesophases of semicrystalline polymers and the possible types of 
solid mesophases are discussed in terms of idealized limit models of disorder. These 
models imply maintenance of long-range positional order, at least along one dimension, 
of structural features which are not necessarily point centered. Structural features, which 
are not point centered, are for instance chain axes, the center of mass of special groups of 
atoms or bundles of chains and so on. Structural aspects emerging from the X -ray diffrac­
tion analysis of several solid mesophases discussed so far in the literature are reviewed, 
in the light of the present analysis. 

Keywords Solid mesophases · Disordered structures · Diffuse scattering · 
X-ray diffraction · Structure modeling 

1 
lntroduction 

The term "mesomorphic" was proposed by Friedel in 1922 for materials of 
"middle" (Greek: mesos) "form" (Greek: morphe) to address materials in 
a condensed phase having intermediate characteristics between liquids and 
crystals [ 1]. More generally, the term "mesomorphic" may be used to address 
ali the states of matter, which may be considered as intermediate between the 
crystalline and the liquid (or amorphous) state, as for instance "positionally 
disordered" crystals or "orientationally ordered" liquids andjor glasses [2]. 

A tentative classification of mesophases was reported by Wunderlich [2], 
who divided mesophases into six different types of phases: liquid crystals 
(LC), condis crystals (CD), plastic crystals (PC) and the corresponding LC, 
CD and PC glasses. 

Liquid crystals are materials characterized by long-range orientational 
order of molecules as in crystals but absence of three-dimensional positional 
order as in liquids. In these "positionally disordered" crystals or "orienta­
tionally ordered" liquids, large-scale molecular motion is possible [3-5]. The 
name "liquid crystals" was given by Lehman in 1907 [6] because oftheir op­
tica! anisotropy and the liquid-like flow of these materials. 

Plastic crystals are characterized by orientational disorder but positional 
order of the structural motif. Molecules of plastic crystals are close to spheri­
cal, which are generally packed in body- or face-centered cubic structures [7]. 
Typical examples are provided by the structure of ball-like hydrocarbon 
molecules as adamantane and norbornane. The name "plastic crystals" de­
rives from the softness and easy of deformation of these materials, due to the 
large number of slip planes in close packed structures [5, 7]. 
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The term "condis crystals" has been used to identify "conformationally 
disordered" crystals, i.e. structures characterized by disorder in the confor­
mation of molecules [2]. 

Plastic crystals and condis crystals are two kinds of solid mesophases, 
whereas liquid crystals are essentially liquids. The differences between these 
three mesophases are largely based on the geometry of the molecules: the 
molecules of liquid crystals always have a rigid, mesogenic group which is 
rod- or disk-like and causes a high activation barrier to rotational reorienta­
tion [ 3, 5]. The molecules of plastic crystals are compact and rather globular, 
so that there is no high activation barrier to their reorientation [ 5, 7]. Con dis 
crystals consist of flexible molecules which can easily undergo changes in the 
conformation without losing positional or orientational order [2]. 

According to Wunderlich [2], positionally disordered or LC-glasses, orien­
tationally disordered or PC-glasses and conformationally disordered or CD­
glasses, are terms identifying glasses obtained by quenching liquid crystals or 
the melt of plastic crystals and condis crystals, respectively, at temperatures 
below the glass transition, preventing crystallization. 

As discussed in [2], in a condis crystal cooperative motion between various 
conformational isomers is permitted, whereas in the CD-glass this motion is 
frozen, but the conformationally disordered structure remains. In the case 
of polymers, a condition for formation of condis crystals is that the macro­
molecules exist in conformational isomers of low energy, which leave the 
macromolecules largely in extended conformations so that the parallelism of 
chain axes is maintained. 

Condis crystals include a large number of solid mesophases of polymers, 
as for instance the high-temperature crystalline forms of 1,4-trans-poly(l,3-
butadiene) [8, 9] and poly(tetrafluoroethylene) [10-12]. In both cases, the 
chains are conformationally disordered; long-range order is maintained as far 
as the parallelism of chain axes and the pseudo-hexagonal placement of chain 
axes are concerned. 

More in general, solid mesophases not only include crystalline forms of 
polymers containing a large amount of disorder in the conformation of chains 
and long-range order in the position of chain axes as in condis crystals, but 
also crystalline polymers characterized by disorder in the lateral packing of 
conformationally ordered chains [13, 14]. 

A notable difference between the solid mesomorphic forms and the 
ordered liquid mesophases is that the solid mesomorphic forms are crys­
talline modifications generally characterized by the typical feature of crys­
talline order, that is, the packing of parallel chains. The long-range order in 
the correlations between the atoms of the parallel chains is absent because of 
the presence of disorder. The long-range order may be lost in one or two di­
mensions, for example, when conformationally disordered chains are packed 
with long-range order in the position of chain axes or for conformationally 
ordered chains packed with a high degree of disorder in the lateral pack-
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ing [13, 14]. The presence of these kinds of disorder generally prevents the 
definition of a unit cell. Typical features in the X-ray diffraction patterns of 
solid mesophases are the presence of a large amount of diffuse scattering and 
a few (if any) Bragg reflections [13]. 

Solid mesophases are extremely frequent in polymers. For instance, at 
high pressure the orthorhombic form of polyethylene transforms into a hex­
agonal mesophase, characterized by a high degree of disorder (conforma­
tional disorder) [15-17]. In some cases, the amorphous phase may trans­
form into a mesophase by stretching at temperatures lower than the glass 
transition temperature (e.g. in poly(ethylene terephthalate) [18-20], syndio­
tactic polystyrene [21, 22], nylon 6 [23, 24]) or by quenching the melt at 
low temperatures (isotactic [25-27] and syndiotactic [28, 29] polypropylene). 
Copolymers of ethylenejpropylene with a propylene content in the range of 
15-35 mol o/o are amorphous at room temperature and in the unstretched 
state, but crystallize into a pseudo-hexagonal mesomorphic form, by cool­
ing at low temperatures or by stretching at room temperature [30-38]. In the 
case of atactic polyacrylonitrile, the crystalline pseudo-hexagonal polymorph 
is actually a mesophase [39-48]. The already mentioned high-temperature 
forms of poly(tetrafluoroethylene) [10-12, 49-54] and of 1,4-trans-poly(1,3-
butadiene) [8, 9, 55-58] may also be considered mesophases. Some, but not 
all, of the above listed mesophases are "condis crystals" in the sense of Wun­
derlich [2]. 

It is very difficult to classify the various kinds of solid mesophases of poly­
mers described so far in the literature in a simple and general way, because in 
the crystals different kinds and different degrees of disorder may be present 
at the same time; often it is not easy to identify which kind of disorder mainly 
characterizes a given mesophase. 

Because of the presence of structural disorder, the X-ray diffraction pat­
terns of mesophases show a large amount of diffuse scattering and need 
a special care for a quantitative evaluation. Paracrystalline distortions of the 
lattice [59, 60] usually affect the shape and the width of the diffraction peaks 
to a large extent. The analysis of disorder necessarily implies a multidisci­
plinary approach, in order to unravel the complicated nature of disorder in 
disordered crystalline materials [61]. 

In this review, we attempt to present the subject of solid mesophases of 
polymers mainly in relation to structural aspects emerging from diffraction 
experiments. The relationships between the structure and properties of these 
materials are analyzed and related to the amount and kind of disorder present 
in the crystals. The study of disorder in solid mesophases, indeed, allows 
a deep comprehension of phenomena subtending their chemical and physical 
properties. 

In line with arguments of [13], with the terms "solid mesophase" we iden­
tify states of matter falling "in between" amorphous and crystalline states, 
characterized by long-range order in the parallel arrangement of chain axes. 
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We will attempt to outline possible classes of solid mesophases, not based 
on the different kinds and amount of disorder present in the crystals, but 
rather in terms of idealized limit models of disorder. These models imply 
maintenance of long-range positional order, at least along one dimension, of 
structural motifs, which are not necessarily point centered [13]. 

2 
Disorder in Crystals of Low Molecular Mass Molecules: 
Limit Models of Mesophases 

A model of ideal crystal consists in a three-dimensional array of identica! 
units. Such an "ideal" crystal gives rise to calculated diffraction patterns con­
sisting of only discrete diffraction peaks (called Bragg reflections). Thermal 
movements are disregarded in this definition. 

The definition of crystal as a periodic array of identica! motifs corresponds 
to the mathematical concept of lattice. Under this assumption, crystallogra­
phy has developed powerful methods for allowing crystal structure determin­
ation of different materials, from simple metals (where the asymmetric unit 
may be the single atom) to protein crystals ( containing thousands of atoms 
per cell) [62]. 

However, real crystalline materials only approximate this ideal model. De­
partures from the ideal periodic array of identica! units may usually occur 
in a variety of different ways and implies presence of disorder [63, 64]. The 
presence of disorder in the crystals gives rise to a diffuse, continuous scatter­
ing in diffraction patterns. Disorder, indeed, may cause broadening of Bragg 
reflections and a decrease of the maximum height of the peak intensity; for 
a given Bragg reflection, however, the intensity which is lost because of the 
presence of disorder is found in the background and represents the diffuse 
scattering [61, 63, 64]. 

First of all, disorder in crystals arises from thermal motion of atoms 
around their equilibrium positions (thermal disorder). Disorder may also 
originate from the presence of defects in the lattice, due, for instance, to sub­
stitution of atoms (or group of atoms) with atoms (or group of atoms) of 
a different chemical nature, inclusion of structural motifs in interstitiallattice 
positions, or when structural units may pack in the same basic crystallattice 
in different orientations or in a different conformation [63, 64]. The presence 
of defects in the crystals, in turn, may induce local deformation of the lat­
tice (due to small displacements of atoms from their average positions), which 
helps relaxation of local stresses, and causes diffuse scattering. 

According to Hosemann [59, 60], the lattice distortions, in addition to 
those due to thermal vibrations of atoms, may be classified as of a) first kind 
if the long-range periodicity is preserved with respect to the average positions 
over all the lattice points, and of b) second kind if the position of each lattice 
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A B c 
Fig.1 (A) an ideal two-dimensionallattice. (B) first-kind distortions implying substitu­
tion type disorder; filled and empty balls indicate different chemical structural units. 
(C) Lattice distortions of second kind (paracrystal) 

point deviates statistically only with respect to its nearest neighbors instead 
of respect to the ideallattice points. ~ an example, lattice distortions of the 
first and second kind in a bidimensionallattice are schematically represented 
in Fig. 1. 

The presence oflattice distortions of the first kind induces a decrease of the 
intensities of X-ray diffraction reflections with increasing diffraction order, 
whereas the width of reflection spots does not vary. Lattice distortions of the 
second kind, instead, result in both a diminution of reflection intensity and an 
increase in reflection breadth, with increasing reflection order [59, 60]. They 
are also called paracrystalline distortions [ 60]. 

3 
Disorder in Semicrystalline Polymers: Limit Models of Mesophases 

3.1 
General Prindples 

Disregarding thermal motion, the concept of an ideal crystal requires long­
range positional order for ali atoms. For polymers, this ideal condition im­
plies an infinite chain length, regular constitution, regular configuration and 
regular conformation [65]. 

The requirement of a regular constitution implies that all repeating units 
have the same chemical structure. The requirement of a regular configuration 
implies that whenever a monomeric unit may assume different configura­
tions, the succession of configurations must be regular. The requirement of 
a regular conformation implies that the conformation assumed by polymer 
chains of a given constitution and configuration in the crystalline state can be 
defined as a succession of structural units which occupy geometrically (not 
necessarily crystallographically) equivalent positions with respect to a chain 
axis (equivalence principle) [65, 66]. The chain axis is generally parallel to 
a crystallographic axis of the crystal. 
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The geometrica! equivalence of structural units along an axis allows defin­
ing types of geometrica! symmetry that a linear macromolecule may achieve 
in the crystalline sate. The conformation of a macromolecule is generally de­
fined in terms of its symmetry and, precisely, of the line repetition symmetry 
group [ 65,67 -69]. 

In the framework of the allowed symmetries, that is under the restrictions 
imposed by the need of having an axis of repetition, the conformation of 
the chain will tend to approach one of minimum conformational energy for 
the isolated chain [65, 70-72]. Packing effects generally do not influence the 
conformation of the chains as long as the conformational energy of the iso­
lated chain corresponds to a deep energy minimum. Crystal packing effects 
may influence the choice among conformations of nearly equal energy for the 
isolated chain [73]. 

Of course, none of the above requirements concerning infinite chain 
length, the regularity in constitution, configuration and conformation, can be 
fulfilled in the crystals of real polymers, which are then disordered [14, 65]. 

Some kinds of disorder are as follows: First of all, polymers (as well as 
oligomers, in general) are materials consisting of molecules of non-uniform 
molecular mass [74]. At variance with biologica! macromolecules, as nucleic 
acids and polypeptides, which are known to be uniform at least with re­
spect to the molecular structure of the core ( that is, sequence arrangement of 
constitutional units, stereoregularity and overall conformation), the macro­
molecular chains in a given polymer may be similar, but, certainly, not all 
alike [74, 75]. 

In polymers, examples of constitutional faults with respect to an idealized 
model include mistakes in the head-to-tail succession of monomeric units, 
the presence of units derived from a different monomer and in any case, the 
chain ends [65]. 

Copolymers of different monomeric units that are able to cocrystallize 
in the same lattice may be considered as a possible exception to the need 
of regularity in the chemical constitution. For instance, in the case of vinyl 
polymers it is possible to accommodate into the crystalline lattice differ­
ent comonomeric units having lateral groups with different shape and di­
mensions. Copolymers of butene and 3-methylbutene [76] or copolymers 
of styrene and o-fluorostyrene [77] are crystalline over the whole range of 
composition, provided that the copolymers are isotactic whereas propene 
and 1-butene also are able to cocrystallize at any composition in syndio­
tactic copolymers [78, 79]. Isomorphism of comonomeric units also occurs 
in copolymers of acetaldehyde and n-butyraldeide [80], which are crys­
talline over the whole range of composition. Analogous isomorphism of 
comonomeric units has been observed in trans-1,4-copolymers ofbutadiene 
and 1,3-pentadiene [81] and in copolymers ofvinylidenfl.uoride and vinylflu­
oride [82]. 
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An example of a configurational mistake is the possible presence, in an iso­
tactic polymer, of racemic diads in place of all meso-diads. In several cases, 
the presence of configurational defects in chains of stereoregular polymers 
does not prevent crystallization; their possible inclusion in the crystals may 
be energetically feasible, provided that the portion of chain close to the de­
fect adopt a low-energy conformation which does not disrupt the packing 
of close neighboring chains [83-86]. Moreover, even stereoirregular poly­
mers are able to crystallize; classical examples are poly(vinyl alcohol) [87, 88], 
poly(vinyl chloride) [89-94] and poly(acrylonitrile) [39-48, 95-97]. 

For polymers with a regular constitution and configuration, the conforma­
tion adopted by chains in the crystalline state is generally regular. However, 
some three-dimensional, long-range crystalline order may be maintained 
even when disorder is present in the conformation of polymer chains. The 
term conformational isomorphism refers to the more or less random occur­
rence in the same lattice site of different, but almost isoenergetic, conformers 
of the same portion of a molecule [58]. A classification of the possible cases 
of conformational isomorphism in polymers can be made on the hasis of the 
following two possibilities [98, 99]: 

1. The chain may assume, in the same crystal and more or less at random, 
different (although nearly isosteric) conformations. 

2. If the geometry of the main chain is fixed, the lateral groups may assume 
different conformations in the same crystal, more or less at random. 

Crystalline polymers characterized by disordered conformations of the 
chains are, for instance, polytetrafluoroethylene [10-12,49-54], cis-1,4-poly 
(isoprene) [100-102] and trans-1,4-poly(1,3-butadiene) [8, 9, 55-58]. In these 
cases, disorder does not destroy the crystallinity because of the similar shape 
of the various conformational units. The occurrence of cases of conforma­
tional isomorphism of the first kind demonstrates that a polymer chain can 
remain straight, as if it was constrained to run inside the walls of a tight 
cylinder, while its conformational freedom remains of the same order of mag­
nitude as that in the melt. 

The case of conformational isomorphism of lateral groups occurs, for 
instance, in the crystal structure of isotactic poly(S-3-methyl-pentene), char­
acterized by the presence of fourfold helices of only one sense (left-handed), 
with lateral groups which may adopt statistically two conformations of mini­
mum energy [99, 103]. 

In addition, conformational disorder in polymer crystals may give rise to 
point and line defects which are tolerated in the crystal lattice at a low cost 
of free energy as kinks [104, 105], jogs [106, 107] and dislocations [108, 109]. 
Such crystallographic defects arise whenever portions of chain adopt confor­
mations different from the conformation assumed by the chains in the crystal 
state. [99], and have been widely discussed in the literature, in the case of 
polyethylene [108, 109] and some aliphatic polyamides [99, 106]. Point and 
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line defects may be important in determining some physical properties of 
polymeric materials [110, 111]. 

Lack of order may arise not only from the presence of defects in the chem­
ical constitution, configuration and conformation but also by defects in the 
mode of packing of chains inside the crystals. Even in the case of regular 
constitution, configuration and conformation, disorder may be present in the 
crystals due to the presence of defects in the mode of packing [ 13, 14, 65]. 
Generally, disorder in the packing of polymer chains may occur while a long­
range positional order of some structural feature is maintained [13]. 

3.2 
Classification of Disorclered Systems 

Different kinds of disorder may affect differently the X-ray diffraction pattern 
of crystalline polymeric materials. Depending on the features present in the 
X-ray fiber diffraction patterns, it is useful to distinguish here the following 
main classes of disordered systems [13]: 

i) The long-range, three-dimensional periodicity is maintained only for 
some characterizing points of the structure. In these cases, there is only 
a partial three-dimensional order, and the X-ray diffraction patterns 
present sharp reflections and diffuse halos. Disordered structures belong­
ing to this class may be characterized, for instance, by disorder in the 
positioning of right- and left-handed helical chains, or disorder in the 
up-down positioning of conformationally ordered chains or disorder in 
the stacking of ordered layers of chains along one crystallographic direc­
tion [13, 14, 65]. 

ii) The long-range positional three-dimensional order is maintained only 
for some structural features which are not point centered, for example, 
the chain axes. Structures characterized by conformationally disordered 
chains with a long-range order in the position of the chain axes belong 
to this class. The X-ray fiber diffraction pattern of this kind of disordered 
structure is characterized by sharp reflections on the equator and diffuse 
halos on the layer lines. 

iii) The long-range positional order of some features is maintained only 
in two or in one dimension, for example along the chain axis. Ex­
amples may be provided by structures characterized by conforma­
tionally ordered parallel chains with disorder in the lateral packing 
of the chains. Short-range correlations between atoms of neighbor­
ing chains may stiU be present, but long-range order is maintained 
only along the axis of each chain. The X-ray fiber diffraction pat­
tern is characterized by well-defined layer lines presenting diffuse 
scattering. 
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In ali cases, the X-ray diffraction patterns present Bragg peaks and diffuse 
scattering corresponding to precise zones of the reciprocallattice. The analy­
sis of Bragg peaks provides information about the average crystal structure as 
for instance average atomic positions, mean-squared atomic displacements, 
site occupancy. Analysis of diffuse scattering may allow accessing information 
about how structural motifs (atoms or groups of atoms) interact [63, 112]. 
Position, shape and intensity of the diffuse scattering, indeed, depend on the 
kind and amount of disorder present in the structure. 

According to [13], a large part of the crystal structures that fali in casei) 
may be conveniently described adopting the concepts of "limit -ordered" and 
"limit -disordered" model structures. A limit -ordered structure defines an 
ideal model with a perfect three-dimensional, long-range order (periodicity) 
of ali atoms in the structure. A limit-disordered model structure describes an 
"ideal" model characterized by the maintenance of three-dimensionallong­
range order (periodicity) of only some points of the structure, and a full 
disorder in the positioning of other points of the structure. In real cases, the 
true structures are, in general, intermediate between fully ordered and fully 
disordered limit models. 

As an example, the structure of the a form of isotactic polypropylene may 
be described with reference to a limit-ordered model (defined a 2-form) [113] 
and a limit-disordered model (defined a1-form) [114], shown in Fig. 2B and 
C, respectively. 

Disorder in Fig. 2C arises from the fact that in the crystals 31 1 helices 
of isotactic polypropylene of a given chirality (left- or right-handed, see 
Fig. 2A) may be oriented in two opposite directions, i.e. with C - C bonds 
connecting the methyl groups either pointing toward the positive direction 
("up") of an oriented axis (z) parallel to chain axis, or in the negative di­
rection ("down") of z axis. In the limit-ordered structural model of Fig. 2B 
"up" and "down" helices follow each other according to a well-defined pat­
tern (primitive unit cell, space group P2I/c) [113]; in the limit-disordered 
model structure of Fig. 2C up and down chains having the same chirality 
may substitute each other in the same site of the lattice and the resulting 
model may be described, on the average, in terms of a C-pseudo-centered 
unit cell (space group C2/c) [114]. The real crystalline modifications of iso­
tactic polypropylene are intermediate between the two limit-ordered and 
limit-disordered models, the degree of upjdown disorder being dependent 
on the thermal and mechanical history of the sample [113-120]. Up/down 
disorder of isotactic polypropylene in the a polymorph corresponds to 
a case of isomorphism where non-equivalent isosteric orientations of the 
same conformation may substitute vicariously for each other in the lattice 
and is quite common in the crystalline polymorphs of isotactic vinyl poly­
mers [58]. 

In the cases ii) and iii), degrees of disorder higher than in case i) are 
present. Few Bragg reflections are present in the diffraction patterns and dif-
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Lup Rup Rfw 
A 

Fig. 2 (A) Chain conformation of isotactic polypropylene in the crystalline state. Symbols 
"R" and "L" identify right- and left-handed helices, respectively, in 3/1 conformations. 
Subscripts "up" and "dw" ("dw" standing for "down") identify chains with opposite 
orientation of C - C bonds connecting tertiary carbon atoms to the methyl groups along 
the z-axis (B) Limit-ordered model structure (a2 modification, space group P21/c) [113] 
(C) Limit-disordered model structure (al modification, space group C2/c) [114]. In the 
a2 modification "up" and "down" chains follow each other according to a well-defined 
pattern. The al modification presents a complete disorder corresponding to a statistica! 
substitution of "up" and "down" isomorphic helices 

fuse scattering may cover even large zones of the reciproca! space. It is not 
generally possible to define a unit cell, but only average periodicities along 
some directions (for instance parallel to chain axes) can be established. These 
solid phases may be considered as intermediate between perfectly crystalline 
and completely amorphous phases and can be called "mesomorphic forms" 
or "solid mesophases" [13]. 

This allows identifying two large classes of solid mesophases: class ii) 
where long-range periodicity along three-dimensions may be still defined, in 
spite of the presence oflarge amounts of disorder and class iii) where period­
icity may be defined only in one or two dimensions. 

An important feature that characterizes crystalline materials of class i) is 
a low amount of disorder implying large changes of enthalpy and entropy 
of melting. Solid mesophases of class ii) and iii) are instead largely dis­
ordered. The melting entropy is generally low in these systems and very often 
chains experience only weak. interactions with the surrounding lattice envi­
ronment. 

Polymeric materials belonging to class i) will not be treated in this review, 
for which we refer to extensive treatments as those of [13, 14, 65]. This review 
is essentially focused on crystalline materials with a large amount of disorder, 



12 F. Auriemma et al. 

belonging to classes ii) and iii). The basic structural organization in solid 
mesophases belonging to these two classes, as revealed by diffraction studies, 
will be analyzed. Structural studies performed using solid-state NMR spec­
troscopy, IR and RAMAN spectroscopy, inelastic neutron scattering, thermal 
analysis, conformational analysis, X-ray modeling and other complementary 
techniques, will also be discussed in addition to the structural information 
provided by diffraction techniques. Thermodynamic aspects concerning the 
relative stability of these mesophases will also be pointed out. The issue re­
lated to thermodynamics of solid mesophases in polymers has been already 
the subject of authored reviews in the past literature, for instance the cited 
article ofWunderlich and Grebowitz [2]. 

The above definitions given for the classes ii) and iii) of solid mesophases 
are sufficiently general to include a large number of disordered mesomor­
phic structures described for polymers so far. In fact, they are not based 
on the particular kind and amount of disorder present in the crystals but 
they rather address idealized structural models of disorder, where long-range 
order in the positioning, in three-, two- or one-dimension, of structural fea­
tures, which are not necessarily point centered, is still present [ 13]. N ot-point­
centered structural features are, for instance, chain axes, centers of gravity of 
special groups of atoms along the chains, bundles of chains and so on. Within 
this framework, "condis crystals" [2] fall into one of the two classes ii) or iii) 
and there is no need for identifying a separate category of mesophases. 

It is worth noting that the definition "condis crystals", in the sense given 
by Wunderlich [2], includes cases where the conformational disorder is essen­
tially dynamic, and mainly has an entropic origin. In the following section, we 
will show that conformational disorder may also have a different origin be­
cause of the presence of constitutional and/ or configurational irregularities 
along the chains. 

The term "mesophase" also includes ordered liquids (nematic, smectic, 
cholesteric and discotics), which present long-range orientational order like 
in a solid, but positional disorder like in a liquid [2]. In these materials, large­
scale molecular motion is possible, which is a characteristic of the liquid state 
rather than of the solid state. The term "liquid crystals" is conventionally 
used to address them. This sub-class of mesophases will not be treated in this 
context. 

Let us point out that according to Wunderlich [2], "plastic crystals" may 
also be considered as mesophases. They are characterized by positional order 
but orientational disorder of the structural motif. Molecules of plastic crystals 
are generally close to spherical so that there is no high-energy barrier to their 
reorientation. Of course, the condition of a spherical shape of the molecules 
may not be fulfilled by the macromolecular chains of linear synthetic poly­
mers, which generally crystallize in extended chains or helical conforma­
tions [2]. However, there is at least one case of crystals of macromolecules 
presenting orientational disorder of the structural motif as in plastic crystals. 
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This case has been recently described in the literature and is represented by 
the highly disordered "crystalline" form of alternated ethylene-norbornene 
(EN) copolymers [121]. The "crystallinity" of EN copolymers will be dis­
cussed in a following section, pointing out at the structural analogies with the 
conventional plastic crystals. 

In the following sections we will analyze some examples of well-known 
polymeric solid mesophases, which may be classified as belonging to class ii) 
or iii). The structure of these mesophases has often been the subject of con­
flicting opinions and debates in the literature and their formation has often 
involved fundamental aspects of polymer science [122]. 

It is worth mentioning the hexagonal phase of polyethylene, stable at high 
pressures and temperatures [15-17, 123], which is considered the archetype­
mesophase, subject of large attention in the past and current literature, with 
large implications in the fundaments of polymer science [122-125]. Since its 
early identification, it has been argued that the formation of mesomorphic 
bundles of polyethylene chains plays an important role in the growth of ex­
tended chain crystals at elevated pressure [15-17, 123]. Later, much work of 
Keller's group has shown that the hexagonal phase can exist as a metastable, 
transient, highly mobile mesophase, at much lower pressure and tempera­
ture than reported earlier, i.e. in the stability region of the PT phase diagram 
of polyethylene of the usual orthorhombic form [124-126]. These studies 
drew attention to the possibility that the formation and growth of crystals 
requires the presence of the mobile phase under all circumstances, in the 
case of polyethylene in particular and of crystalline polymer in general [ 124-
126]. 

Experiments generally indicate that the formation and growth of the 
lamellar crystallites is a multi-step process passing over intermediate 
states [ 127 -131]. Recently, based on broad and detailed evidence from a large 
variety of experiments on several polymer systems carried out by many 
authors, a novel concept for understanding the crystallization from the melt 
of polymers has been developed by Strobl [132]. It is proposed that the ini­
tial step in the formation of crystalline lamellae always consists in the creation 
of a mesomorphic layer which spontaneously thickens, up to a critica! value, 
where it solidifies through a cooperative structural transition. The transition 
would produce a granular crystalline layer, which transforms in the last step 
into homogeneous lamellar crystallites [132]. This issue stiH remains an open 
question [133-135]. 

In this review, the hexagonal phase of polyethylene stable at high pressure 
and temperature will be discussed, focusing on structural aspects, without 
further mention of collateral implications to its formation and stability. 
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4 
Calculation Methods of the X-ray Diffraction lntensities 
from Disordered Model Structures 

F. Auriemma et al. 

The presence of disorder in the crystals gives rise to diffuse scattering in 
a diffraction experiment, while few Bragg reflections may be still present in 
the diffraction patterns, depending on residual order. 

The analysis of Bragg peak intensities allows to gain information concern­
ing the average atomic positions and does not contain information regarding 
chemical or displacement correlations among neighboring structural mo­
tifs. The diffuse component of the diffraction patterns, instead, is strongly 
affected by the presence of these correlations and its analysis may help to 
elucidate the nature of disorder. 

The quantitative treatment of diffuse scattering was pioneered by War­
ren [112, 136] and successively developed, in severa! of its many-fold aspects, 
by many authors [137-151]. A widely used approach consists ofthe deriva­
tion of analytical formulas for the calculation of X-ray diffraction intensity 
in terms of short-range chemical andjor displacement correlations associated 
with interatomic distances in the real space. In the hypothesis that short­
range correlations are absent, disorder occurs at random, and this leads to 
a noticeable simplification in the formulas in use for the calculated scattered 
intensity. 

In the case of crystalline polymers, the structural information deriving 
from use of X-ray diffraction techniques alone is generally poor, because the 
number of independent observed reflections is low and even lower in pres­
ence of structural disorder [152-154]. In the case of polymers, the structural 
analysis is an inductive process, rather than deductive as for conventional 
crystalline materials. A massive use of complementary computational tech­
niques (geometrica! and conformational analysis, simulation techniques) is 
thus required and, where possible, use of different experimental techniques, 
in addition to diffraction experiments, is useful in order to gain the high­
est number of a priori information [152]. The structural analysis in the case 
of solid mesophases of polymers is generally performed using these a pri­
ori information for building up structural models including various kinds of 
structural disorder, suitable for the calculation of X-ray diffraction intensi­
ties, which are compared with experimental diffraction data. 

The collection of diffraction data of polymers in a solid mesophase for 
the structural analysis is generally performed on uniaxially oriented samples 
(fibers) [152-154]. Oriented fibers ofhigh polymers in a mesomorphic form 
may be easily obtained by extrusion procedures from solution or melt andj or 
by cold stretching procedures. 

From a first inspection of X-ray fiber diffraction patterns and with help of 
other experimental techniques (e.g. DSC analysis, solid-state NMR spectra, IR 
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and Raman spectra), it is possible to deduce a series of structural information 
( chain periodicity, lateral packing of chains, chain conformation) and infor­
mation concerning the possible kinds of disorder present in the structure. 
The most common kinds of disorder present in polymer crystals are disorder 
in the relative rotation of chains around their axes and in the relative trans­
lation along the chain axes [155, 156], conformational disorder [14, 58] and 
lattice distortions [59, 60]. Each kind of disorder affects in a different way and 
to a different extent the diffraction intensity distribution and therefore it is, 
generally, not easy to discern among the various possibilities and to establish 
the length scale range over which periodicity is stiH maintained. More quanti­
tative information may be gained by comparison of experimental diffraction 
data with the diffraction intensity calculated for trial structures, modeling the 
system under analysis. 

The non-perfect alignment of chain axes in the crystals with fiber axis re­
sults in an arcing of diffraction maxima. This effect may sometime complicate 
the interpretation of X-ray diffraction patterns but, usually, does not affect 
the interpretation of the experimental X-ray diffraction intensity distribution 
in terms of limit models of structural disorder. 

Whenever necessary, the effect of the non-perfect alignment of chain axes 
in the crystals with fiber axis may be quantitatively analyzed in terms of 
moments of the orientation distribution of chain axes parallel to the fiber 
axis [157-159]. Ruland and Tompa in [158], showed that the scattering from 
a distribution of independent molecules is given by the convolution of the 
orientation distribution of molecular axes with the scattering of a single 
molecule. Ifboth orientation distribution and molecular scattering are cylin­
drically symmetric, the resulting scattering has also cylindrical symmetry 
and all three functions may be expanded in a series of even-order Legendre 
polynomials, whose coefficients are mathematically related and correspond to 
the moments of orientation distribution or order parameters [157). The most 
simple analysis is based on the fitting of the azimuthal profile of a single arbi­
trary refl.ection with a ser ies expansion of Legendre polynomials [ 160]; this, 
for diffracting objects with a cylindrical symmetry (fibers), allows to access 
to the orientation distribution function of chain molecules. 

The scattering function (hot) of a disordered crystal may be generally con­
sidered as given by the sum of two contributions, the intensity scattered from 
a hypothetical average lattice (Iid) and the diffuse scattering due to the pres­
ence of disorder (Idiff), according to Eq. 1: 

(1) 

At a given reciprocal point s = 17a* + x b* + 'Ac*, with 1J, x and 'A real numbers, 
a*, b* and c* the reciprocallattice parameters, the intensity scattered from an 
average lattice may be evaluated by Eq. 2: 

Iid(s) = L2 (IF(s)l)2 • (2) 
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where (IF(s)l)2 is the square of the Fourier transform modulus of the dens­
ity function of a single structural motif (structure factor}, averaged over all 
possible atomic positions due to the presence of disorder; for a periodic 
three-dimensional array of Na, Nb and N, structural motifs along a, band c, 
respectively, L is the product of Laue functions along the a, b and c lattice di­
rections. For a large periodic array, Eq. 2 is non zero only for h = 7], k = x, 
l = ). integer numbers. Therefore, Eq. 2 represents the Bragg contribution to 
the total scattered intensity. 

For distortions of the first kind, neglecting thermal disorder and in ab­
sence oflattice disorder displacement, the diffuse part ofthe X-ray scattering 
(ldiff) is given by Eq. 3 (see for instance [1521): 

N N 

ldiff(S) = L L {~Fn~~+m}exp(- 2JriS· rm). (3} 
m=l n=l 

where rm is the separation distance between two structural motifs, ~Fn = 
Fn - (Fn) is the difference between the structure factor of a motif in the n-th 
lattice site and its average value and ~Pn+m = Pn+m - (F~+m) is the complex 
conjugate of the corresponding quantity for the structural motif displaced 
m lattice sites from the n-th site. The terms (~Fn~Pn+m) represent the cor­
relation functions of the fluctuations of scattering function. Equation 3 is 
a rapidly vanishing function as the distance between interfering motifs in­
creases and describes a broadly distributed, smoothly varying intensity com­
ponent. 

In absence of any short-range correlation, Eq. 3 can be noticeably simpli­
fied, and the diffuse scattering may be calculated through Eq. 4 [152]: 

ldiff(s) = N({IF(s)12}- (IF(s)l)2). (4} 

where (IF(s)l 2) is the mean square modulus ofF andNis the number of struc­
tural motifs in the crystal. Equation 3 is widely more general than Eq. 4, and 
allows to account in explicit for occurrence of eventual local correlations. 

The Laue function in Eq. 2 for small size crystals, as in crystalline poly­
mers, is characterized by spurious, undesirable maxima which, in a polycrys­
talline material are quite absent, owing to the large distribution of crystal 
dimensions. A Bernoulli-type distribution of the size of the crystallites may 
be in these cases assumed substituting the product ofLaue functions in Eq. 2 
with a product of functions ofkind [150, 151]: 

1-p~ 
(5) 

where 1 - Pk represents the probability of termination of a crystallite growth 
along the lattice direction k ( = a, b or c) assumed, at each new step of growing 
process, independent of the length of the crystallite itself and Sk is the corn-
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ponent of the scattering vector s along the reciproca! direction k* ( = a*, b* 
or c*). The probabilities Pk may be assumed to be related to the appar­
ent length of the crystallites along the k lattice direction, Lk> through the 
Eq. 6 [96]: 

Pk = exp(- 2k/Lk). (6) 

In this case, the number of repeating structural motifs in the crystal, N in 
Eq. 4, should be replaced by the term (N2) 1 (N), i.e. the ratio of the mean 
square number and the mean number of structural motifs. 

The presence of isotropic thermal disorder may be accounted for multiply­
ing the Bragg contribution to the total intensity Eq. 2 by the Debye factor: 

(7) 

where () is the diffraction angle, J... the X-ray wavelength and (u2 ) the mean 
square amplitude of atomic thermal vibrations. 

Diffuse scattering arising from thermal displacement disorder, in the case 
of a crystal containing only atoms of one kind which vibrate independently 
about their average lattice sites, corresponds to a very simple formula, given 
by Eq. 8 [64, 152]: 

(8) 

where fis the atomic scattering factor and Nat the number of atoms in the 
crystal. This term contributes regardless of the presence of other kinds of 
disorder to the diffuse scattering expressed by Eq. 3 or Eq. 4 and should be 
added to Eq. 1 in order to account for diffuse scattering deriving from thermal 
disorder. 

The presence of lattice distortions of second kind along a given lattice 
direction sk may be accounted for replacing L 2 in Eq. 2 by the convolution 
product of L 2 with terms of kind: 

1 - exp(- 47r2a 2s0 
(9) 

This term is derived in the hypothesis that the distance between two neigh­
boring points fluctuates around the average value k and its probability distri­
bution is a Gaussian function with standard deviation a [60]. 

Let us discuss some specific examples of lattice distortions of first kind. 
As an example of uncorrelated disorder, it may be shown that diffuse scat­

tering arising from a system containing two structural motifs which may 
substitute for each other at random in the lattice sites, without implying any 
distortion of lattice distances, corresponds to a very simple formula given by 
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Eq. 10 [63]: 

Idiff(S) = Nc1c21F1 - F2l2 . (10) 

where c1 and c2 are the relative fractions of the two mixed structural mo­
tifs 1 and 2 and F1 and F2 the corresponding form factors. Thus, the X-ray 
diffraction patterns of materials containing random substitutional disorder, 
in absence of any short -range correlation, would be characterized by the pres­
ence ofhalos over large regions of reciproca! space, along with the presence of 
sharp Bragg peaks. 

Another simple, interesting case arises in polymers when the disordered 
structure does not present any short-range correlation in the relative height 
of chains along the z axis. Let F(s) be the structure factor of a single periodic 
chain. In these cases, it may be shown that the mean value of IF(s)l over the 
whole ensemble of chains is zero everywhere except along the equator and the 
meridian [64]. Thus, the Bragg contribution to the scattering intensity Eq. 2 
reduces to zero on layer lines off the equator and off the meridian, whereas 
Eq. 4 further simplifies to the following equation: 

(11) 

Therefore, in a fiber diffraction pattern, the presence of diffuse scattering lo­
calized along well-defined layer lines and absence of Bragg reflections off the 
equator generally indicate lack of any order in the relative height of the chains 
along the chain axes. 

The effect of random and small angular displacements of chains around 
their axes and of small translation displacements of chains parallel to their 
axes on the diffraction intensity distribution in a fiber pattern may be treated 
as follows. 

For fibers, the calculated intensity is conveniently expressed in terms of 
reciproca! cylindrical coordinates, ţ, 1/f and S· Let us consider a generic ag­
gregate ofW parallel chains oriented with their axes (z) parallel to fiber axis. 
Without loss of generality, suppose that the chains are placed at the nodes 
of a large regular bidimensional lattice, each translated along z and rotated 
around z by Zw and 'Pw• respectively. The structure factor of this chain aggre­
gate is given F(ţ, 1/f, s) [156]: 

w 1 

F(ţ, 1/f, ţ) = L L /j exp {2Jri [ţQj cos(rpj + 'Pw -1/f) + s(Zj + Zw)]} . (12) 
w=l j=l 

where Qj• 'Pj and Zj are the cylindrical coordinates of j-th atom in a chain, re­
ferred to a local system of axes, with z coinciding with chain axis, /j the atomic 
scattering factor and] the number of atoms in each chain. If W = 1, F(ţ, 1/f, s) 
corresponds to the structure factor of the single chain. 
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Equation 12 may be expanded in series of Bessel functions of the first kind, 
obtaining the following expression [156]: 

W J +oo 

F(ţ, 1/f, ţ) = L L Jj L ln(27rQjţ) (13) 
w=l j=l n=-oo 

x exp { i [ n( 1/1 + ~)- n(f{Jj + f{Jw) + 2rr~(Zj + Zw)]}. 

with ln the n order Bessel function. It is worth noting that for W = 1, Eq. 13 
corresponds to the Cochran, Crick and Vand formula for the calculation of 
the structure factor of a helical chain [161]. According to Cochran, Crick and 
Vand [161], for a commensurable helix including N residues in M turns, the 
order n ofBessel functions contributing to the X-ray diffraction intensity dis­
tribution along a given layer line with l = ~jc (c, chain periodicity) may be 
selected solving the equation l = nN + mM with m integer. More in general, 
for a helical chain characterized by pitch P and axial spacing p (unit height}, 
the orders of Bessel functions entering Eq. 13 correspond to solution of equa­
tion ~ = njP + mjp (generally used for incommensurate helices when M and 
N are not integer numbers) [161]. Of course, for chains which are not helical 
Eq. 13 is still valid, but the summation extends over all Bessel functions [161]. 
In practice, only low orders of Bessel functions need to be considered for 
the calculation of F with Eq. 13, because for a given argument, the value of 
a Bessel function rapidly decreases with increasing the order n. 

The diffraction intensity in a fiber pattern I(ţ, ţ) corresponds to the cylin­
drically averaged product of F(ţ, 1/f, ~) (Eq. 13} with its complex conjugate 
F*(ţ, 1/f, ~)as given by Eq. 14 [156]: 

+oo J 

I(ţ, ţ) = L L f/J~(27rQjţ)(Cn + Sn) (14} 
n=-oo j=l 

+oo J J 

+ L L L jjjj'Jn(27rQjţ)]n(27rQj'ţ)(Cn + Sn) 
n=-oo j=l j'=l 

X COS [ n(f{Jj- (/Jj') + 27r~(Zj - Zj')] 

with: 

C. = [ ţ cos(2"ţ Zw - n~w) r S" = [ ţ sin(2"{Zw - n~w) r ( 15) 

The average diffraction intensity of crystals including random disorder in ro­
tational displacements of chains around their axes may be easily evaluated 
from Eq. 14, for any distribution of rotational displacements, by integrating 
the terms in the sums ofEq. 15 in the proper range, according to the assumed 
distribution. For instance, in the simple hypothesis that aU Zw = O and the 
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chains are rotated by angles (/Jw around the chain axis and these angles are 
uniformly distributed in the range 0-2rr, ali Cn and Sn terms in Eq. 15 are zero 
except for n = O; in this latter case, indeed, Co = W2• Displacement disorder 
of chains around their axes of a small angle (/Jw symmetrically distributed 
around (/Jw = O for ali the chains, instead, implies Sn = O for ali n, whereas the 
terms Cn can be approximated by a sort of an extended Debye-Waller factor, 
i.e. Cn ~ W2 exp(- n2 (({J2} with (({J2} the average square value of (/Jw [156]. 

Similarly, the average diffraction intensity of crystals including small 
translation displacement disorder of chains along their axes may be easily 
treated starting from Eq. 14, for any distribution of translation displacements, 
by integrating the terms in the sums of Eq. 15 in the proper range, accord­
ing to the assumed distribution. For instance, in the simple hypothesis that 
ali (/Jw = O, and the chains are translated at random by small distances in 
the direction of the chain axis and that these displacements are distributed 
symmetrically around z = O, it may be shown that the averaging of Eq. 14 cor­
responds to setting Sn =O and Cn = exp(- 4rr2ţ2 (z2}) with (z2} the average 
square values of Zw [156]. 

The discussed examples of random rotational and translation displace­
ment disorder of chains around their axes have important implications for 
the interpretation of the X-ray fiber diffraction patterns of poly(tetrafluoro­
ethylene) oriented samples in the mesomorphic forms stable at high tempera­
tures (Sect. 5.7). 

Of course, the presence of non-random substitutional, translational or ro­
tational displacement disorder, and hence the presence of short-range lateral 
correlations between neighboring chains, noticeably complicates the evalua­
tion of the X-ray diffraction intensity distribution. Diffuse scattering in this 
case appears more localized; for instance, in the case of non-random substi­
tutional disorder, for systems where two different structural motifs tend to 
alternate in neighboring sites, diffuse scattering appears rather peaked near 
superstructure positions in the diffraction patterns [112]. In these cases, Eq. 3 
should be used instead of Eq. 4 for the calculation of diffuse scattering. Equa­
tion 3 is usually presented in the form [61, 112]: 

(16) 

The function K(s) characterizes the short-range order and it is defined by 
Eq.17: 

~ {~Fn~~+m} . 
K(s) = L., ( 2} exp(- 2rrts· rm). 

m=l I~Fnl 
(17) 

In the case of absence of any short-range order, i.e. of uncorrelated disorder 
of the molecules, K(s) = 1. 

The case of disordered structures where correlation must be taken into 
account has been treated by severa! authors [61, 137,142,147, 149-151]. For 
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instance, Allegra [ 149] has developed a general approach for the calculation 
of diffracted intensity by monodimensionally disordered structures, in which 
different structural motifs follow each other along a given lattice direction 
according to different translation vectors with different probabilities accord­
ing to a Markov statistics; this approach makes use of a matrix formalism 
which allows easily to account for any kind of short-range correlation in the 
succession of different motifs. 

An alternative route for the calculation of X-ray diffraction intensity of 
a fiber, consists of developing the structure factor of a chain aggregate in 
a series of Bessel functions of zero order [152]; the cylindrically averaged 
diffraction intensity J(ţ, ţ) = (F(ţ, 1{!, ~)F*(ţ, 1{!, ~))1/f of a chain ensemble of 
M atoms with coordinates x, y and z referred to a common cartesian system 
of axes may be expressed in this case by Eq. 18: 

J J 

I(ţ, ~) = L L /j/j'lo(2:n:ţr;j) exp(2:n:~Zjj'). (18) 
j=l j'=l 

where rjj' ( = [ (xj - Xj' )2 - {yj - Yl )2] 112 ) and Zjj' ( = Zj - Zj') are the distances in 
the xy plane and along z, respectively, between atoms j and j'. 

In the most crude approach, Eq. 18 may be used to evaluate the diffrac­
tion intensity of model structures containing specific kinds of disorder. The 
terms of summation rapidly fade away for large distances between interfering 
atoms. In some cases it may be convenient to multiply each term in the sums 
ofEq. 18 by paracrystalline disorder factors Kij' which reduce the interference 
between each couple of atoms according to the following equation [152, 162]: 

Kjj' = exp(2:n:2 ~2 u~Zjj' 1 Llz) exp(2:n:2 ţ2 uhj' 1 L\7). (19) 

According to Eq. 19, this reduction increases with increasing distance be­
tween the atoms; the terms u~ and u~ in the exponential functions represent 
the mean square displacements of the inter-atomic distances along z and in 
the xy plane, respectively, and are scaled by factors Llz and L\7 • The quantities 
uU Llz and u~l Llr are used as parameters in the calculations tobe optimized 
in order to obtain the best agreement between calculated and experimental 
diffraction data. 

Equation 18 is particularly useful for the calculation of the diffuse scat­
tering of a mesomorphic aggregate of chains which does not present any 
correlation in the relative height of chains along z axis. In this case, in fact, 
we have shown that the scattering intensity of the whole bundle, off the equa­
tor, may be calculated by the average square of the modulus of the structure 
factor of the single chain, so that the sums in Eq. 18 can be extended to only 
the atoms of a single chain. 

Termination effects due to the finite length of the model chain used in the 
calculations may be eliminated in the calculations, assuming, for instance, 
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a Bernoulli type distribution of chain length, which corresponds to multiply­
ing each termin the sums of Eq. 18 by factors ofkind [163]: 

(20) 

with 1/Pc the average number of monomeric units in the chain, and (c} the 
average periodicity. 

5 
Solid Mesophases with Long-Range Positional Order 
in Three Dimensions of Not-Point-Centered Structural Features 

5.1 
1 ,4-tans-poly(1 ,3-butadiene) 

The high-temperature crystalline form of 1,4-trans-poly(1,3-butadiene) was 
first described by Natta and Corradini [56] and then by Corradini [8] as a dis­
ordered crystalline phase characterized by conformational disorder of the 
chains. 

1,4-trans-poly(1,3-butadiene), indeed, has two crystalline modifications. 
The crystalline form stable at room temperature transforms at 76 °C into 
a disordered modification [55]. The transition is reversible and the change 
of entropy involved at the transition (6.3 u.e.jmole of mononomeric units) is 
more than twice larger than the entropy associated with the melting at higher 
temperatures (2.7 u.e.jmole of mononomeric units) [57]. Such a large entropy 
change may be attributed to the conformational freedom gained by the chains 
at the crystal-crystal phase transition. 

The crystalline phase stable at room temperature (form 1) is characterized 
by a pseudo-hexagonal packing of chains at a distance of~ 4.55 A; the chains 
have a ti symmetry and periodicity c = 4.85 A [56]. Actually, the symmetry 
is broken and a monoclinic unit ceH has been suggested to eJeElain the fea­
tures oftheX-rayfiber diffractionpatterns (a= 8.63 A, b = 9.11 A, c=4.85 A, 
{3 = 114°, space group P2tf a, four chains per unit cell) [164]. The chains have 
a regular conformation (A+ trans A-T)n shown in Fig. 3A in two projections 
parallel to the chain axis [8]. The backbone torsion angles adjacent to double 
bonds are in a skew conformation (A standing for anticlined) and alternate 
regularly along the chain with opposite signs (A+ and A-) whereas the back­
bone dihedral angles around CH2 - CHz bonds are in the trans conformation 
(T). The chain periodicity would correspond to the experimental value of the 
chain axis (c = 4.85 A) forT= 180° and A+=- A-= 125° [8]. 

At 76 °C the low temperature form 1 transforms into the disordered crys­
talline form II, which melts at 146 oc [55, 56, 66]. 
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The X-ray fiber diffraction patterns of form II show two equatorial re­
flections and a diffuse meridional 002 reflection [66, 165]. The equatorial 
reflections indicate a pseudo-hexagonal packing of chain axes with a= 4.88 A 
and c = 4.65 A [66]. During the transition from form 1 into form II, the c axis 
shrinks by 4% while the distance between the chain axes increases by 7.5% 
and the volume per chain in the crystalline state increases by 9% [8]. 

The high entropy change involved in the crystal-crystal phase transition 
and the features of the X-ray fiber diffraction patterns of form II could be 
accounted for assuming a disorder in the conformation of chains in form 
II [8]. Because of the low barrier energy which separates the intrinsic tor­
sional energy minima around single bonds adjacent to the double bonds, 
A+,A- and C (C = cis) [65], chains of trans-1,4-poly(1,3-butadiene) present 
three non-equivalent, nearly isoenergetic conformational energy minima cor­
responding to the conformations ... A± transA±T ... , ... A± transA'f'T ... and 
... CtransA±T ... [166]. Therefore, a possible disorder in the conformation 
of 1,4-trans-poly(1,3-butadiene) may arise from a statistica! succession of 
monomeric units which assume these energy minimum conformations [8, 
58]. For instance, the random succession of sequences ... A± transA±T ... and 
... C transA±T ... , characterized by the distance between the centers of con­
secutive CH = CH bonds of 4.84 and 4.48 A, respectively, produce a contrac­
tion of the chain axis which matches the observed reduction from form 1 
(4.83 A) to form II (4.66 A) for a probability of 25% that the single bonds ad­
jacent to double bonds are in the cis conformation [166]. This model accounts 
for the X-ray diffraction data [66] and has been confirmed by the solid-state 
13C NMR analysis of form II [167]. The chains can be maintained straight, 
and hence the crystallinity is maintained, even with a statistica! succession 
of structural units having widely different torsion angles, by allowing small 
deformation of bond angles [ 8]. 

Two possible models of the chains of 1,4-trans-poly(l,3-butadiene) in the 
mesomorphic form II are shown in Fig. 3B, as an example. 

These disordered conformations not only account for the chain axis of 
form II but, on a semi-quantitative ground, also for the high value of the en­
tropy change involved in the crystal-crystal phase transition between form 1 
and form II and the low melting enthalpy of form II [8]. In fact, assuming 
equal statistica! weights for the cis and skew conformations for the dihedral 
angles around the single bonds adjacent to double bonds, the number of ro­
tational isomers for each monomeric unit accessible in form II is 9, resulting 
in a conformational entropy change for the crystal-crystal phase transition 
of 4.4 e.u.jm.u .. This value, although it overestimates the entropic conforma­
tional contribution of the entropy change associated to this transition, is in 
good agreement with the calorimetric data. It accounts for more than one-half 
the experimental value of entropy change associated with the crystal-crystal 
phase transition of form I into form Il, and for the low value of the melting 
entropy of 1,4-trans-poly(l,3-butadiene) [57, 168]. 
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A 

c=4.65A 

Fig. 3 (A) Chain conformation of 1,4-trans-poly(1,3-butadiene) in the crystalline form sta­
bie at low temperature ( < 76 °C); chain periodicity c = 4.85 A. (8) Two possible disordered 
chain conformations of 1,4-trans-poly(1,3-butadiene) in the crystalline form stable at 
T > 76 °C; average chain periodicity c = 4.65 A. Symbols A+, K,T and C stand for dihe­
dral angles around C - C simple bonds close to + 120°, - 120°, 180° and 0°, respectively 

The disordered form II of 1,4-trans-poly(1,3-butadiene) can be classi­
fied as a solid mesophase of type ii), where crystals have long-range order 
only in the position of not-point-centered structural features, that is, the 
chain axes. The two periodicities along a and b axes are sufficient to define 
a three-dimensional repetition, whereas the periodicity along the chain axis 
is defined by the average distance between the center of mass of consecutive 
monomeric units. 

In addition, form II is a condis crystal in the original sense of Wunder­
lich [2], where cooperative motion between various conformational isomers 
is permitted, owing to the low interconversion barrier. A high mobility of 
chain stems in the crystalline regions of form II originating from such con­
formational motion, indeed, is also indicated by solid-state 1 H [169] and 
13C NMR analysis [167]. Probably, in the crystalline regions, the cooperative 
motion between various conformational isomers suggested by Corradini [8] 
is combined with chain rotation of the whole chain stems, as proposed by 
Iwayanagi and Miura in [169]. 

In conclusion, form II of 1,4-trans-poly(1,3-butadiene) represents a case of 
conformational isomerism of polymers in the crystalline state where different 
conformations occur at random within the same chain and long-range order 
is maintained among parallel chains [58]. 
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5.2 
Poly(&-caprolactame) (nylon 6) 

The {3 crystalline form of poly(s-caprolactame) (nylon 6), obtained in melt 
spun fibers rapidly cooled to room temperature [24, 170] or by quenching 
the melt [23], is a solid mesophase, which, at variance with the form II 
of 1,4-trans-poly(1,3-butadiene), is metastable. The amount of disorder in 
the mesomorphic {3 form of nylon 6 is indeed related to the history of the 
sample, whereby non-equilibrium situations are kinetically frozen at room 
temperature; the f3 form transforms into the more stable a andjor y forms by 
annealing at temperatures higher than room temperature and this transform­
ation is irreversible [ 171]. 

As shown in Fig. 4, the X-ray diffraction patterns of nylon 6 fibers in the 
f3 form (Fig. 4A) present only two equatorial reflections (Fig. 4B) and sev­
era! meridional reflections (up to the 7-th order, Fig. 4C) [163]. This indicates 
a pseudo-hexagonal unit cell with a(= b) = 4.80 A and a mean periodicity 
along the chain axis equal to c = 8.35 A. The substantial absence of diffraction 
off the equator and off the meridian indicates that a high degree of conforma­
tional disorder is present. From the meridional profile reported in Fig. 4C it 
is apparent that the half-height widths of the meridional reflections increase 
with increasing diffraction order, indicating paracrystalline distortions of the 
lattice parameter c. 

The chain conformation for the ordered a [23] and y [172] forms of ny­
lon 6, as reported in the literature, correspond to chiral 2/1 helices with ali 
coplanar amide groups. In both crystalline forms the chains are in nearly 
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Fig.4 (A) X-ray fiber diffraction pattern of an oriented sample of nylon 6 in the f3 form. 
(B) Equatorial profile; (C) Meridional profile. Pseudo-hexagonal unit cell, a = b = 4.80 A, 
y = 120°, average chain periodicity c = 8.35 A (Reprinted with permission from [163]. 
Copyright 1997 by the American Chemical Society) 
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Fig. 5 (A) Schematic representation of nylon 6 chain. Symbo1s e and O' indicate the back­
bone dihedral angles in the repeating constitutional units adjacent to the amide groups. 
8; = 8;+1 and 8;=-fJi in the chains of a and y forms in s(2/l) extended conformation. 
The C- C bonds in the aliphatic chains are assumed to be close to 180°. (B) Symbols 
1{!; identify the angles between the planes containing consecutive amide groups. The line 
symmetry s(2/l) corresponds to ali 1/1; = 180°, whatever the values of 8; and Oi angles, 
with ali coplanar amide groups. In the chains of f3 form the values of 8; torsion angles are 
different, 8; ::f 8;+1> whereas still 8; =-Oi'. Assuming 8 (8') variable, in absolute value, in 
the range 120-180°, large deviations of 1/1; from 180° would occur along the chain. Only 
conformations leading to 1{!; = 180° ± n60, with n integer, are selected for nylon 6 in the 
f3 form 

extended conformation with all dihedral angles in the trans state, but those 
adjacent to amide groups, () and ()' (see Fig. SA). For the a form the chain pe­
riodicity corresponds toc= 17.2 A and 101 = 10'1 = 140° [23]; for the y form 
the chain periodicity corresponds toc= 16.88 A and 101 = 10'1 = 120° [172]. In 
both cases, () and 8' have equal modulus but opposite sign (() =- ()'); we also 
notice that under the restraints that all O; are equal (O;= O;+I), the angle be­
tween the planes of consecutive amide groups along the chain (1/1 in Fig. SB} 
is equal to 180°, whatever the value of () and for 8; =- 8/. In a and y crystal 
forms the chains form strong hydrogen bonds which develop orderly along all 
parallellines [23, 172]. 

The chain periodicity of nylon 6 in the f3 form (cf3 = 8.35 A) [24] is about 
one-half that of nylon 6 in the y form (cy = 16.9 A) [172] and slightly shorter 
than one-halfthe chain periodicityofnylon 6 in the a form (ca= 17.2 A) [23]. 
This indicates that the chains in the mesomorphic f3 form present highly dis­
ordered, nearly extended conformations, with a periodicity along the chain 
axis defi.ned by the average distance along the c axis between the center of 
mass of consecutive monomeric units [24]. A structural model of f3 form 
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of nylon 6 should, therefore, include conformationally disordered chains in 
extended conformations packed in a pseudo-hexagonal array, and should ac-

A 

~~ ... (cp,),.,= l75° 

"-..:::lli~"T (cp2), .• = 175° 

........ ~ ... (cpJ) •.• =175° 

(cp.)..=175° 

9,= -150° 

B c 

( cp.).= 165° 

(cp~,= 1 65° 

( cpJ).= 165° 

Fig. 6 Disordered conformations of nylon 6 chains of low internal energy suitable for the 
f3 form, built according to the simplifying assumptions of [163]. The average chain pe­
riodicity is c = 8.35 A and the dihedral angles between consecutive amide groups along 
the chain (tit) are close to ±120° or 180°. According to [163], values of 1{1 close to ±120 
may be obtained for instance (A) under the condition that all backbone dihedral angles of 
a aliphatic chain (<P) comprised between two consecutive amide groups be equal to 180°, 
when (O'); + (O)i+I = ± 70; (B) under the condition that (0' );_1 = - 120° and O;=- 150° 
when all (<ţ~) ; = 175°; (C) under the condition that (O' );=- (0);+1 when all (<P)i+I = 165°. 
The straightness and high extension of the chain is ensured, retaining the condition 
O; =- Oj for any i value 
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count for the experimental observation that in the f3 form hydrogen bonds are 
formed almost 100% as in the more stable a and y forms [ 173, 17 4]. 

Possible chain models for the f3 form of nylon 6 in extended conformations 
including large amounts of conformational disorder were proposed in [163]. 
They were derived from those of nylon 6 in the a and y forms, considering 
that the dihedral angles adjacent to amide groups, () and ()', have low torsional 
barrier energy and are variable (in absolute value) in the range 120-180°, in 
agreement with structural data of a variety of amide compounds [174, 175]. 
The conditions of s(2/1) symmetry that ali the dihedral angles ()i(Oi) are equal 
was then relaxed and only the condition ()i =- Oi was retained (see Fig. 5). 
The value of 1/Ji depends on the value of the dihedral angles 0/_1 and ()i· At 
variance with the case of the ideal ordered structures of the a and y forms 
of nylon 6, the disordered model chains of f3 form does not present any de­
fined chirality and the C = O bonds point along any direction cylindrically 
distributed around the chain axis. Restricting the conformations of the chains 
to those with 1/Ji = 180 ± n60° (n integer), low energy extended conformations 
with average periodicity c close to 8.35 A of the kind shown in Fig. 6, were 
easily built up [163]. 

According to [163], a possible supra molecular aggregate of nylon 6 chains, 
in the f3 form, is drawn in Fig. 7, as an example. The chains are conformation­
ally disordered and have average periodicity c = 8.35 A. The chain axes are 
placed at the nodes of a bidimensional hexagonallattice. The hydrogen bonds 
are formed along lines parallel to [100], [010] and [1l0] lattice directions; 
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Fig. 7 Possible packing model for nylon 6 in the fJ mesomorphic form. The chain axes 
are placed at the nodes of a bidimensional hexagonallattice. The concomitant formation 
of H-bonds along lines parallel to [100], [010] and [llO] lattice direction is indicated. 
(Reprinted with permission from [163]. Copyright 1997 by the American Chemical So­
ciety) 
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formation of hydrogen bonds is the driving force which induces neighboring 
chains within the small mesomorphic aggregates to changes in conformation 
so that nearly 100% ofhydrogen bonds are formed [163]. As a consequence, 
since the amide groups lie all at nearly the same height along z, the lines ofhy­
drogen bonds lie in layers perpendicular to the chain axes and have the same 
direction within each layer; however, lines of H-bonds in consecutive layers 
along z may be not parallel but rotated at chance by + 120 or- 120°. 

In a recent paper, Li and Goddard III in [176] proposed that similar meso­
morphic aggregates of nylon 6 chains are formed, as low energy intermediate 
structures, during the transformation between the a and y forms. 

The X-ray diffraction intensity calculated in [163] on such disordered ar­
rays along the ţ = lj c reciproca! line (l a continuous variable) is in good 
agreement with the experimental X-ray diffraction profile along the meridian 
of Fig. 4C; smalllattice distortions of the second kind along the c axis were 
introduced in the calculations, in order to account for the experimental ob­
servation that the half-height widths of the meridional reflections increase 
with increasing diffraction order (see Fig. 4C). The best agreement with the 
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Fig.8 (A) Calculated X-ray diffraction profiles along the meridian for model structures 
of f3 form of nylon 6 when only conformational disorder is present and the chain are all 
up or all down (isoclined), and (B) when conformational disorder and disorder in the 
substitution of upjdown chains in the lattice positions are both present (Reprinted with 
permission from [163]. Copyright 1997 by the American Chemical Society) 
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experimental pattern was obtained introducing a further kind of disorder, 
arising from the random substitution in the lattice positions of f3 form of ny­
lon 6, of chains with opposite orientation, i.e. with the - NC( = O )O - amide 
groups pointing at chance either along a positive ( up) direction parallel to the 
chain axis or toward the opposite (down) direction [163]. This is shown in 
Fig. 8, where the calculated X-ray diffraction profile along the meridian is re­
ported in the case of model structures of nylon 6 in the f3 form including both 
conformational disorder and upjdown substitutional disorder [163]. 

In conclusion, the f3 form of nylon 6 corresponds to small mesomorphic 
aggregates of chains of class ii) where order is maintained for structural fea­
tures which are not point centered, on various length scales: long-range order 
is connected with the maintenance of the parallelism and of the pseudo­
hexagonal arrangement of the chain axes (the size of the mesomorphic bun­
dles perpendicular to chain axes is higher than the size parallel to chain axes); 
an intermediate range of order may be referred to the parallel arrangement 
of lines of hydrogen bonds within layers normal to the chain axes; an even 
shorter range of order refers to the piling of such layers along c, the size of the 
mesomorphic aggregates parallel to the chain axes spanning a few number (5 
on average) periodicities parallel to the caxis. 

5.3 
Poly(acrylonitrile} 

Poly(acrylonitrile) (PAN} is a crystalline polymer despite the irregular chain 
configuration: it is produced via radical polymerization and it is essentially 
atactic [39, 177]. 

The crystalline form of PAN may be classified as a solid mesophase of type 
ii): the PAN crystals or paracrystals have long-range positional order only for 
not-point -centered structural feature, that is the chain axes, for which the two 
a = b periodicities are sufficient to define a three-dimensional repetition of 
the position ofthe chain axes [97]. 

The conformation of the stereo-irregular chains of PAN, which are able to 
crystallize in a pseudo-hexagonal form has been a matter of intense debates 
in the literature for years [39-48, 95-97, 177]. 

The X-ray diffraction pattern of a uniaxially oriented fiber ofPAN is shown 
in Fig. 9 [97]. It presents only two sharp Bragg refl.ections on the equator 
(Fig. 9B ), indicating a nearly perfect hexa_gonal arrangement of the chain axes 
in the a-b plane placed at distance of 6 A [40, 48, 96, 97, 177] and diffuse ha­
los off the equatorialline. Two halos along the meridian, centered at ţ ::::::: 0.40 
and 0.80 A-1 (Fig. 9C), and a characteristic off meridian diffuse scattering, 
with cylindrical coordinates in the reciproca! space equal to 1; = 0.15 A-l and 
ţ = 0.25 A-l (Fig. 9A), are present [95-97]. The position of the two broad 
maxima on the meridian suggests a value close to 2.5 A for the average chain 
periodicity. 



Solid Mesophases in Semicrystalline Polymers: Structural Analysis 

A 
0.6 .---------, 

0.2 0.4 0.6 
~(Ă"1) 

B 
Equator 

o.2 o.4 ~(A-1) o.6 

,u;;, 
02 o.4 ~6 o~ ~~ 

/;(A-1) 

31 

Fig. 9 Experimental X-ray diffraction intensity distribution of a PAN fiber (A) in the ţ, ţ 
reciproca! plane, (B) along the equator (for ţ =O) and (C) along the meridian (for ţ = 0). 
(A) : Contour lines with constant I(ţ, ţ) values at regular intervals of two units (arbitrary 
scale). (Reprinted with permission from [97]. Copyright 1996 by the American Chemical 
Society) 

Consistent with the presence of the diffuse halo in the quadrant of X-ray 
diffraction patterns at 1; = 0.15 A-1, ţ = 0.25 A -1, the chain periodicity of 
2.5 A was taken as an indication that the pseudo-hexagonal crystalline form 
of PAN is formed by elongated portions of chains with a prevailing syn­
diotactic confi.guration in a nearly trans-planar conformation [39-48]. In 
fact, fully extended conformations are at low cost of internal energy only for 
fully syndiotactic sequences, since meso sequences adopting a trans-planar 
conformation would lead to unfavourable dipole-dipole interactions between 
adjacent - CN groups [178-180]. However, according to X-ray diffraction 
data, assuming a packing of syndiotactic chains in a hexagonal unit cell with 
parameters a= 6 A and c = 5.1 A, (two monomeric unitsjunit cell), the theor­
etical density would be calculated equal to 1.11 gjcm3, which is considerably 
lower than experimental density values of PAN indicated in the literature, in 
the range 1.17-1.22 gjcm3 [181-183]. In the hypothesis of a hexagonal pack­
ing of chains in a unit cell with a = 6 A, these values of density suggest a value 
of the chain axis lower than 2.5 A and, hence, a conformation of the chain not 
exactly trans-planar. 

Moreover, the hypothesis that only syndiotactic sequences in a fully planar 
conformation would crystallize is inconsistent with the distribution of stereo­
sequences in PAN samples, which is essentially that expected in the case of 
a Bernoulli type statistics with equal m and r diads concentrations [184-186]. 

On the other hand, considering the characteristic X-ray diffraction pat­
terns of PAN fibers, Bohn et al. [40] suggested that the pseudo-hexagonal 
form of PAN presents only lateral order in the packing of chain axes, and no 
longitudinal order parallel to the chain axes. 
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Lindenmeyer and Hosemann [ 48] analyzed the electron diffraction pat­
terns of single crystals of PAN in terms of the theory of paracrystals, giving 
a plausible explanation for the absence or extreme weakness of high-order 
reflections. They argued that large fluctuations of the lattice vector param­
eter parallel to chain axes, corresponding to distortions of the second type 
( or paracrystalline distortions) along this lattice direction, may account for 
the experimental diffraction intensity distribution along the meridian. It was 
concluded that consistent with the paracrystal model, an approximate average 
periodicity close to 2.3-2.4 A could be assumed for PAN atactic sequences 
in the crystalline state, achieving a better agreement with density measure­
ments [48]. 

To reconcile the results of the X-ray diffraction studies with the tactic­
ity [184-186] and density measurements [181-183], Liu and Ruland [96] 
suggested that short isotactic sequences could easily adopt a nearly zigzag 
planar conformation, whereas longer isotactic sequences would reduce the in­
terna! energy of the chain by formation of kinks. Each kink would be pinned 
to configurational m sequences of monomeric units embedded in syndiotac­
tic sequences in a nearly trans-planar conformation; models of a kink are 
shown in Fig. 10, as an example: the dihedral angles close tom diads assume 
a rG-rG+ conformation. These kind ofkinks would shorten the chains while 
maintaining the trans-planar portions of chain parallel (but not coaxial) on 

A 

B 

Fig.10 Kink models for chain stretches ofPAN including m configurational diads in a pre­
vailing syndiotactic configuration. Kinks with conformational sequence c;- Ta+ T shorten 
the chains while maintaining the trans-planar portions of chain parallel, but not coaxial, 
on both sides of the defect 
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both sides of the defect. The presence of about 1 kink per 10 monomeric units 
would account for the values ofthe experimental density [96]. 

In [97], an alternative model not implying kink formation was proposed 
based on the results of conformational energy calculations and geometrica! 
analysis. The conformational space was sampled for short atactic portions of 
PAN chain containing m isolated diads and mm isolated triads in a syndiotac­
tic configurational environment, with the aim to find extended conformations 
of minimum energy suitable for PAN in the crystalline state. 

Although the analysis of [97] was not exhaustive, it succeeded in identi­
fying extended conformations of minimum energy for stereoirregular model 
chains of PAN in which the torsion angles are close to 180° in racemo diads 
and may deviate significantly from 180° in meso diads. As an example, locally 
extended stretches of rmr tetrads and rmmr pentads in a minimum energy 
conformation are shown in Fig. 11. 

According to the results of [97], nearly trans-planar conformations for con­
figurationally irregular sequences are energetically feasible, with deviations 
of torsion angles of ±10 from 180° which alleviate unfavorable electrostatic 
interactions between adjacent nitrile groups [178-180]. These nearly trans­
planar conformers correspond to a smalllateral encumbrance of- CN groups 
and present an average chain periodicity (average length of the projections 
along the chain axis of the vectors connecting the center of mass of consecu­
tive monomeric units) close to 2.5 A (Fig. 11A and .!\). This value is still in 
a bad agreement with indications deriving from the values of the experimen­
tal density. 

Extended chain conformations including torsion angles in a gauche state 
for bonds around m diads are also feasible at low cost of conformational en­
ergy (Fig. 11B-C and Fig. 11B'-G'). The presence of gauche bonds introduces 
some waviness in the chain, which can be easily tolerated in the lattice while 
maintaining the chain straight and with small lateral encumbrance; gauche 
bonds, at the same time, shorten somewhat the mean chain periodicity of 
nearly trans-planar chain, from 2.5 A to 2.3-2.4 A, in a better agreement with 
density values [97]. In addition, the presence of gauche bonds in crystallizable 
portions of atactic chains, would rotate the mean plane of the backbone chain 
by nearly 120°, with the result that - CN side groups would project perpen­
dicularly to the chain axis along directions placed at :=:::::: 120° each other. 

In [97], the calculated Fourier transform of the disordered models of the 
isolated PAN chain of Fig. 11 including ... rmr ... and ... rmmr ... configurational 
sequences in different low minimum energy conformations, were compared 
to the experimental diffraction data. In the hypothesis that no long-range 
order in the relative shift of the chains along z would be present in the meso­
morphic crystals of PAN and that the relative orientation of the chains around 
the chain axes would be related only on a local scale, the distribution of the 
diffracted intensity in the reciproca! space off the equator can be accounted 
for by the Fourier transform of the isolated chain. 
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Fig. 11 Side views of chain stretches of PAN, with an isolated m diad (A-C) and an iso­
lated mm triad (N -G') between r diads in minimum energy conformations. Symbols G, 
A and T stand for torsion angles deviating up to ±30° from gauche, anticlinal and trans 
states, respectively. Starred A, G or T symbols indicate that, for the considered minimum 
energy conformation, the sign of the value of the dihedral angle is opposite with respect 
to the configurational sign (+) or (-) ofthe corresponding bond [65]. The inherent asym­
metry of skeletal bonds is assigned according to cyclic order of the three groups attached 
to the tertiary carbon atoms, following definitions given in [65]. In the models B,C, B'­
G', the average chain periodicity is ~ 2.3-2.4 A (Reprinted with permission from [97]. 
Copyright 1996 by the American Chemical Society) 

The comparison between the calculated and experimental diffraction data 
indicated that the paracrystalline pseudo-hexagonal phase of PAN is formed 
by short and straight portions of chains with atactic configuration [97]. 
Model chains in a nearly trans-planar conformation for atactic PAN, do not 
account for the off-equatorial diffuse scattering in the X-ray diffraction pat­
terns. A better agreement with the experimental diffraction data was obtained 
for atactic PAN chains containing C- C bonds close to m diads in gauche con­
formation. As an example, the calculated X-ray diffraction intensity in the ~. 
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ţ reciproca! plane and along the meridian, for models of chains of Fig. 11 in­
cluding ... rmr ... and ... rmmr ... sequences in different low minimum energy 
conformation, which gives a good qualitative agreement with the experimen­
tal X-ray fiber diffraction pattern of PAN of Fig. 9 is presented in Fig. 12. 
The configurationally disordered model chains of PAN used in the calcula­
tions of Fig. 12 includes up to 10o/o of dihedral angles close to m diads in the 
gauche conformation. These conformations present average chain periodic­
ity close to 2.4 A, shorter then 2.5 A as required by density data and account 
for the position and the broadness of the meridional diffraction maxima. In 
addition, also the position and the intensity of the diffuse halo centered at 
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Fig. 12 (A) Calculated diffraction intensity I, for disordered models of the isolated chain 
of PAN with atactic configuration including .. . rmr ... and .. . rmmr ... sequences in dif­
ferent low minimum energy conformations of Fig. 11, averaged over different chain 
models, as a function of the reciproca! cylindrical coordinates ţ and ~, and (B)-(D) the 
corresponding profiles along the meridian. (C) The scattering intensity along the merid­
ian arising from - CN groups alone and (D) from the backbone carbon atoms alone, 
are shown. In (A), the contour lines correspond to 0.05, 0.1, 0.15 and 0.20 arbitrary 
units (Reprinted with permission from [97]. Copyright 1996 by the American Chemical 
Society) 
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~ = 0.15 A -1 and ( = 0.25 A -1 is well reproduced (Fig. 12A), indicating that 
a prevailing syndiotactic configuration is not necessary to account for the 
presence ofthis halo in the experimental pattern of Fig. 9A [97]. 

It is worth considering that in [97] an explanation of the origin of the 
diffraction maxima along the meridian at ( ~ 0.40 and 0.80 A - 1 is provided, 
consistent with the paracrystalline model proposed by Lyndenmeyer and 
Hosemann [48] for PAN. The halo at ( ~ 0.80 is not necessarily the second­
order diffraction of the maximum at ţ ~ 0.40 A -1, since it is apparent from 
calculations of Fig. 12 that these two meridional maxima may originate from 
different contributions. The maximum at ţ ~ 0.40 A -1 arises from the average 
periodicity of lateral - CN groups alone (Fig. 12C), whereas the maximum at 
ţ = 0.80 A-1 arises from the contribution of only the backbone carbon atoms 
(Fig. 12D). 

In conclusion, the pseudo-hexagonal form of PAN may be described in 
terms of limit models of disorder implying the following features: 

1. Maintenance oflong-range positional order only as far as the positioning 
of chain axes; the chain axes are at the nodes of abi-dimensional hex­
agonal lattice with a = b = 6 A, and lateral dimensions covering severa! 
tens of angstroms. 

2. The chains are almost extended, yet configurationally irregular and con­
formationally disordered. The chain conformation close to racemo diads 
is nearly trans whereas the backbone bonds close to meso diads may 
deviate largely from 180°, adopting a gauche conformation. The pres­
ence of gauche bonds shortens the mean repetition period from c = 2.5 
to 2.4 A;monomeric unit, consistent with density measurements. Corres­
ponding to a gauche bond the direction of the pendant - CN groups results 
rotated by 120° with respect to the direction of the adjacent groups. 

3. While there is long-range order in the positions of the chain axes, there is 
only a short-range order in the relative height of the chains along z. A local 
orientational order of- CN groups possibly directed along the lattice di­
rections a, b, and- (a+ b), is also present. 

4. The presence of configurational disorder in the crystalline state of atactic 
PAN necessarily implies the presence of conformational disorder to alle­
viate intramolecular strains. The conformational disorder, in turn, yields 
small deviations from the perfect straightness of crystalline portions of 
the chains, and thus some waviness, which comply more easily with the 
local packing of- CN groups. 

Recent developments of solid-state NMR techniques have allowed a direct 
and detailed analysis of the local structure of PAN in the solid state using 
homonuclear two-dimensional (2D) double quantum (DQ) (DOQSY) [187, 
188] and 2H-13C 2D heteronuclear multiple quantum (MQ) correlation 
(HMQC) [189] solid-state NMR spectroscopy. This method was applied to 
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PAN samples with chains 2H andjor 13C labeled at suitable positions, in order 
to selectively enhance NMR signals of atoms in m and r diads. 

The results of this analysis basically confirm the model proposed in [97], 
that the chains in crystalline PAN are atactic, with conformations character­
ized by bonds close to r diads in trans-planar conformation slightly deviated 
from 180° and by the presence of bonds close to m diads in gauche con­
formation [188, 189]. According to solid-state NMR analysis of [187], the 
trans-gauche ratio is close to 90: 10 in atactic PAN. Semiquantitative infor­
mation on intermolecular alignment was also obtained by detailed analyses 
of 2D DOQSY spectra in [189], indicating that- CN side groups are mostly 
oriented along the crystalline lattice directions a, b and- (a+ b) of the hex­
agonallattice as in the structural model proposed in [97]. 

5.4 
Ethylene-Propylene Random Copolymers 

Random copolymers of ethylene with propylene (EP), with ethylene con­
tent between 80 and 40 mol o/o are amorphous materials at room tempera­
ture [30, 31] which, despite the irregular constitution, are able to crystallize at 
low temperatures or by stretching at room temperature [30-38, 190-193]. In 
EP copolymers, propylene units are included in the crystalline lattice of the 
orthorhombic form of polyethylene (PE, lattice parameters a= 7.42, b = 4.95, 
c (chain axis) = 2.54 A [194]), inducing large disorder and decrease of degree 
of crystallinity. 

Accurate X-ray diffraction measurements indicate that the dimension of 
the a axis of the unit cell of PE increases almost linearly with increas­
ing propylene content, whereas the b and c axes practically retain the di­
mensions found in the PE homopolymer. For propylene content around 
25% the ajb ratio approaches 3112 and the unit cell becomes pseudo­
hexagonal [30, 32-38]. 

In particular, the X-ray diffraction pattern of a stretched sample of an 
ethylene-propylene terpolymer with a low amount of diene ( < 2 mol %, 
EPDM), containing 75 mol o/o ethylene could be interpreted in terms of an 
orthorhombic unit cell with parameters ao = 8.66, bo = 5.0, co(chain axis)= 
2.54 A (subscript "o" standing for orthorhombic); the unit cell is pseudo­
hexagonal with a0 jb0 = 3112 [30]. The relationship between orthorhombic 
(ao, bo) and hexagonal (%, bh) unit cell parameters is illustrated in Fig. 13; 
for the hexagonal unit cell ah = bh = 5 A whereas the ch axis coincides with 
the orthorhomic c0 parameter (subscript "h" standing for hexagonal) 

The X-ray fiber diffraction pattern of a stretched sample of an EP copoly­
mer in the pseudo-hexagonal form is shown in Fig. 14 [195]. The diffraction 
intensity is mainly concentrated along the equatorial layer line, indicating 
long-range order in the pseudo-hexagonal arrangement of chain axes. More-
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Flg.13 Relationship between orthorhombk (a0 , b0 ) and hexagonal (ah, bb) unit cell pa­
rameters in the structure of polyethylene. EP chains for propylene content close to 25%, 
pack in a pseudo-hexagonal unit cell, with orthorhombic lattice parameters in the ratio 
a0 /b0 = 31/ 2 

over, the presence of broad peaks on well-defined layer lines indicates that 
long-range order is maintained within each chain, with a regular trans-planar 
conformation. The diffuse nature of the diffraction halos along the layer lines 
indicates that a large amount of disorder is present in the pseudo-hexagonal 
form of EP copolymers and that the coherent length of the ordered bundles of 
chains should be of the order of a few tens angstroms. 

In [195] accurate X-ray diffraction measurements and comparison with 
Fourier transform calculations on model structures, has allowed to clarify 
several aspects concerning the nature of disorder which characterize the 
pseudo-hexagonal form of ethylene-propylene copolymers. 
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Fig. 14 (A) X-ray fiber diffraction pattern, and (8) corresponding profiles along the equa­
tor, the first and the second layer lines of an EP copolymer sample (ethylene content 75% 
moi) stretched at room temperature (elongation ratio 750%). (Reprinted with permission 
from [195). Copyright 1996 by the American Chemical Society) 
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Fig. 15 Projections in the ab plane of the limit-ordered (A) orthorhombic, (B,B') mon­
oclinic and (C,C') triclinic ideal model structures considered in the Fourier transform 
calculations for the pseudo-hexagonal form of EP copolymers in [195]. The numbers in­
dicate the fractional z coordinate of the backbone carbon atoms. a, {3, y and 8 layers 
indicate different kinds of b0 c0 layer of chains piled along the a0 lattice direction. 
(Reprinted with permission from [195]. Copyright 1996 by the American Chemical So­
ciety) 

Three limit-ordered models, shown in Fig. 15, were considered as possible 
ideal arrangements ofEP chains in the mesomorphic bundles. In Fig.15A and 
Fig. 15B,B' the chains are arranged as in the orthorhombic [194] and mon­
oclinic [196] polymorphs of PE, respectively. In Fig. 15C,C' the chains are 
arranged as in triclinic form of long chains paraffins [ 197]. These models 
were chosen as reference, "ideal" structures, where different kinds of disorder 
were introduced, in order to better understand their influence on the cal-
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Fig. 16 (a) Experimental X-ray diffraction intensity distribution along the first layer 
line (l = 1) of a stretched sample of EP copolymer in the pseudo-hexagonal meso­
morphic form (solid line). The dashed line indicates the contribution of amorphous 
phase. and 18° are also present, indicating the presence of (b)-(d) X-ray d.iffraction in­
tensity distribution along the first layer line calculated for small aggregates of EP 
copolymer chains, where consecutive b0 c0 layer of 4-6 chains of kind shown in Fig. 15, 
are faced along the ao lattice according to orthorhombic-like (Fig. 15A), monoclinic­
like (Fig. 15B,B') and triclinic-like (Fig. 15C,C') models, with probabilities p0 , Pm and Pt. 
respectively. (Reprinted with permission from [195]. Copyright 1996 by the American 
Chemical Society) 

culated patterns, and will be referred in the following as orthorhombic-like, 
monoclinic-like and triclinic-like ideal models. 

A comparison between the experimental diffraction profile along the first 
layer line and those calculated for disordered models of structure in [195] 
is reported in Fig. 16. The X-ray diffraction intensity is calculated for dis­
ordered models of structure, characterized by small aggregates of EP copoly­
mer chains, where consecutive boco layers of chains of the kind of Fig. 15, are 
stacked along a0 according to orthorhombic-like (Fig. 15A), monoclinic-like 
(Fig. 15B,B') and triclinic-like (Fig. 15C,C') ideal models, with probabilities 
po, Pm and Pt> respectively. 

In all cases, a good agreement with experimental intensity distribution 
data is apparent, indicating that short-range correlations between the chains 
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Fig. 17 The mosaic-like structure of crystalline micro-aggregate of EP copolymer chains 
in the pseudo-hexagonal form, where "ordered" domains of chains locally arranged as 
in the orthorhombic-, monoclinic- and triclinic-like model structures of Fig. 15, are as­
sembled together. Long-range positional order of chain axes placed at nodes of a pseudo­
hexagonallattice is maintained. Regions enclosed in a different loop delineate domains of 
chains ordered in the short-range according to the structural models of Fig. 15 

similar to those present in the orthorhombic, monoclinic and triclinic models 
are present in the small aggregates of mesomorphic form. These correlations 
rapidly fade away as the interchain distances in crease. In other terms, the me­
somorphic form of EP copolymers may be described as aggregates of clusters 
chains arranged as in the orthorhombic- monoclinic- or even triclinic-like 
structures, to form larger bundles, in a mosaic-like structure, as schemat­
ically shown in Fig. 17; the interference between different clusters in the 
mesomorphic aggregate would produce only a background on non-equatorial 
layer lines [195]. 

According to the analysis of [195], the mesomorphic hexagonal form ofEP 
copolymers is characterized by the following structural features: 

1. Long-range positional order of chain axes, placed at the nodes of 
a pseudo-hexagonal lattice, accounts for position and intensity of the 
equatorial reflections. 

2. The presence of methyl groups in the small crystalline aggregates of EP 
copolymers necessarily introduces some conformational disorder. The 
conformational disorder consists in small deviations of the backbone di­
hedral angles close to the pendant methyl groups from 180°; these de­
viations from the trans state alleviate intramolecular and intermolecu­
lar strains and are easily digested in the pseudo-hexagonallattice of EP 
copolymers. The chain portions in the crystalline aggregates, although 
remaining extended, with a mean periodicity close to 2.54 A, would be 
rather wavy as a consequence of the presence of conformational disorder. 
Conformational disorder accounts for the experimental ratio between the 
integrated intensities of the main peaks on the first layer line and on the 
equator. 
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3. A local structure similar to ideal orthorhombic- and monoclinic-like 
structures shown in Fig. 15A and Fig. 15B,B' is retained at short-range dis­
tances, up to few tens of angstroms (2-3 times the lattice parameters). 
In other terms, on a local scale, the chains are arranged according to the 
orthorhombic-, monoclinic- or triclinic-like models of Fig. 15. 

4. Translational disorder of chains parallel to c axes is present, as indicated 
by the broadness of non-equatorial peaks along the ~ direction and the 
fact that in Fig. 14B the halo on the second layer line is broader than 
the halo along the first layer line. This disorder was modelled by intro­
ducing in the Fourier transform calculations a paracrystalline parameter 
playing the role of decreasing the interference term along ~ between cou­
ples of atoms while increasing their distance in the plane normal to chain 
axes [195]. 

5. Rotational disorder of the chains around the chain axes is present as indi­
cated by the presence of diffuse scattering subtending the Bragg reflections 
along the layer lines. This disorder was modelled introducing a paracrys­
talline parameter which affects the "ideal" angular position of the chains 
in the orthorhombic- monoclinic-or triclinic-like bundles. The loss of cor­
relation in the relative angular position of couples of chains with respect to 
their "ideal" relative arrangement, was assumed to increase with increas­
ing their distance [195]. The comparison of experimental and calculated 
X-ray diffraction intensity of bundles of EP copolymer chains indicated 
that the range of angular displacement disorder of chains about their axis 
is very small. 

In conclusion, the pseudo-hexagonal form of EP copolymers corresponds to 
a solid mesophase of class ii). The small-sized crystals include large amounts 
of structural disorder and play an important role in elasticity of EP copoly­
mers. These small crystals form upon stretching and melt when the tension is 
released, acting as physical knots of the elastomeric network. Since they are 
highly interconnected via the entangled amorphous chains (tie chains), the 
formation of crystalline knots prevents viscous flow during application of ten­
sile stress and ensures the recovery of the initial dimensions of the sample 
upon releasing the tension [198]. 

5.5 
Altemating Ethylene-Norbomene Copolymers 

The copolymers of ethylene with norbornene produced with metallocene 
catalysts [199] are interesting thermoplastic materials characterized by high 
glass transition temperatures, good chemical and thermal resistance and ex­
cellent transparency [200, 201]. The properties of these copolymers depend 
on the comonomer composition, the distribution of the comonomers and the 
chain stereoregularity. 
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Fig. 18 X-ray powder diffraction profiles of ethylene-norbornene copolymer samples with 
norbornene content close to 50% (A)-(C), and solid norbornane in f.c.c. polymorph 
stable a T > 30.6 °C, (D) redrawn from [121]. Sample (A) is a random copolymer and 
amorphous. Samples (B) and (C) have a prevailing alternating constitution and are both 
crystalline. Sample (C) is essentially atactic, whereas sample (B) has a prevailing di­
isotactic configuration. (Reprinted with permission from [121]. Copyright 2003 by the 
American Chemical Society) 

Recently, it has been shown that alternating ethylene-norbornene (EN) 
copolymers are crystalline [202-206] and that this crystallinity is not nec­
essarily related to a regular succession of configurations of stereoisomeric 
centers in the norbornene units [121, 207]. 

The X -ray diffraction patterns of EN copolymers [ 121] is dominated by the 
presence of a broad halo centered at 2() ~ 16.7°, which may be more or less 
sharp, depending on the sample, as shown in Fig. 18A-C. In particular the 
peak. at 2() ~ 16.7 is rather narrow for the EN copolymers of Fig. 18B and 18C. 
In the latter diffraction patterns narrow peak.s of small intensity at 2() = 9.3 
and 18° are also apyarent, indicating the presence of small crystals of dimen­
sions less than 55 A. 

In the structural analysis of the crystallinity of EN copolymers of [121] 
it was recognized that the X-ray diffraction profiles of EN copolymers are all 
reminiscent of the diffraction profiles of plastic crystals like, for instance, that 
of norbornane (at temperatures > 30.6 °C) [208] and adamantane [209], char­
acterized by the packing of spherical molecules arranged in a face-centered 
cubic (f.c.c.) lattice. The X-ray diffraction profile of norbornane at T > 30.6 oc 
is shown in Fig. 18D, as an example. For the f.c.c. polymorph of norbornane, 
in fact, the powder diffraction pattern is dominated by an intense and nar­
row peak. at 2() ~ 17°, corresponding to ( 111) crystallographic planes and to 
an average distance between the spherical motifs of~ 6.17 A [208]. 
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Fig.19 X-ray fiber diffraction pattern of a stretched EN alternating copolymer sample 
with atactic configuration. The (111) reflection at 20 = 16.7° is indicated 

This consideration led to hypothesize that the microcrystals of the al­
ternating EN copolymers could be characterized by a similar face-centered 
mode of packing with ball-like norbornene units arranged in a face-centered 
paracrystalline lattice, at average distance ~ 6.57 A. The polymer chains in 
the paracrystalline aggregates could be organized in fringed micelle bun­
dles [121]. 

The analysis of X-ray fiber diffraction pattern of an oriented fiber of an al­
ternating EN copolymer sample (shown in Fig. 19) indicated that the main 
peak in the powder patterns at 28 = 16.7° is a first layer line reflection and 
that the identity period along the fiber axis corresponds to c = 8.9 A. From the 
reflections observed in the X-ray powder and fiber diffraction patterns of al­
ternating EN copolymer, a nearly tetragonal unit cell with a and b axes close 
to 9.4 A and c close to 8.9 A has been proposed [121, 207]. 

EN copolymers chains with norbornene content close to 50o/o may contain 
various types of constitutional and configurational units [210] . In the por­
tions of chain with an alternating constitution, the configuration of the two 
chiral backbone atoms in each E-N-E unit is always SR or RS (Fig. 20), in 
agreement with a constant cis-exo insertion of norbornene molecules [210]. 
The corresponding N-E-N diads may be meso or racemic (Fig. 20). If all the 
diads along the chain were meso, the alternating copolymer would be diiso­
tactic, whereas if ali the diads were racemic, the alternating copolymer would 
be disyndiotactic [67]. 

Geometrica! and conformational energy calculations have shown that 
nearly extended conformations are energetically feasible both for diisotactic 
and disyndiotactic EN chains [121, 207]; they correspond to two-fold helical 
s(2/1)m and glide plane tem symmetries for the diisotactic and disyndiotac­
tic configurations, respectively [67]. Moreover, both conformations account 
for the experimental chain axis period c = 8.9 A and present distances be-
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Fig.20 (A,B) Meso- and (C,D) racemo- norbornene-ethylene-norbornene (N-E-N) se­
quences, in the lowest energy conformation. R and S indicate the configuration of the 
chiral carbon atoms of the norbornene units. Depending on the succession of the config­
urations R and S the meso diads may assume Z- or S-shapes (A,B), whereas the racemic 
diads may assume aC shape with different orientation (C,D). (Reprinted with permission 
from [121]. Copyright 2003 by the American Chemical Society) 

tween the centers of mass of consecutive norbornene units close to 6.5 A 
(Fig. 20) [121 , 207]. 

Various kinds oflimit-ordered and limit-disordered model structures have 
been proposed, arising from the packing of diisotactic and disyndiotactic 
chains, while maintaining long-range order in the average positioning of the 
norbornene rings, placed at the nodes of a face-centered lattice [207]. A limit­
disordered model containing different kinds of statistica! disorder is shown in 
Fig. 21A,B as an example [121]. It may be described, on average, by a tetrag­
onal unit cell with axes a= b = 9.4 A and c = 8.9 A and the space group 
14/ mmm (Fig. 21B). 

In the structural model of Fig. 21A,B in each site of the lattice isotactic 
chains with Z- and S-shapes are present with the same probability. Moreover, 
chains rotated by 90° around the chain axis are present with the same proba­
bility. Differently oriented chains leave norbornene units basically in the same 
positions. This disordered model is characterized by positional order of the 
barycenters of norbornene units and orientational disorder, due to the fact 
that the chain may connect with equal probability a given norbornene unit 
with any of its neighbors. The X-ray diffraction profile calculated for this 
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Fig. 21 (A) Disordered model of packing of alternating isotactic EN copolymer chains 
characterized by the presence of domains containing bc layers of chains piled along a, 
stacked along b with ac layers piled along b. The chains in the ac layers are rotated around 
the chain axes by 90° with respect to the chains in the bc layers. Each domain (bc layers 
piled along a and ac layers piled along b) present the statistica! S-Z shape disorder, i.e. in 
each site of the lattice, chains with Z-shape (continuous lines) or S-shape (dashed lines) 
can be present with the same probability. (8) Limit-disordered model characterized by 
the statistica! presence of bc layers and ac layers of chains perpendicular each other in the 
tetragonal unit cell, according to the statistica! space group 14/mmm. The statistica! S-Z 
shape disorder and statistica! shifts of bc layers along b by O or b/2, and of ac layers along 
a by O or aj2 are also present. (C) Comparison between calculated X-ray diffraction pro­
file for the limit-disordered model B (space group 14/mmm) and the experimental X-ray 
powder diffraction profile of alternating EN copolymer sample of Fig. 18C [121] 

model is in a good agreement the experimental powder diffraction profile of 
an alternating EN copolymer sample, as shown in Fig. 21C [121]. 

Whichever the configuration of the diads, all the alternating copolymer 
macromolecules have a similar shape (Fig. 22). It has been shown that partial 
three-dimensional order may be obtained in the EN copolymers, guided by 
the positioning of the ball-like norbornene units in a f.c.c. "paracrystalline" 
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Crystallizable atactic sequences 

m r m m r 

A B 
Fig. 22 (A) Projection parallel and (8) perpendicular to chain axis of EN alternated 
copolymer chain with atactic configuration. meso (m) and racemic (r) N-E-N diads follow 
each other at random in extended, low-energy conformation 

lattice, even though the polymers are not stereoregular, provided that they 
have a regular alternation of the comonomeric units [121, 207]. 

The ordered positions of the norbornene units in the crystalline domains 
is shown in Fig. 23. It is apparent that the ball-like units are organized on 
a face centered-lattice. In this projection, only one of the possible ordered 
positions of the copolymer chain is shown. As also shown in Fig. 21B, the 
ethylene units, which connect the norbornene units, may assume different 
positions along the a and b axes, producing orientational disorder of the 
chains and of the quasi-spherical norbornene units. However, the barycenter 
of the norbornene units remain organized on a face-centered lattice, produc­
ing the strong 111 reflection [ 121]. 

In conclusion, the crystalline phase of alternating EN copolymers cor­
responds to a solid mesophase of kind ii) where long-range periodicity is 

Fig.23 Projection along the c axis of the structure of alternating EN copolymer, show­
ing the ordered packing of ball-like norbornene units in a face-centered lattice. Only one 
of the possible ordered positions of the copolymer chain is shown. The dashed lines are 
the trace of strongly diffracting ( 111) planes of the face-centered lattice. (Reprinted with 
permission from [121). Copyright 2003 by the American Chemical Society) 
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maintained in three dimensions for a not-point-centered structural motif, 
the center of mass of norbornene units, but not for the atomic positions. 
The similarity between the alternating EN copolymer and the plastic crys­
tals, rests mainly related to the structure due to the presence of orientational 
disorder of the ethylene units and the quasi-spherical norbornene units. In 
fact, the chemical connectivity between the quasi-spherical motifs, through 
the polymeric chain, produces mechanical properties typical of conventional 
thermoplastic polymers rather than of plastic crystals. 

5.6 
Pseudo-Hexagonal Form of Polyethylene 
at High Pressure and Temperatura 

At ambient conditions, polyethylene (PE) crystallizes in the orthorhombic 
form with chains in trans-planar conformation [194]. At elevated pressures 
(of the order of hundreds of MPa) and high temperatures, polyethylene crys­
tallizes in extended-chain crystals with lamellae which can be several microns 
thick, well distinguishable from the chain-folded lamellae obtained at atmo­
spheric pressure [211-214]. In fact, in the normal crystallization conditions, 
PE lamellae are characterized by thickness of the order of 100-200 A, which 
may extend at the utmost by a factor of 3-4 times the initial value through 
subsequent annealing treatments [215, 216]. The formation of extended-chain 
type lamellae has been related to the appearance of an intermediate phase, 
thermodynamically stable above 3.6 kbar and 200 oc [15-17, 123,217, 218]. It 
has been suggested that in this phase, chains achieve a high mobility, allow­
ing the crystals to grow simultaneously in the lateral and thickness direction, 
leading to formation of extended chain crystals. PE samples crystallized in 
extended chain lamellae show crystallinity close to 100%, melting tempera­
ture close to thermodynamic melting temperature and mechanical properties 
more similar to those of common polycrystalline materials of low molecular 
weight, than to those ofthermoplastic polymers [211-214]. 

A hexagonal structure containing a high amount of structural disorder has 
been proposed for this intermediate form of PE [219-221]. The X-ray diffrac­
tion patterns of the form of PE stable at elevated pressures and temperatures 
is indeed characterized by the presence of Bragg spots along the equator and 
diffuse scattering along ill-defined layer lines [219-221]. 

In [221], a typical X-ray fiber diffraction pattern of an uniaxially oriented 
PE sample, taken at 285 oc and 9 kbar is reported. Three equatorial Bragg 
reflections corresl!onding to 100, 110 and 200 reflections of a hexagonallat­
tice with a= 4.81 A and some off-equatorial diffuse scattering at ~ = 0.42 and 
0.80 A-l, corresponding to a first and a second layer line, respectively, are 
present. The lay:er line diffuse scattering indicates an average chain periodic­
ity close to 2.4 A. 
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Raman spectroscopy indicates that the chain conformation of PE chains 
in the hexagonal polymorph is not much different from that in the amorph­
ous state [222]. These observations, along with the measured low melting 
entropy [223-226], indicate the presence of a high amount of structural dis­
order in the hexagonal form of PE. Owing to the high amount of structural 
disorder and the high mobility of PE chains, the term "liquid crystalline" has 
been often used to address the hexagonal form of PE stable at high pressures 
and temperatures [227]. 

The transformation of the orthorhombic form into the hexagonal form at 
temperature above 200 ac and elevated pressure produces a chain contrac­
tion of 6-8% [217, 224]. Raman spectra of PE in the hexagonal polymorph 
stable at high pressures indicate the presence of a high amount of C - C 
skeletal bonds in the gauche conformation [222]. Thus, although never di­
rectly observed, the presence oflarge amounts ofkink conformational defects 
of the kind TG±TG'F within an otherwise fully trans-planar chain, was in­
ferred [219]. The presence of kink defects preserves the straightness of the 
chain and shortens the chain, according to the experimental data. One kink 
produces, indeed, a shortening by o ne C - C repeat distance. The observed 
contraction of chain length would imply the presence of about 6-8 kinks 
per 100 C atoms [228]. The chain conformation, although highly disordered, 
would retain, overall, an elongated shape in the mesomorphic form of PE, suf­
ficient to maintain the parallelism of chain axes within small bundles of close 
neighboring chains, arranged in a hexagonallattice. 

Indirect observations concerning the presence of kink defects within the 
hexagonal form of PE carne from independent IR experiments performed at 
atmospheric pressure on y irradiated PE samples [228] and on ultra drawn 
PE yarns kept under tension at temperatures higher than the normal melting 
temperature of PE at atmospheric pressure [ 229]. 

In fact, the hexagonal form of PE may be also obtained above a criti­
ca! pressure, by heating y irradiated PE samples above a certain tempera­
ture [230]. The orthorhombic to hexagonal transition temperature is a func­
tion of y ray do se, and a sufficiently high irradiation do se makes the radiation 
induced hexagonal phase of PE stable even at atmospheric pressure [228, 230]. 
The radiation-induced hexagonal phase shows IR spectra with the character­
istic bands ofkink defects [228]. 

Moreover, it has been shown that at atmospheric pressure a phase transi­
tion of the orthorhombic form into a hexagonal form may occur by heating 
ultra-drawn PE samples a few degree above the normal melting temperature, 
if the sample ends are tightly bound, to prevent retraction [229]. This transi­
tion has been followed by in situ analysis through X-ray diffraction technique 
and IR and Raman spectroscopy. The X-ray fiber diffraction pattern of the 
so-obtained hexagonal phase presents several analogies with those obtained 
for uniaxially oriented PE samples at high pressure and temperature. In add-
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ition, direct evidence of the presence of gauche bonds, and in particular of 
kink defects, also in this conditions are provided [229]. 

In [221] the X-ray diffraction patterns of PE fibers in the high-pressure 
hexagonal form have been modeled assuming complete translational disorder 
along z, rotational disorder of chains around their axes and conformational 
disorder. The Fourier transforms of disordered structural models were cal­
culated as a function of intra- and inter-molecular parameters related to the 
presence of conformational disorder and the relative arrangement of close 
neighboring chains (short-range correlation disorder). The results of the cal­
culations were compared to experimental X-ray diffraction data. 

The analysis reported in [ 221] allowed to address basic features which 
characterize inter- and intra-molecular disorder of PE in the hexagonal me­
somorphic form. A long-range order in the position of chain axes arranged in 
a two-dimensional hexagonallattice is present. In these large hexagonal bun­
dles of parallel chains, local ordered domains, characterized by a structure 
similar to that of the usual orthorhombic form of PE are present, as shown in 
Fig. 24. The range of such inter-molecular correlation (r, in Fig. 24) was esti­
mated tobe about 4-5 A. The size of these ordered regions would be limited 
in the chain axis direction and in the lateral direction because of the presence 
of conformational disorder in the chain. 

The presence of kink conformational defects in a prevailing trans-planar 
conformation accounts for the shortening of the chain axes from 2.5 A of the 
full trans-planar conformation to ~ 2.4 A. Introducing considerations a pos­
teriori concerning the average fraction of conformational defects and the 

o o o o o 

Fig.24 Model of the local intermolecular structure in the high-pressure phase of PE. 
A local structure similar to that of the usual orthorhombic form is retained within the 
small range r(~ 4-5 Â). (Adapted from [221]) 
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Fig. 25 Schematic drawing of a PE chain with a kink defect shortening the average chain 
periodicity from 2.55 A (corresponding to the all-transconformation) to values close to 
2.4 A. The defective region of the chain is encircled. The t parameter expresses the lat­
eral encumbrance ofkink defect along an axis perpendicular to z (chain axis). The chain 
portions of PE aside the defect are co-axial. (Adapted from [221]) 

standard deviation of the lateral positions of defective units, the lateral en­
cumbrance, t, of kink defects (defined in Fig. 25) was esteemed tobe about 
1.6 A, in a good agreement with the lateral encumbrance of the kink model 
proposed in [105] by Petraccone, Allegra and Corradini. 

The hexagonal form of PE stable at high pressure, may be classified as 
a solid mesophase of dass ii) characterized by long-range order in two di­
mensions of the chain axes placed at the nodes of a hexagonallattice and no 
periodic order along the third dimension, because of occurrence of confor­
mational disorder. 

5.7 
Poly(tetrafluoroethylene) 

Poly(tetrafluoroethylene) (PTFE) at atmospheric pressure shows a peculiar 
polymorphic behaviour involving three crystalline phases as the temperature 
increases [50]. The three polymorphs are usually denoted as form Il, stable 
at temperatures lower than 19 °C, form IV stable at temperature between 19 
and 30 oc and form I stable at temperatures higher than 30 °C [50]. At 19 °C 
form Il transforms into form IV which in turn transforms into form I at 30 °C, 
resulting in a step-like increase of disorder in the crystals [49]. 

X-ray fiber diffraction patterns of form II (T < 19 °C} present narrow 
Bragg reflections along well-defined layer lines, indicating long-range, three­
dimensional order. According to Bunn and Howell [10], the X-ray diffraction 
intensity distribution in the low temperature form may be interpreted in 
terms of the close packing ofhelical chains containing 13 CF2 units in 6 turns. 
Successively [49, 231, 232], Clark et al. have found that the assumed commen­
surable 13/6 helix is a non-commensurable helix. 

Chains in nearly 1316 conformations are packed in a nearly hexagonal 
lattice with a'= b' = 5.59 A, y' = 119.3° [11]. According to [52], form II of 
PTFE is characterized by rows of isomorphous helices alternating with rows 
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of chains of opposite chirality, in a nearly hexagonal arrangement ( triclinic 
unit cell, 2 chainsjunit cell, see also [51, 233-235]). 

Pierce et al. [49] have shown that the 19 °C transition from form II into 
form IV corresponds to slight untwisting of helical chains, from 13/6 helix 
into 15/7 helix (15 CF2 units in 7 turns). At onset of the phase transition, 
the molecular packing changes from a triclinic ordered structure into a hex­
agonal structure with larger inter-chain distances, including large amount of 
structural disorder. The 15/7 helices have a 3/1 symmetry, consistent with the 
trigonal symmetry of the unit cell of form IV. According to Clark [232], the 
chain repetition of PTFE chains inform IV corresponds to c = 19.5 A, and 
at 20 °C, the chain axes would be placed at the nodes of a hexagonallattice 
with a' = b' = 5.66 A. Also form IV is characterized by a packing of right- and 
left-handed helices. In particular, the hexagonal packing is characterized by 
rows of isomorphous chains stacked with rows of chains of opposite chiral­
ity [53, 236]. 

Bunn and Howells [10] have observed that when the temperature is raised 
above 19 °C, the X -ray diffraction patterns of PTFE fibers show that only a few 
Bragg reflections on the equator and on the 7th, 8th and 15th layer lines remain 
and that large amount of diffuse scattering, localized along well-defined layer 
lines, are present (see also [232]). The presence ofthe diffuse scattering in the 
X -ray diffraction patterns of form IV was attributed to the onset of disorder in 
the structure involving rotation of chains around chain axes and translation 
of chains along their axes. Klug and Franklin [155] argued that such kind of 
diffuse patterns may arise from random screw displacements implying a com­
bination of translation and rotational motion of chains about their axes along 
defined helical directions. 

At 30 oc form IV transforms into form I which is characterized by the pres­
ence of larger amounts of disorder, the chain conformation becomes more 
irregular and long-range order is maintained only in the parallelism of chain 
axes and in their pseudo-hexagonal arrangement [Il]. 

In [11] and [232]a, accurate X-ray diffraction measurements on PTFE 
fibers at different temperatures, revealed that form IV is characterized by 
three kinds oflayer lines, those with sharp spots only (equator and 15-th layer 
lines), those with sharp spots and diffuse halos (6,7 and 8-th layer line), and 
those with diffuse halos only (ali remaining layer lines); at 30 oc transition 
the sharp spots disappear except for those on the equator and on the 15th 
layer line. X-ray diffraction patterns of form I present, indeed, sharp reflec­
tions only along the equator and the 15-th layer line and diffuse halos in an 
intermediate region of the reciproca! space placed between the 7-th and 8-th 
layer lines [Il, 237]. At temperatures higher than 150 °C, also the sharp peaks 
on the 15th layer line disappear [54]. 

Clark and Muus extended the diffraction theory of helical structures by 
Cochran, Crick and Vand to include the effect of specific types of disorder in 
crystals of helical polymers and applied the theory to the analysis of X-ray 
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diffraction patterns of PTFE in forms IV and I [11]. Translational and rota­
tional disorder and screw displacements of chains about their axes have been 
considered. 

It was argued that the X-ray diffraction intensity distribution of form IV 
may be accounted for by disorder mainly consisting in small angular dis­
placements of the chains around their axes; the angular displacements would 
become much larger in the form I at temperatures higher than 30 °C tran­
sition [ 11]. The occurrence of random screw displacements in form IV as 
proposed by Klug and Franklin [155] was ruled out by this analysis, because 
this kind of disorder does not account for the experimental X-ray diffrac­
tion intensity distribution on the 6-th, 7-th and 8-th layer lines, characterized 
by the simultaneous presence of Bragg and diffuse scattering and for the ab­
sence of any continuum scattering along the 15-th layer line. The mechanism 
of crystal disordering at 19 oc was then related to the high mobility of chains 
in PTFE crystals found in preceding studies by Hyndman and Origlio [238] 
using solid-state NMR techniques. A possible mechanism for crystal disor­
dering involving small twisting and untwisting of the helices around a mean 
value, coupled with a gradual untwisting of the helical molecules was pro­
posed in [11]. 

The amount of disorder increases in form 1. In particular the presence 
of conformational disorder, due to activation of helix reversals at tempera­
tures higher than 30 oc has been proposed [12, 239-246]. The effect of helix 
reversals on the X-ray diffraction intensity distribution in PTFE was firstly 
explicitly considered by Corradini and Guerra in [12]. 

Helix reversals in [12] have been modeled maintaining consecutive helical 
stems of opposite chirality coaxial, the transverse radius of the resulting chain 
constant and the z coordinate (parallel to chain axis) of CF2 groups in register 
as in the defect-free helices. It was shown that within these rigid constraints 
it is possible to model chains of PTFE containing helix reversals at a low cost 
of conformational energy, with bond lengths and valence angles around the 
reversals only slightly displaced from those in the prefect helix [12]. A model 
chain of PTFE containing a helix reversal is shown in Fig. 26. 

In [12] and in later studies [245, 246] it was shown that the occurrence of 
helix reversal in PTFE 15/7 helical chains may account for some experimental 
observations, concerning the X-ray diffraction intensity distribution on the 
7th and 8th layer lines. In particular, in [246] it was demonstrated that the 
number of helix reversals in form I increases with increasing temperature. 
In fact, the change observed in the X-ray diffraction pattern with increasing 
temperature can be accounted for by the increase of the concentration of helix 
reversals [246]. 

The experimental X-ray diffraction profiles of an uniaxially oriented PTFE 
sample are reported in Fig. 27 at different temperatures, as a function of the 
reciproca} coordinate ţ, redrawn from [246]. The value of~ reciproca} co­
ordinate is fixed close to the position of intensity maximum on the 7th and 
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Fig.26 (A) PTFE chain in 15/7 helical conformation. (B) PTFE helical chain incorporating 
a single helix reversal 
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Fig.27 Experimental X-ray fiber diffraction patterns ofPTFE at ~ = 0.20 A-l in the region 
of 7-th and 8-th layer line as a function of the reciproca! coordinate ţ. (Reprinted with 
permission from [246]. Copyright 1988 by the American Chemical Society) 
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gth layer lines. It is apparent that, while below 30 oc the 7th and gth layer 
lines are well defined, with increasing temperature the two layer lines be­
come ill defined and approach each other, merging into a single broad-layer 
line centered in between; with further increase oftemperature (up to 160 °C), 
the profile of the single-layer line becomes increasingly narrow. This behav­
ior could be explained as due to a thermally activated process leading to an 
increase of concentration of helix reversals as the temperature increases. 

In Fig. 28 the calculated X-ray diffraction profiles for model chains con­
taining different concentrations of helix reversals redrawn from [246], are 
shown; it is apparent that the presence of 1 reversal every 20 and 10 CF2 units 
could account for the experimental patterns of form 1 at low (30-40 °C} and 
high (160 °C} temperatures, respectively {Fig. 27}. 

Corradini, De Rosa et al. [245] have evaluated in explicit manner the effect 
of various kinds of disorder on the X-ray diffraction intensity distribution, 
performing Fourier transform calculations on model bundles of chains of fi­
nite size containing specific kind of disorder. Disorder due to the presence 
of random translational displacements of chains along the chain axes, ran­
dom rotational displacements around their axes with respect to an average 
position (already treated by Clark and Muus [11]), random placement of 
left- and right-handed helices in the positions of the pseudo-hexagonallat-

No reversals 1 reversal every 1 reversal every 
50 CF2 units 20 CF2 units 

o 

J ~~~'"T"" 
-g 0.3 0.4 0.5 
~ 
â 1 reversal every 1 reversal every 
'ta 13 CF2 units 10 CF2 units 
u 

0.3 0.4 0.5 

1 reversal every 
5 CF2 units 

Fig.28 Calculated X-ray fiber diffraction profiles at ~ = 0.20 A-1 as a function of ţ for 
chain models of PTFE containing various concentration of helix reversals. (Reprinted with 
permission from [246]. Copyright 1988 by the American Chemical Society) 
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tice and the presence ofhelix reversal defects, have been analyzed [245]. The 
results of [245] have indicated that, in agreement with arguments of Clark 
and Muus [11], the disorder in form IV mainly consists in the occurrence 
of small angular displacements of chains around their axes and of a little, if 
any, translational disorder of chains parallel to their axes. The chains are or­
ganized, at least in the short range, in rows of isomorphous helices, packed 
with rows of chains with opposite chirality. In form 1, besides the disorder of 
form IV, helix reversals defects are present. In this form, at high temperatures, 
any residual translational order parallel to chain axes and orientational order 
around chain axes, would be lost [245]. 

Later on, Kimming, Strobl and Stiin [247] performed a detailed analysis 
of static and dynamic scattering measurements and of infrared and Raman 
spectra on PTFE oriented samples at different temperatures. In addition, 
in [247], the influence of different kinds of disorder on the X-ray diffraction 
intensity distribution was also investigated. The analysis of diffuse scattering 
on the 7th and sth layer lines essentially confirmed that an orientational short­
range order is retained for sequences in adjacent chains in the intermediate 
form IV and that the degree of order possibly decreases with increasing the 
temperature in form 1. 

The degree of orientational order in form IV and form 1 is strictly related 
to the amount of helix reversal defects. Kimming et al. [247] have proposed 
that the helix reversals occur forming pairs, rather then isolated defects. The 
important role of twin helix-reversal defects for molecular dynamics in the 
form IV and form 1 of PTFE was pointed out. In contrast to single helix­
reversal defects, indeed, these twin defects constitute a local perturbation 
which can move along the chain without affecting remote units. In other 
terms, occurrence of twin helix reversal defects would not affect the pack­
ing of remote units, being a lattice perturbation associated with a small space 
region; according to [247] a particular importance is assumed by twin helix 
reversals comprising 15 CF2 units, which possess a particularly low forma­
tion energy, since they retain the long-range twist along the chains. It was 
shown that the concentration of twin defects increases steeply with tempera­
ture in the intermediate form, between 19 and 30 °C, and levels off in the 
high-temperature form as the temperature increases. It was argued that this 
behavior indicates a transition between a disordered state controlled by intra­
and inter-molecular forces into one which is only determined by intramolec­
ular potentials [247]. 

In addition, dynamic scattering measurements have indicated high mo­
bility of PTFE chain segments in the solid state, which results from the 
formation and motion ofhelix reversal defects [247]. The reorientation ofCF2 

groups occurs with rates in the range of 10-100 GHz, in the high-temperature 
forms, the presence of short-range orientational order inform IV leading to 
a slowing down of this motion [247]. 
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In conclusion, long-range order of chain axes placed at the nodes of a two­
dimensional lattice is present in all crystalline forms of PTFE up to high 
temperatures, the lateral packing of the helices being pseudo-hexagonal in 
Form II, hexagonal in form IV and form 1. Transition of form II into form IV 
results from a slight untwisting ofnearly 13/6 helices into 15/7 helices. Form 
IV is characterized by a small amount of disorder, mainly small rotational 
displacements of chains around their axes. As the temperature increases, also 
disorder increases. At 30 °C a first order phase transition occurs, leading to 
a highly disordered crystalline form, characterized by a high concentration of 
helix reversals, large rotational displacements of chains around their axes and 
ultimately, at high temperatures, by large longitudinal translation disorder 
of chains along the chain axes. As a consequence of the presence of a large 
amount ofhelix reversal defects, long-range order of atomic positions parallel 
to chain axes is lost in form 1. 

Therefore, the high temperature form of PTFE corresponds to a solid 
mesophase belonging to the class ii), characterized by long-range order of 
not-point-centered structural features, i.e. the chain axes which remain ar­
ranged parallel each other at nodes of a two-dimensional hexagonallattice, 
up to high temperatures, whereas no order is present along the chain axis be­
cause of the conformational disorder. The high degree of disorder in form I, 
in particular the conformational disorder present at high temperatures, ac­
counts for the very high melting temperature of PTFE, due, indeed, to the low 
melting entropy of PTFE mesomorphic crystals [ 248]. 

As a final remark, we point out an unusual property of PTFE solid 
mesophase at high temperatures, indicative of a plastically crystalline nature, 
due to the high mobility of chain axes in the crystalline state. As reported 
by Wittman and Smith [249], if a bar of solid PTFE is moved under weak 
pressure against a hot surface, for example a glass slide, an ultrathin layer 
becomes deposited. The crystallites in this thin film show a perfect uniform 
orientation, the chains being directed along the rubbing direction. 

5.8 
Alternating Ethylene-Tetrafluoroethylene Copolymers 

Alternating ethylene-tetrafluoroethylene copolymer (ETFE) having a 50/50 
comonomer composition crystallizes in two polymorphic forms. An ortho­
rhombic form, stable at room temperature, and a disordered hexagonal form, 
stable at high temperatures. The crystal structures of both forms have been 
studied and the structural disorder present in both forms have been analyzed 
as a function of the composition [250-256]. 

Both crystalline forms of ETFE copolymers may be considered as meso­
morphic forms [250-253]. In the low-temperature form, the chains are in 
the ordered trans planar conformation and are packed in a polyethylene­
like orthorhombic lattice [250, 251]. However, intermolecular order is present 
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only in the ab projection of the lattice, any intermolecular correlations in the 
relative positions of the atoms being absent due to the presence of nearly 
random relative displacements of neighboring chains along the c axis [253]. 
Fourier transform calculations of structure models have indicated that this 
disorder arises basically from the presence of constitutional disorder in the 
chains, due to the not perfect alternation of comonomer units [253, 256]. 

At high temperatures, this orthorhombic mesomorphic phase of ETFE 
transforms into a hexagonal mesophase characterized by chains stiH in the 
ordered trans-planar conformation packed in a hexagonallattice [250-252]. 
Besides the disorder in the relative heights of the chains, disorder in the rota­
tions of the chains around their axes develops at high temperature, inducing 
the hexagonal packing [250-252]. A long-range, three-dimensional order is 
maintained only along each trans-planar chain and in the hexagonal arrange­
ment of the chain axes [252]. 

The transition from the orthorhombic form into the hexagonal form oc­
curs at 100 oc for the perfectly alternating copolymer with 50/50 comonomer 
composition. The polymorphic transition is revealed from the X-ray diffrac­
tion patterns by the transformation of the two typical equatorial reflections of 
the orthorhombic form into a single reflection, which becomes narrower and 
narrower with increasing temperature [250-252]. It has been demonstrated 
that this transition is a topotactic, reversible transformation, generated by the 
trigger of disorder in the relative rotations of chains around their axes [252]. 
Small orthorhombic crystals having different orientations may transform 
into larger hexagonal crystals, which are characterized by a lower degree of 
local order (Fig. 29} because of the rotational disorder. Therefore, during this 
transition, larger, but more disordered crystals are formed with increasing 
temperature [252]. 
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Fig.29 Topotactic transition of alternating ethylenejtetrafluoroethylene copolymers from 
orthorhombic into hexagonal form. (B) Small orthorhombic crystals having different 
orientations transform into (A) larger hexagonal crystals, which are characterized by 
a lower degree of local order because of the rotational disorder. (Reprinted with permis­
sion from [252]. Copyright 1989 by Wiley) 
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In ETFE copolymer samples with compositions different from 50/50, a de­
crease of the transition temperature with increasing concentration of tetraflu­
oroethylene (TFE) comonomeric unit at values higher than 50%, has been 
observed [252, 255]. Only the hexagonal mesomorphic form has been, indeed, 
observed for ETFE copolymers with TFE contents higher than 80% [252]. 
Conformational energy calculations have shown that the increase ofTFE con­
centrations, with respect to the 50/50 composition, induces an increase of 
intramolecular disorder, which produce local deviation from the trans-planar 
conformation [ 252]. The presence of these constitutional defects, with respect 
to the alternating ETFE copolymer with 50% composition, favors the devel­
opment of the intermolecular rotation disorder, and, therefore, an increase of 
the stability at room temperature of the hexagonal mesomorphic form [252, 
255]. Similar effects have been found in alternating 50/50 ETFE terpolymers, 
containing small concentrations (1-3 mol o/o) of a termonomer, as for in­
stance, perfluoropropylperfluorovinylether, which also reduces the degree of 
crystallinity and the crystal sizes of the pseudo-hexagonal mesophase [255]. 

Similar hexagonal mesomorphic form has been described for alternating 
ethylene-chlorotrifluoroethylene (ECTFE) copolymers [254, 256, 257]. Also, 
in this case, chains in trans-planar conformation are packed in a disordered 
pseudo-hexagonal lattice with random disorder in the relative rotations of 
chains around their axes and in the relative displacements along the chain 
axis [254, 256]. 

6 
Solid Mesophases with Long-Range Positional Order 
in Two or One Dimensions 

6.1 
Poly(ethylene terephthalate) 

Poly(ethylene tephthalate) (PET) is a crystalline polymer characterized by 
a triclinic unit cell. The chain axis is 10.7 A and corresponds to chains in fully 
extended conformation, with ali dihedral bonds close to the trans-planar con­
formation (ti symmetry) [258]. As shown in Fig. 30A, in this conformation, 
the terephthalic residues are ali coplanar. 

Cold drawing of PET amorphous samples (at temperatures lower than the 
glass transition temperature, Tg) induce formation of a highly disordered 
metastable mesomorphic form, which transforms into the normal crystalline 
(triclinic) form by heating above Tg [18-20]. This form was early identi­
fied by Bonart [18], studying the stress induced crystallization of amorphous 
PET samples by X-ray diffraction techniques. The diffuse nature of X-ray 
diffraction patterns of samples obtained by stretching at room temperature 
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A B c 
Fig. 30 (A) Chain conformation of PET in the triclinic form. Backbone dihedral angles 
are close to trans state and all phenyl groups are coplanar. (8)-(C) Disordered conforma­
tions of PET in the mesomorphic form, consisting in random sequences of monomeric 
units in different minimum energy conformations. Low minimum energy conformers 
are characterized by all backbone dihedral angles in the trans conformation, except for 
CO - O - C - C bonds which may assume in consecutive monomeric units values close to 
+80, - 80° or 180° 

amorphous PET was explained by Bonart [18] in terms of a nematic hex­
agonal ( columnar) structure followed by formation of a smectic structure at 
higher temperatures and, then, crystallization into the triclinic format tem­
perature higher than r8. The term "paracrystalline" form was also used by 
Bonart [18-20] to address the disordered mesomorphic form ofPET. 

X-ray fiber diffraction patterns of PET in this solid mesophase present, in­
deed, Bragg reflections only on the meridian at values of s = 11 c, 31 c and 51 c 
corresponding to a spacing of 10.3 A (Fig. 31B); offthe meridian only a broad 
equatorial halo is present (Fig. 31A). 

Asano and Seto [259] interpreted the equatorial broad halo as due to 
overlap of four crystalline reflections of a paracrystalline monoclinic struc­
ture. The presence of the meridional reflections at d = 10.3 A was explained 
by a tilt of 10° of c axis of the monoclinic unit cell with respect to the 
drawing direction; this is analogous to the triclinic structure of PET studied 
by Bunn [258], for which X-ray diffraction patterns of well-oriented fibers 
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Fig.31 (A) Experimental X-ray diffraction intensity I(~,ţ) of PET fiber in the me­
somorphic form as a function of the reciproca! cylindrical coordinates ~ and ţ, and 
(B) corresponding profile along the meridian. In (A), contour lines with constant 
log[I(~, ţ)] values are at regular intervals of 0.25 whereas in (B) the dashed line indicates 
the amorhous contribution. (Reprinted with permission from [260]. Copyright 1992 by 
the American Chemical Society) 

present reflections displaced from the normallayer lines, indicating that the 
chain axes ( corresponding to the caxis) of the triclinic crystals are tilted with 
respect to the fiber axis. Therefore, for the mesomorphic form of PET, the 
c axis (parallel to chain axes) of the monoclinic unit cell would be equal 
to 10.3/ cos(r), with r the tilt angle, giving a chain periodicity c = 10.5 A, 
only slightly shorter than chain periodicity of PET in the stable triclinic 
form [259]. 

According to Asano and Seto [259], the monoclinic structure ofPETwould 
be paracrystalline in the sense that the monoclinic symmetry would describe, 
on average (in the long range), a mosaic-like structure formed by the assem­
bly of crystalline microdomains in the normal triclinic form of PET (in the 
short range) with different inclination. 

A different model for the structure of PET in the mesomorphic form was 
proposed in [260], since the model given by Asano and Seto [259] does not 
account for the lack of diffraction (Bragg and diffuse scattering) aside the 
meridian and the equator. 

The structural model proposed in [260] is based on accurate X-ray diffrac­
tion measurements over regions of the reciproca! lattice larger than those 
sampled in the preceding literature (shown in Fig. 31) and on geometrica! 
and conformational analyses and calculations of Fourier transforms of model 
structures. 

The X-ray diffraction patterns of Fig. 31A indicates that the not perfect 
alignment of chain axes parallel to fiber axis affects the shape of diffraction 
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peaks, smearing the diffracted intensity in the reciproca! space over large arcs 
with constant values of s = 2 sin Of 'A. Moreover, beside the meridional peaks 
at ţ = 1/c and 3/c already reported in the literature [259], corresponding to 
a chain periodicity c = 10.3 A, a strong meridional peak at ţ = 5/c was re­
vealed [260] (Fig. 31B). 

In the analysis of [ 260], it was argued that the diffuse equatorial diffraction 
peak, centered at ~ = 0.25 A-1 (Fig. 31A), gives information about the mean 
distance between chain axes, preferentially oriented parallel to the drawing 
direction, like in a nematic liquid crystal; the absence of diffraction peaks 
off the meridian was ascribed to a substantial absence of correlation in the 
position and orientation of the chains, besides their (imperfect) parallelism, 
whereas the substantial absence of layer lines (off the equator) was inter­
preted as due to the presence of conformational disorder. 

The chain periodicity of PET in the mesomorphic form, c = 10.3 A, is not 
far from the length of a monomeric unit in the highest extension. According 
to the results of conformational energy and geometrica! analysis of [260], the 
conformational disorder compatible with the high extension of PET chains 
in the mesomorphic form would consist in random sequences of monomeric 
units in different minimum energy conformations, of the kind shown in 
Fig. 30B and C. Such low minimum energy conformers are characterized by 
ali backbone dihedral angles in the trans state, except for CO - O - C- C 
bonds (Fig. 30B,C), which could assume in successive monomeric units along 
the chain, values close to + 80 and - 80° in addition to values close to 180°. 
A total of nine different minimum energy conformations were identified, for 
a single conformational repeating unit, which can randomly succeed each 
other, giving rise to a conformationally disordered chain straight and elon­
gated. In the resulting conformationally disordered chains, the co-planarity of 
terephthalic groups along the chain, present in the normal triclinic form [258] 
(Fig. 30A), is lost in the long range (see Fig. 30B,C), while the average dis­
tance along c of the center of mass of consecutive monomeric units is close to 
the experimental value of 10.3 A of the chain periodicity of PET in the meso­
morphic form. The chains, although extended, present some waviness, which 
may account for the broadness of the equatorial halo, indicating the absence 
of defined "in plane" lattice periodicities of PET in the mesomorphic form. 

Successively, this result was confirmed using Monte Carlo simulation tech­
niques on model oligomers of PET in a confined geometry [261]. In these 
simulations, a model chain was placed inside a cylinder with hard walls 
(simulated by a continuous distribution of carbon atoms) in order to mimic 
the chain environment in the mesomorphic state. These calculations in­
dicated that highly extended chain conformations of PET with transverse 
radius < 6 A are compatible with narrow deviations from the trans state 
for all dihedral angles, with the exception of the backbone dihedral angles 
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CO - O - C- C, showing a flat distribution with broad maxima centered at 
180, + 90 and- 90°. 

Fourier transform calculations of isolated chain models have indicated 
that off the equator, the experimental diffraction pattern of the mesomorphic 
form of PET can be accounted for by extended chains obtained by random 
sequences of monomeric units in the above discussed minimum energy con­
formations [260]. This indicates a substantial absence of rotational (around 
the chain axes) and translational (parallel to the chain axes) order between 
adjacent parallel chains. The best agreement with experimental data was ob­
tained for model chains characterized by a not co-planar arrangement of 
terephthalic residues along the chain, as a consequence of the presence of 
conformational disorder [260]. A typical result obtained by the average of 
the diffraction intensity calculated over at least 10 different conformationally 
disordered chain models, is shown in Fig. 32. Off the equator, the calculated 
patterns are in a good qualitative agreement with the experimental pattern of 
Fig. 31. Near the equator, the comparison between calculated and experimen­
tal diffraction intensity is less significant, because the interference between 
adjacent chains was completely neglected in the calculations of [260]. 

In conclusion, the mesomorphic form of PET corresponds to a solid 
mesophase of class iii), characterized by parallel arrangement of chain axes 
and long-range positional order of a structural feature only in one dimen­
sion, i.e. along the chain axis and absence of any long-range order in the 
lateral packing of the chains. Even though the chains in the metastable me-
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Fig. 32 (A) Calculated X-ray diffraction intensity I(~, ţ) for an irregular chain of PET of 
the kind shown in Fig. 30B and C as a function of the reciprocal cylindrical coordinates ~ 
and ţ, and (8) corresponding meridional profile. In (A), the contour lines correspond to 
values oflog[I(~, ţ)] equal to 3, 2.75, 2.5 and 2.25. (Reprinted with permission from [260]. 
Copyright 1992 by the American Chemical Society) 
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somorphic form of PET are in disordered conformations, monomeric units in 
different conformations follow each other along c at an average distance equal 
to 10.3 A. Conformational disorder accounts for the absence of any diffrac­
tion along layer lines off the equator and off the meridian, and give a quite 
good agreement with the experimental data, as far as the distribution ofX-ray 
diffraction intensity along the meridian. The packing of the parallel chains 
is completely disordered (mesophase of class iii)); in fact a lateral order in 
the relative position of chain axes, in the relative orientation of the chains 
around the chain axes and in the relative height of chains along the chain 
axes is maintained only in very short range, as indicated by the diffuse nature 
of the equatorial peaks in the experimental X-ray fiber diffraction pattern. 
The position of this equatorial peak, around ~ ~ 0.25 A-l, gives information 
concerning the average distance between structural motifs belonging to close 
neighboring chains, running in a nearly parallel relative arrangement. 

6.2 
lsotactic Polypropylene 

Isotactic polypropylene (iPP), when quenched from the melt in cold water, 
gives rise to a metastable, solid mesophase, which transforms into the sta­
bie a form by annealing at elevated temperatures [25-27] . The X-ray powder 
diffraction pattern of this disordered form of iPP presents only broad halos 
at 20 = 14.8 and 21° (Fig. 33A). Oriented fibers of iPP in this mesomorphic 
form can be obtained by stretching the corresponding unoriented films [25]. 
The X-ray fiber diffraction patterns present broad peaks on well-defined layer 
lines as shown in Fig. 33B; the chain periodicity corresponds to 6.5 A, as in 
the crystalline a form. 

On the hasis of X-ray diffraction patterns and infrared spectra it was rec­
ognized that the partially ordered phase of iPP is made up of bundles of 
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Fig. 33 X-ray diffraction patterns of iPP samp1es in the mesomorphic form: (A) powder 
pattern, (B) fiber pattern 
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parallel chains in the threefold helical conformation (TGh as in the stable a 
form [25, 26]. It was also recognized that in the small mesomorphic aggre­
gates long-range order is maintained only along the chain axes, whereas large 
amounts of disorder in the lateral packing of the helical stretches would be 
present [25, 26]. Owing to these structural features, Natta, Peraldo and Cor­
radini [25] gave the name "smectic" to this mesophase, for which the X-ray 
diffraction data indicate short-range correlation in height among neighbor­
ing chains. This correlation corresponds to a degree of order higher than that 
of an ideal nematic liquid crystal, in which the only degree of order is the 
average parallelism of the rod-like molecules. 

A comparison between calculated Fourier transform of various disordered 
models and experimental X-ray diffraction pattern have been reported 
in [262] and [263]. Structural models characterized by small bundles ofpar­
allel chains in 31 1 helical conformation packed with lateral disorder and 
keeping short-range correlations between neighboring chains similar to those 
of a form and the hexagonal f3 form of iPP, have been analyzed [262, 263]. 
Since the crystal structure of the f3 form had not been solved at that time, 
the hexagonal models built up for Fourier transform calculations in [262] 
and [263] were different from the now accepted structure of f3 form [264-
266] even though the considered models had hexagonal correlations between 
chains. 

The results of these analyses have indicated that the mesomorphic form of 
iPP is characterized by small bundles of parallel chains in ordered 311 helical 
conformation with disorder in the lateral packing [262]. The relative heights 
of neighboring chains within each bundle are mainly correlated. The local 
correlations are near to those which characterize the crystal structure of mon­
oclinic a form [ 262, 263]. Any correlation about the relative position of atoms 
is lost at distances higher then 30-40 A [262]. Since the lateral order is main­
tained at very short range, it was proposed that the term "paracrystalline" 
could be used for description of this form, if the paracrystalline distortion is 
intended to mean that a correlation exists within small nuclei of chains and 
fades away at longer interchain distances [262] 

In conclusion, the metastable mesomorphic form of iPP, called at one time 
"smectic" [25], is a solid mesophase of class iii) characterized by long-range 
periodicity in one direction only, i.e. along the chain axes, due to the presence 
of chains in a 311 helical conformation. 

6.3 
Other Mesophases Characterized 
by Conformationally Ordered Polymer Chains 
and No Order in the Lateral Packing 

Mesomorphic forms of the kind iii), characterized by conformationally 
ordered polymer chains and no order in the lateral packing, have been de-
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scribed for various isotactic and syndiotactic polymers. For instance, syndio­
tactic polypropylene (sPP) [28, 29, 267], syndiotactic polystyrene (sPS) [21, 
22,268, 269], syndiotactic poly(p-methylstyrene) (sPPMS) [270] and syn­
diotactic poly(m-methylstyrene) [271], mesomorphic forms have been de­
scribed. In all of these cases the X-ray fiber diffraction patterns show diffrac­
tion confined in well-defined layer lines, indicating order in the conformation 
of the chains, but diffuse reflections on the equator and on the other layer 
lines, indicating the presence of disorder in the arrangement of the chain 
axes, as well as the absence of long-range lateral correlations between the 
chains. 

The mesomorphic forms of sPP [29, 267], sPS [268, 269] and sPPMS [270] 
are characterized by chains in ordered trans-planar conformations packed in 
small disordered aggregates, which maintain the structural features of one of 
the polymorphic forms of the polymers, only up to very short distances. In 
the case of sPS and sPPMS, the small aggregates of chains are characterized 
by packing modes very close to those of the a form of sPS [268, 269] and form 
III of sPPMS [270]. 

7 
Conclusions 

In this paper, the structure of solid mesophases of polymers was discussed 
using the concept introduced by [13] that a solid mesophase may be in­
tended as a state of the matter falling in between amorphous and the "ideal" 
crystalline states, which can be treated in terms of limit -disordered models 
implying maintenance of long-range positional order, at least along one di­
mension, of structural motifs which are not necessarily point centered. We 
have shown that the "not-point-centered" structural motifs may, for instance, 
consist of chain axes or a group of atoms along the chain. 

Two classes of "solid mesophases" have been identified, class ii) and class 
iii). Generally, solid mesophases presenting conformationally disordered 
chains, but long-range order in the position of chain axes (condis crystals) 
belong to class ii), whereas solid mesophases presenting conformationally 
ordered chains, parallel among themselves, with disorder in the lateral pack­
ing, belong to class iii). 

We have shown that this classification is sufficiently simple and general to 
include most important polymer "solid mesophases" identified so far. We are 
aware, however, that our classification of mesomorphic polymers, as well as 
alternative ones based on the different kinds of disorder which may occur 
in crystalline polymers, may not be exhaustive, since in many cases different 
kinds of disorder are interrelated and simultaneously present. For instance, 
in the case of polyacrylonitrile, the irregular configuration of chains deter-



Solid Mesophases in Semicrystalline Polymers: Structural Analysis 67 

mines conformational disorder in the crystalline state [97]. In the case of 
ethylenejpropylene copolymers constitutional disorder implies also confor­
mational disorder which, in turn, may induce rotational and translational 
disorder ofthe chains [195], because portions of chains close to the constitu­
tional defect assume different orientation around the chain axes and different 
translation along the chain axes, in order to relieve locallattice strains. In the 
case of high-temperature forms of poly(tetrafluoroethylene), the presence of 
helix reversals necessarily implies that the helical portions of opposite chi­
rality connected by the defect have a different orientation, thus generating 
rotational disorder [245]; at elevated temperatures, the lattice interactions 
become weaker, the mobility of the helix reversal defects increases, and the 
conformationally disordered chains appear poorly correlated as far as their 
relative heights and rotations around the z axis [245]. 

In the present article, the structure of only some of the many solid 
mesophases identified so far in the literature has been discussed in detail. 
Some other examples of solid mesophases are the high-temperature form of 
poly(diethyl siloxane) [272], alkoxy and aryloxy polyphosphazenes [273], and 
the normal crystal form of poly(methylene 1,3-cyclopentylene) [274, 275]. 

In particular, polymeric systems derived from the chemical modification 
of poly( tetrafluoroethylene) through the introduction of small concentrations 
of constitutional defects as comonomeric units have interesting structural 
and physical properties. For instance, random copolymers of tetrafluoroethy­
lene with hexafluoropropylene (FEP), or with perfluoromethylvinylether 
(MFA), and perfluoropropylvinylether (PFA) are interesting because they 
present melt viscosities lower than that of poly(tetrafluoroethylene) and can 
be more easily processed as thermoplastic materials. Ali the random copoly­
mers FEP, MFA and PFA crystallize at room temperature in the mesomorphic 
form I of PTFE (see Sect. 5.7), even at low concentrations of comonomeric 
units [276, 277]. The presence in the copolymers FEP, MFA and PFA of 
small amounts of constitutional defects- CF3,- OCF3 and- OC3F7, respec­
tively, produces a high degree of disorder in the crystals and induces the 
formation of the mesomorphic form I of PTFE, already at room tempera­
ture [276, 277]. The intermediate form IV ofPTFE is, indeed, not observed in 
these copolymers. 

Let us finally remark the important role that solid mesophases play in 
manufacturing processes of polymeric materials. Polymers, in mesomorphic 
form, in fact, show enhanced mechanical properties and may be more easily 
processed, even at room temperature, than the stable crystalline forms. This 
allows obtaining manufactured objects at a low cost with high performances, 
which is not easy to obtain by processing the material directly in the stable 
crystalline state. 
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Abstract In this chapter we review flow-induced mesophases in some crystalline poly­
mers with rather different characteristics: polyethylene terephthalate, isotactic polypropy­
lene and polydiethylsiloxane. Because these three polymers are representatives of flexible 
and semi-rigid-chain polymers, the occurrence of a mesophase suggests a similar be­
haviour for many other crystalline polymers. The question may be not so much whether 
crystalline polymers show mesophase behaviour, but rather under which conditions it 
can be obtained. A flow field turns out to be an effective tool to unravel structural 
information, even if hidden in quiescent conditions. The emergence of a mesophase 
affects strongly any subsequent crystallization. As a result of templating and nucleat­
ing effects, a mesophase may accelerate the crystallization rate, lead to different crystal 
modifications, change the morphology and guide the orientation of the crystals. On the 
basis of mesophase formation new insights into flow-induced polymer crystallization 
emerge, even though the nature of the mesophase ordering is still not fully understood. 
A re-evaluation of models for the polymer melt (random coil and folded-chain fringed­
micellar grains) is proposed to understand the combined experimental observations on 
mesophase ordering and crystallization. 



76 

Keywords · Mesophase · Crystallization · Random coil · 
Folded-chain fringed-micellar grains · Flow 

1 
lntroduction 

L. Li · W.H. de Jeu 

Flow-induced pbase transitions are fundamental properties of non-equili­
brium systems. As moreover flow fields are inevitably applied during poly­
mer processing, the ordering processes under sucb conditions bave attracted 
increasing interest [1]. Knowledge offlow-induced crystallization in tbe poly­
mer melt is essential to control the final properties of the products from 
industrial processing methods sucb as extrusion, injection, and blow mould­
ing. Nevertbeless, no satisfactory molecular theory exists that can describe 
polymer crystallization under flow conditions [2, 3]. During the past balf 
a century, a great deal of pbenomenological studies bas been dedicated to 
this subject; see for a recent review [4]. On tbis hasis several aspects offlow­
induced crystallization of polymers are well establisbed [4, 5]. (i) Flow accel­
erates the crystallization kinetics and - under severe conditions - cbanges 
the semi-crystalline morpbology from spberulites to crystallites oriented in 
tbe flow direction. (ii) Tbe enbancement of the crystallization kinetics is at­
tributed to an increase in the nucleation rate caused by distortions of the 
polymer cbains in tbe melt. (iii) Tbe molecular weigbt and the molecular 
weigbt distribution both bave a pronounced influence. Tbis pbenomenolog­
ical description of flow-induced crystallization leaves an essential question 
still open: How does flow promote nucleation in polymer crystallization? 

Even at quiescent conditions the fundamental mecbanisms of polymer 
crystallization, especially at an early stage, are still poorly understood [ 6-16]. 
For many years, nucleation and growtb as a stepwise process bas dominated 
the discussion [11, 12]. In contrast to this view Strobl [13] proposed a multi­
stage process to explain polymer crystallization, wbile others concluded on 
the hasis of X-ray scattering data to a spinodal-assisted process [17-29]. 
Common to botb views is tbat the crystallization is preceded by an ordered 
precursor (so-called pre-ordering). Clear structural information about sucb 
possible precursors - necessary to verify these bypotbeses - is still scarce. 
As a result, during recent years an important and still open debate bas been 
going on about polymer crystallization. 

Interestingly, pre-ordering was already implied in some rather early stud­
ies of polymer crystallization, but did not get the present type of attention. 
As early as 1967 Katayama et al. [30] observed a small-angle X-ray scat­
tering (SAXS) peak significantly earlier than the corresponding crystalline 
Bragg peaks in wide-angle X-ray scattering (WAXS). Tbey proposed that 
density fluctuations occurred before the formation of any crystals. Tbe idea 
of a multi-stage process dates back to 1967 by Yeb and Geil [31, 32], wbile 



Flow-induced mesophases in crystallizable polymers 77 

Schultz introduced in 1981 a spinodal approach promoting orientation in 
polymer systems [33]. However, the essential question about the nature of 
pre-ordering still remained open. Moreover, the description 'pre-ordering be­
fore crystallization' is often not used in a precise way. A polymer system can­
not develop such ordering because it wants to crystallize. The large enthalpy 
associated with crystallizationjmelting prevents pre-transitional fluctuations 
as found for second-order or weakly first-order phase transitions. Hence any 
pre-ordering before crystallization in polymers is necessarily an independent 
effect that enables subsequent crystallization. Evidently, the precursor should 
possess some ordering intermediate between the liquid and the crystal phase. 

Recently, several flow-induced mesophases have been reported, some of 
which were not observed at quiescent conditions. Because clear structural 
information is obtained, on this hasis a better understanding and possibly 
answers to the above questions can be extracted. This is the main motiva­
tion to for this review. In this section we shall first give an introduction to 
polymer mesophases and their possible influence on crystallization. In Sect. 2 
flow-induced mesophases are reviewed for three representative polymers: 
polyethylene terephthalate (PET), isotatic polypropylene (iPP) and polydi­
ethylsiloxane (PDES). The molecular structure of these polymers is depicted 
in Scheme 1. Because of the semi-rigid or flexible nature of the chains, they 
are in principles not expected to show liquid crystallinity. Hence induced 
rigidity is an essential element for the formation of a mesophase [34-36]. 
The influence of the mesophase on subsequent crystallization is discussed 
in Sect. 3. The analysis indicates that the answers to fundamental questions 
regarding polymer ordering may be found in the disordered (molten) state. 
This leads us in Sect. 4 to an evaluation of the limitations of the random 
coil model for the polymer melt and amorphous state to capture local or­
dering. The review ends with some concluding remarks. Note that we use 
the term 'flow field' in a generalized way, which includes stretching, drawing 
and shearing. We restrict ourselves to mesophase ordering in bulk homopoly­
mers, block copolymers are not included. 

Scheme1 
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1.1 
Polymer mesophases 

The different states of condensed matter can be characterized by the various 
types of molecular organisation: positional order and orientational order. The 
latter aspect is directly related to the molecular mobility. Depending on these 
criteria, liquid phases, mesophases, crystalline phases, amorphous glasses 
and mesoglasses can be distinguished [37-41]. In the field oflow-molecular­
weight liquid crystals the terms 'mesophase' and 'liquid crystal (LC) phase' 
are identica! [37, 38]. The crucial notion common to ali LC phases is long­
range orientational order of the preferred axis of the molecules. Restrict­
ing us for simplicity to uniaxially symmetric molecules, the preferred axis 
can be the long axis (rod-shaped molecules) or the short axis (disc-shaped 
molecules). For nematic phases this is ali; there is no further positional order 
(anisotropic liquid). Smectic and columnar LC phases possess in addition 
reduced positional order, forming either a layered structure (for rod-like 
molecules) or a columnar structure (consisting of disc-shaped molecules). 
These mesophases can be formed as a function of temperature ( thermotropic 
liquid crystals) or in solution (lyotropic mesophases from surfactant-like 
molecules). Note that the alternative possibility of full positional order and no 
orientational order (plastic crystals of solid-rotator phase) does not fall in the 
class of LC phases, as the molecules form in spite of their rotational freedom 
a full three-dimensional lattice. The possible extension to glassy states from 
either of these phases with reduced mobility is obvious. 

In low-molecular-mass systems the rod- or disk-like molecules (mesogens) 
often contain aroma tic rings (giving a certain stiffness) connected via more 
flexible groups and usually also with flexible end groups [37, 38]. Evidently 
these elements can also be present in polymers. If this is explicitly the case 
and various nematic, smectic and columnar phases are observed as a function 
of tempera ture, we speak of main-chain LC polymers [ 42, 43]. Alternatively 
mesogens can be attached via flexible spacers to a polymer backbone: side­
chain LC polymers that will not be of our concern. The macromolecular 
equivalent of lyotropic (surfactant) LC phases is provided by block copoly­
mers [44]. In macromolecular science the concept of a mesophase is often 
used in a rather general sense, in agreement with the original meaning of'in­
termediate phase'. Apart from LC phases also conformationally disordered 
or condis crystals are incorporated in this category, even though they largely 
maintain positional and orientational order [39, 40]. The situation is further 
complicated because in the field of polymers the term mesophase does not 
necessarily refer to a homogeneous thermodynamically stable phase, simi­
larly as for crystallized polymer structures. 

The concept of a condis crystal was suggested in 1975 [45] and their ex­
istence was documented by many examples in 1984 [39]. Condis crystals 
have in general an hexagonal packing and some authors have stressed the 
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analogy with columnar liquid crystals [46]. They show positional and orien­
tational order of the molecule as a whole, but are partially or fully confor­
mationally disordered and mobile. Especially linear, flexible macromolecules 
can display a high chain mobility introducing large-amplitude conforma­
tional motions around the chain axis [40]. Nevertheless the position and 
orientation of the molecule is left unchanged. Typical examples are the high­
temperature crystal phases of polyethylene (PE), polytetraflouoroethylene 
(PTFE), trans-1,4-polybutadiene (PB), and PDES. They resemble the low­
temperature crystal phases of LC forming molecules with long flexible end 
groups [ 47]. 

Starting point to discuss mesophases in polymers is the concept of ori­
entational ordering. Evidently this requires some form of stiffness and LC 
theories are often based upon rigid rods. One of the most successful ones 
is the Flory lattice model [48], which builds on the more general Onsager 
theory [ 49]. In this model the free energy of the LC system depends only 
on 1/fL/D, the product of the volume fraction 1/1 and the aspect ratio L/D 
of the rods. Flory's lattice model predicts a critica! value 1/fL/D = 6.4 for an 
isotropic-nematic transition. For semi-rigid or wormlike chains, the length L 
of the rigid rod is replaced by the Kuhn length lk. In the LC theory of 
Maier and Saupe [50] the rigidity of molecules is not explicitly stressed. In­
stead it is included in an orientation-dependent interaction that comprises 
exclude-volume effects and van der Waals attraction. In polymers rigid­
ity can be explicitly built in via mesogenic units that can perform a con­
densation reaction. When rigidity is not directly present in the individual 
chains, it can be induced by self-assembly - as found in many biopoly­
mers [51] - or by conformational changes like a coil-helix transition [34-
36]. In addition to LC ordering, many flexible chains have the possibility 
to form condis crystals on the hasis of rigidity-induced by conformational 
ordering [39, 40]. The original definition of a condis crystal emphasized dis­
ordered conformations, using the normal crystal as reference state. On the 
other hand, compared to a disordered liquid the conformations of chains 
in condis crystals are partly ordered as otherwise no ordering could exist 
at all. 

In polymer systems with (semi-)flexible chains, mesophase ordering is 
based on rigidity induced by conformational ordering. Using phenomeno­
logical arguments, de Genes and Pincus showed that the coupling between 
a coil-helix transition and orientational ordering could induce a nematic 
phase [34, 35]. The conformational state of the macromolecule is determined 
by two parameters [52]: (1) An activity coefficient s = exp(- l::iFhc!ks T) where 
/::iFhc is the difference in free energy per monomer between a randomly coiled 
( disordered) and a rigid ( ordered) configuration, k8 T is the Boltzmann factor. 
(2) A co-operativity parameter a= exp(- 2/::iFg/ksT) where l::iFg is the free 
energy necessary to create a boundary between rigid and coiled segments. 
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The fraction fh of units in the helicoidal state is given by 

/h = ~ + (s- 1) 
2 2J(s- 1)2 + 4as 

(1) 

In this situation s < 1 means that the coil state is energetically favoured. De 
Gennes and Pincus [34] introduced a Maier-Saupe type interaction [50] be­
tween the rigid (helical) segments, which leads an additional force favouring 
helical domains. In a mean-field approximation the activity factor can be 
written as s = hs, in which h is a coupling constant originating from the 
mean field. In the case of excluded-volume effects [35] the mean-field treat­
ment always gives h > 1. This means that tht" helical state can be energetically 
favourable even for s < 1. If the excluded-volume interactions are sufficiently 
strong, a phase transition can occur at which the coupling drives a first -order 
coil-helix transition while simultaneously long-range orientational correla­
tions develop. Flory and Matheson reached similar conclusions based upon 
the lattice model [36]. 

1.2 
Flow-induced mesophases and its influence on crystallization 

The highly asymmetric nature of long-chain polymer molecules creates 
quite generally possibilities for the formation of mesophases with orienta­
tional order. However, for the overwhelming majority of flexible-chain poly­
mers regions of spontaneously ordered segments are too small to manifest 
anisotropic properties. This situation changes dramatically upon application 
of a flow field that promotes alignment of the molecular chains. Though at 
quiescent conditions the overall shape of the molecular chains in the melt as 
well as in the amorphous state is spherically symmetric, the aspect ratio L/D 
can reach values like 1 O 000 in a completely extended state. This tremendous 
change of aspect ratio induced by an externa! flow field provides considerable 
opportunities to tailor the mesophase behaviour of polymers. 

In LC systems with intrinsic rigid building blocks, flow suppresses fluctu­
ations and shifts the phase transition to higher temperatures or lower con­
centrations [53-56]. With respect to flexible chains, present theoretical work 
on the formation of flow-induced LC structures does not include the pos­
sible effect of flow on conformational ordering. The analysis of experimental 
data under flow are usually based upon a generic polymer model of homo­
geneous chains stretched in their entropic regime, like freely jointed [57, 58] 
or wormlike [59, 60] chain models. A considerable amount of experimental 
and theoretical work has been published on coil-helix transitions induced 
by external fields in a single chain system [61-65]. However, to our best 
knowledge coupling between conformational and orientational ordering in 
multi-chain systems under flow has not been considered so far. Buhot and 
Halperin performed a mean-field treatment of the helix-coil transition in-
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duced by stretching a single chain [ 63] to which Tamashiro and Pincus 
added a correction [65]. In this approach, an elastic contribution is added 
to the Hamiltonian in order to incorporate the effect of the externally ap­
plied force f. The analysis shows a plateau in the force-extension profile 
(stress-strain curve), which indicates the coil-helix transition. In principle, 
the concept of induced rigidity [34-36] leading to mesophase ordering of 
flexible chains under flow, could be included in this approach. However, the 
actual situation is more complicated than just adding another effect. More­
over Buhot and Halperin's arguments are still based upon a thermodynamic 
equilibrium approach [63]. Flow-induced conformational ordering modifies 
the rigidity of the building blocks of the polymer chains and can trans­
form a flexible chain into a rigid one. Consequently, apart from possibly 
shifting the isotropic-mesophase transition temperature as for rigid-chain 
polymers, flow can also lead to new phases. In analogy to a theoretical study 
of the coupling between adsorption and the helix-coil transition [66], a rich 
phase diagram is expected under flow conditions. The coupling between 
conformational and orientational ordering under non-thermodynamic (flow) 
condition remains an important theoretical challenge. It is crucial for under­
standing flow-induced mesophase ordering and crystallization. 

Brochard and de Gennes [67] discussed theoretically a flow-induced 
isotropic-mesophase transition in a polydisperse polymer system occurring 
through spinodal decomposition. Following Maier-Saupe's [50] theory of the 
nematic phase, the orientation-dependent interaction energy was taken as 

Uij =- C(a 11 - a_L)2SiSj, (2) 

where au and a..L represent the polarizability of a molecule parallel and per­
pendicular to the preferred axis, Si= 1/2(3 cos2 (}i- 1) is the orientation pa­
rameter and C is a constant. Based on this orientation-dependent interaction 
energy, Brochard et al. [67] formulated a Flory-Huggins-type free energy F 
for a bimodal homopolymer system as 

F c/JL c/Js '""" -k = - ln c/>1 + - ln c/>s - X ~ c/>ic/>jSiSj • 
BT NL Ns .. 

(3) 
!] 

Here c/JL,s and NL,s represent the volume fraction and the monomer num­
ber of the long and short chains, respectively. The Flory-Huggins parameter 
x is defined as x = IC(au - a..L)2 in which zis the coordination number of 
the monomer. Upon imposing a flow field, Si varies with chain length, which 
subsequently leads to an instability resulting in phase separation between ori­
ented (long) and non-oriented (short) chains. The thermodynamic instability 
appears at a zero of the second-order derivative of the free energy F"(c/>L), 
which results in 

1 1 
--+- = x[Sdt)- Ss(t)]. 
NLc/JL Nsci>L 

(4) 
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Here SL(t) and Ss(t) are expressed as S;(t) = S0 M;(t), where M;(t) is the mem­
ory function describing the relaxation of molecular chains after having been 
subjected to a flow field: 

M;(t) = 0.8 exp(- tjr;), (t > 0.1 r;). (5) 

For N1 > Ns >Ne (Ne is the critica! entanglement molecular weight), r; is the 
reptation time, while for Ns ~Ne it represents the Rouse time [60, 69]. Be­
cause r; has a strong molecular weight dependence, long chains keep their 
orientation while short already relax to the isotropic state. For N1 » Ns one 
finds [70] 

S0 = 1/5N;1 (J.. 2 - 1/J..), (6) 

where Â is the extension ratio. Inserting Eqs. 5 and 6 in Eq. 4, we obtained 
a critica! extension ratio Âc for spinodal decomposition: 

Âc = (ll/Js~~)l/2 , N1 » Ns. (7) 

These results indicate that spinodal decomposition can be induced by flow 
even in a homopolymer system, which results in an oriented nematic phase 
with long chains and an isotropic liquid with short chains. Though the above 
argument is based on a bimodal system, the same principle has also been ap­
plied to the polydisperse case [67]. However, this approach still does not take 
flow-induced conformational ordering into account, which may couple to the 
anisotropic interactions. 

In spite of the clear analogy between stress-induced mesophase formation 
and stress-induced crystallization under flow, there is a significant difference 
between the two processes. Thermodynamically, for a phase transition ac­
companied by a change in length l:iL, the relationship between the force f and 
the temperature T is given by [71, 72] 

[â(f jT)jâ(l/T)]p = l:iH/ l:iL, (8) 

where l:iH is the melting enthalpy of either the mesophase or the crystal. 
When l:iH >O, usually l:iL < O and f jT will increase with T. This means that 
at constant pressure the phase transition temperature will increase for an in­
crease in the applied tensile force. Equation 8 was originally intended for 
isotropization of a stretched mesophase network as well as for melting of 
a stretched crystalline network. However, the enthalpy of isotropization of 
a mesophase is at least one order of magnitude smaller than that of melting of 
crystallites [73]. Therefore, the force coefficient ofthe transition temperature 
for isotropization of a mesophase, defined as dTjdf, should beat least one 
order of magnitude larger in comparison to the melting of a stretched crys­
talline phase. On this hasis, we can expect a large number of order-disorder 
transitions in polymers, hidden below the crystallization temperature at qui­
escent conditions, to be unveiled by a flow field. 
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The central question in this review is how shear ( or stretching or draw­
ing) influences possible mesophase formation. The mesophase, in turn, can 
strongly influence the crystallization process. Obviously, crystals with in­
trinsically parallel chains cannot form spontaneously without some prior 
orientation of the chains, either locally or over larger distances. Hence any 
form of orientational order of the chains will have an enabling effect on 
the crystallization process. According to Ostwald's stage rule [74], a phase 
transformation from one stable state to another one proceeds via metastable 
states - whenever these exist - in stages of increasing stability. Such states 
are not only intermediate forms on the path to the final state but can also 
provide a key to understanding the crystallization behaviour [75-80]. Com­
puter simulation shows that in a system with a metastable liquid-liquid phase 
coexistence line, critica! density fluctuations enhance the nucleation rate dra­
matically around the critica! temperature [81]. Olmsted et al. [24] presented 
a phase diagram of a homopolymer that possesses this feature. Comparing 
with the situation at either higher or lower temperatures, an increase of the 
nucleation rate by a factor of 1013 is estimated around the critica! point, while 
the growth rate does not change appreciably [81]. However, in semi-rigid or 
flexible-chain polymers, crystallization generally occurs before reaching the 
phase separation or mesophase ordering temperature because of its metasta­
bility at quiescent condition. A flow field can switch the relative stability of 
mesophases and crystals due to an order of magnitude difference in sensi­
tivity to the externa! stimuli, which ensures that polymer chains to reach 
conditions equivalent to those around a critica! point. 

In addition to providing nucleation sites, a mesophase can also serve as 
a template with an intermediate order during the transition from a dis­
ordered melt to a fully ordered crystal. Because the molecular chains adapt 
in the mesophase already a certain orientational, positional and conforma­
tional ordered state, kinetically it will be relatively easy to transform from 
a mesophase to a crystalline state. 

2 
Flow-induced mesophases 

In this section, we review three representative cases of flow-induced meso­
phases. PET serves as an example of a semi-rigid polymer with intrinsic 
rigid building blocks. The shear-induced smectic ordering in the flexible­
chain polymer iPP provides a special case of induced rigidity, which is still 
far from fully understood. PDES has been chosen as an example of a stretch­
induced condis crystal. Various experimental techniques have been employed 
to characterize flow-induced mesophases. While scattering methods probe 
the ordering, a direct technique to measure the molecular mobility is nuclear 
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magnetic resonance (NMR). Up to now, work combining NMR and a flow 
field is limited [82, 83], while X-ray scattering has been employed extensively 
in combination with shear, spinning and drawing. Hence most experimental 
results presented in this review are based on X-ray scattering. The reader is 
referred to the original publications and to a recent review [84] for experi­
mental details. 

2.1 
Draw-induced mesophase in polyethylene terephthalate 

The crystallization and mesophase behaviour of PET provides a good ex­
ample for semi-rigid chain polymers including poly(ethylene nathphalate) 
(PEN) and poly(ether ketone ketone) (PEKK), etc. [85]. Upon crystallization, 
PET forms a triclinic unit cell with a = 0.456 nm, b = 0.594 nm, c = 1.075 nm, 
a= 98.SO, f3 = ll8°, and y = ll2° [86]. The melting point T m and the glass 
transition temperature Tg are about 256 °C and 80 °C, respectively. The crys­
tallization properties of PET have been well investigated [87, 88], both at 
quiescent conditions and under externa! fields such as flow and high pressure. 
However, most of the experimental work under flow was restricted to drawing 
at temperatures around the glass transition. 

Under quiescent conditions PET normally does not form a mesophase. 
Following the criteria for the formation of a LC phase of stiff polymers of Doi 
et al. [60, 89, 90], Imai et al. [20] estimated that neither in the glass nor in 
the melt a LC phase can appear in PET. Gonzalez et al. reported a persistence 
length lp = 1.2 nm for a PET molecule in the theta state [91]. From the value 
of the van cler Waals width of a benzene ring, the diameter of a PET 'rod' is 
estimated to be d ~ 0.66 nm. lnserting these values in the equation 

(9) 

the critica! concentration of rods for an isotropic-nematic transition is cal­
culated to be v* = 5.4 segmentsjnm3• The value estimated in the glass state 
is 4.2 segmentsjnm3, resulting in v < v* and no liquid crystallinity is ex­
pected. Nevertheless, upon annealing at temperatures close to Tg, density 
fluctuations were observed before the onset of crystallization. During the 
induction period a structure with a length scale of about 20 nm developed 
following spinodal decomposition kinetics. Yeh et al. observed such a pro­
cess in real space [31, 32]. In this context it is interesting that transmission 
electron microscopy (TEM) revealed in amorphous PET ball-like structures 
with a diameter of 4.5-10 nm. During annealing around Tg, diffusion and 
aggregation of the 'balls' was observed leading subsequently to a lamellar 
structure. This process can be fitted into Strobl's multi-stage approach to 
crystallisation [ 13] and may also explain the spinodal kinetics measured by 
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SAXS [ 17-29]. Though the structures were suggested to be nematic, direct 
evidence is absent. 

Bonart was the first to report that drawing induced mesophases in 
PET [92, 93]. During stretching of a totally amorphous PET sample he 
observed first the formation of a nematic phase and subsequently a smec­
tic one. Asano et al. investigated the structural changes during anneal­
ing of cold-drawn amorphous PET films by X-ray diffraction and micro­
indentation [94, 95]. Figure 1 shows two-dimensional (2D) X-ray scattering 
at angles between SAXS and WAXS of cold-drawn PET during annealing at 
different temperatures [95]. The drawing speed and the average draw ratio 
were 0.8 mmj min and 3.8, respectively. A weak but sharp refl.ection ap­
peared on the meridian at temperatures from 60 to 80 ac, assigned to smectic 
layering with a spacing of 1.07 nm and denoted as (001'). Upon increas­
ing the temperature to 70 oc, crystallization started slowly and the smectic 
phase disappeared at about 100 °C. The mechanical properties of the smec­
tic mesophase were different from those ofboth the oriented amorphous and 
the crystalline phase. At 20 ac the density of the isotropic amorphous phase, 
the oriented glass phase, the smectic phase and the crystalline phase were 
reported to be 1.335, 1.37, 1.38 and 1.455 g/cm3, respectively. Hence a sharp 
increase in density occurred only upon crystallization. 

Figure 2a summarizes X-ray scattering results of oriented amorphous PET 
during annealing at different temperatures [95], which points to a structural 
development as pictured in Fig. 2b. The meridional refl.ection is first apparent 
at an annealing temperature of 50-60 °C (depending on annealing time). The 
spacing is almost equal to the monomer unit length. This suggests that be­
low Tg neighbouring molecular segments tend to match each other laterally. 

cn 1wc 

Fig. 1 In-situ x-ray patterns of stretched PET at different annealing temperatures; 
(a) 50 °C (b) 60 °C (c) 70 °C (d) 80 °C (e) 90 °C (f) 100 °C (after Asano et al. [95]) 
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Fig. 2 Crystallization of stretched PET. (a) Summary of x-ray results (b) Cartoon picture 
of the morphologies. (I) nematic phase, (II) smectic phase and (III) triclinic structure 
(after Asano et al. [95]) 

Frame II from Fig. 2b pictures the development of the smectic phase from the 
nematic state. The benzene rings are in the smectic state arranged in planes 
perpendicular to the draw direction, whereas the lateral packing of neigh­
bouring molecules shows no positional order. The smectic phase could be 
attained through an increase in the mobility of the molecular segments lead-



Flow-induced mesophases in crystallizable polymers 87 

ing to a slightly more densely packed structure (e = 1.38 g/cm3) than in the 
nematic state. 

At a constant temperature below T8, a critical draw strain is required to 
induce the smectic phase [96, 97]. Figure 3 shows WAXS patterns on the 
meridian during cold draw at 50 o C for different draw strains. The smectic 
phase appears at a draw strain of about 58%. In addition to the smectic peak 
at 2() = 8° two additional peaks are observed at about 16° and 26° (X-ray 
wavelength of 0.154 nm). The peak at 16° is weak and not mentioned in the 
original report; it could be the second order ofthe (001'). The peak at 26° was 
assigned as (- 103). This refl.ection lies neither on the crystallographic c* -axis 
nor on the axis normal to the (a*b*)-plane. For tridinic symmetry the latter 
does not coincide with the c* -axis and corresponds to the c-axis in real space. 

The appearance of the smectic phase is infl.uenced by temperature as well 
as by draw rate [98-103]. At 90 °C, the smectic ordering can be induced by 
a draw rate of 13 s-1, and no meridional smectic diffraction can be resolved 
below 10 s-1• Blundell et al. observed that the smectic phase appears about 
250 ms before the onset of crystallization (measured with a time resolution 
of 40 ms/frame). Kawakami et al. [104, 105] confirmed that at a tempera­
ture of90 ac no smectic peak appears at low draw rates. However, combining 
X-ray scattering and the strain-stress relation (see Fig. 4), they conduded that 
a nematic or smectic phase is induced by draw in zone 1. The draw-induced 
phase transition from the melt to the mesophase is first-order. PET with a low 
average molecular weight shows a similar phase behaviour but the transition 
zoneI (mesophase) is narrower than for higher average molecular weight. 

The groups ofBlundell, Hsiao, Keum, and Fukao [106] reported a smectic 
spacing of about 1.03 nm, somewhat smaller than both the 1.07 nm originally 
given by Asano et al. [94] and the c-axis repeat of the tridinic crystal phase 
(1.075 nm) [86]. Two different proposals have been put forward for the chain 
packing in this case. Ran et al. attributed the short spacing to a smectic-C 
structure [96]. In that case the chain axes are tilted with respect to the layer 
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Fig.3 One-dimensional x-ray intensity profiles of a PET film at different deformation 
stages: strain 0%, 20%, 58% and 100% (Calculated from WAXS on the meridian by azi­
muthal averaging from 85 ac to 95 ac)(after Ran et al. [96]) 
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Fig.4 Load-strain relation and selected WAXS patterns during stretching ofhigh molecu­
lar weight PET (after Kawakami et al. [104]) 

normal, which is still parallel to the stretching direction (Fig. Sa). In such 
a model the layer peak should split into two reflections off-axis. This has not 
been observed, which is not fully conclusive as it could be due to overlap with 
the broad mesophase peak on the equator. We remark that this interpreta­
tion does not consider the possible occurrence of conformational disorder in 
the polymer chains. An alternative model assumes that the chains are par­
allel to the stretching direction and form perpendicular layers, but that the 
layer spacing is reduced by conformational changes (Fig. Sb) [107]. Analysis 
of the energy associated with various geometries suggests that in the smectic 
phase the PET chains should be nearly in all-trans conformations. However, 
the CO - O - CC dihedral angle could be close to 80°. This arrangement leads 
to a layer spacing shorter than the crystalline c-axis. The random sequences 
of monomeric units generate chains without any long-range correlation be­
tween the planes of the phenyl rings along the chains. In our opinion the 
second model is more plausible. Apart from lack of support from the X-ray 
scattering for the smectic-C model, a systematic tilt of the chains with respect 
to the draw direction seems unlikely. 

a b 

Fig.S Two possible packing models for the mesophase in PET (a) smectic-C model 
(b) conformational disorder model 
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As mentioned earlier, the persistence length of PET chains is slightly 
smaller than needed for an isotropic-mesophase transition. Upon stretching 
and annealing amorphous PET at temperatures close to Tg, conformational 
ordering is expected to promote rigidity. The combination of intrinsic rigid­
ity and induced rigidity by conformational ordering [34-36] can easily meet 
the criterion for an isotropic-mesophase transition. In addition, a flow field 
enhances the spontaneous alignment of the molecular chains. Kinetically the 
resulting orientational ordering could even follow a spinodal model at a mean 
field situation [ 67]. 

Finally we mention that draw-induced mesophases have also been ob­
served in some other semi-rigid chain polymers. Examples of such studies 
are cold drawing of glassy PEN [108, 109] and oriented crystallization of 
PET/PEN copolymers [110, 111]. In all cases a smectic mesophase has been 
reported. In the absence of crystallization it can attain a degree of stabil­
ity that resists decay from chain relaxation. This supports the view that the 
mesophase represents a thermodynamic state [101]. We expect that similar 
mesophases based on semi-rigid monomers can be observed in other poly­
mers with intrinsic rigid building blocks, such as other aromatic polyesters 
and polyamides. 

2.2 
Shear-induced smectic phase in isotactic polypropylene 

Isotactic polypropylene is a typical semi-crystalline flexible-chain poly­
mer. Three crystal modifications a, f3 and y have been found, which all 
show a three-fold helical conformation of the chains [112]. A 'mesosphase' 
has been reported in rapidly quenched samples [113]. Though its nature 
used to be a matter of controversy, it is now generally accepted that it is 
metastable and readily transforms into a crystalline phase at temperatures 
above 80 °C [114-120, 122, ?-126]. Due to its representativity, stability and 
commercial importance, during the past half a century a great deal of work 
has been dedicated to flow-induced ordering of iPP. However, because in 
a flexible-chain polymer like iPP no liquid crystalline phase is expected at 
high temperatures, the focus has been on shear-induced crystallization rather 
than on low-dimensional ordering [127-150]. Recently, we reported that 
a smectic phase is induced in iPP by shearing; this phase is found at tempera­
tures above as well as below the melting point [ 6, 151, 152]. In this respect iPP 
seems tobe rather unique. A flow-induced smectic phase has been suggested 
in polydimethylsiloxane (PDMS), but direct evidence is still absent [83]. 

Figure 6a gives a typical SAXS picture ofthe shear-induced smectic peak at 
200 °C; an accompanying smectic WAXS peak may be hidden in the amorph­
ous halo of the corresponding pattern in Fig. 6b [152]. At this temperature 
no crystallization is expected at all, as confirmed by the absence of any crys­
talline reflections in both SAXS and WAXS. The smectic SAXS intensity is 
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Fig. 6 (a) Two-dimensional SAXS pattern of iPP displaying smectic ordering at 200 oc 
(b) and corresponding one-dimensional WAXS pattern after a steady shear with shear 
rate 1 s-1 for 2 min (after Li and de Jeu [152]) 

weak, due to small volume fraction of the smectic domains and the limited 
density contrast of the order of 7%. The smectic peak is sharp, giving a corre­
lation length of the order of severa! tens of nanometer. The smectic phase can 
be obtained ata wide temperature range up to 225 °C by applying the same 
shear field. It disappears at 225 °C after about 1 hour but can survive longer 
than overnight at 170 °C. At temperatures below 170 °C the shear-induced 
smectic ordering is followed by crystallization [150]. In this situation both 
conventional crystalline lamellae with a large periodicity (about 25 nm and 
crystallized smectic layers (with an approximately 10% increased periodicity 
of about 4.5 nm) are present. In the following we shall refer to the latter layer­
ing stiH as the smectic peak, even though the underlying structure may have 
changed with temperature and crystallization time. 

The nature of the smectic layering was confirmed by a shear alignment [ 6]. 
Figure 7a shows the weak initial smectic peak in the SAXS pattern, slightly 
oriented, as obtained by a shear pulse at 180 ac. After imposing a steady shear 
with a shear rate of0.1 s-1 for 10 min, the smectic peak disappears completely 
(Fig. 7b ). Rotating the sample over 90° aligns the X-ray beam parallel to v x v 
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Fig. 7 (a) Two-dimensional SAXS pattern showing a weakly oriented smectic peak for 
an iPP sampla subjected to a shear pulse with a rate of 1 s-1 and a strain of 3000% at 
180 °C (b) Disappearance ofthe smectic peak after a steady shear of 0.1 s-1 for 10 minutes 
(c) SAXS pattern with the incident x-ray beam parallel to v x v showing highly oriented 
smectic layers (after Li and de Jeu [6]) 
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and a highly oriented smectic peak is visible again (Fig. 7c). These alignment 
effects make it difficult to observe the smectic layering in a two-plate shear 
configuration, even though it can already be induced by pressing or any other 
small deformation during sample preparation. 

The formation of the smectic phase in iPP is attributed to induced rigid­
ity [34-36]. In an ordered state a molecular chain of iPP adapts in general 
a 3/1-helix conformation [112]. In the melt IR measurements indicate stiU 
short helical sequences up to about 5 monomers. However, upon shearing at 
180 oc this number increases up to 14 (see Fig. 8). Potentially this can sup­
ply the stiffness for an isotropic to mesogenic transition. Upon increasing 
the temperature to 190 °C, IR bands corresponding to helical sequences with 
up to 12 monomers stiU survive. As X-ray scattering indicates that only the 
smectic ordering survives above 180 oc, these helical sequences with up to 
12-14 monomers must be the building blocks of the smectic layers. 

According to Doi et al. [29, 60, 89, 90, 153] the criterion for an isotropic to 
nematic transition is a critica} persistence length 

l _ 4.19M0 
p- . 

bloQNA 
(10) 

In this equation b represents the diameter of a polymer segment, Q the 
density, NA Avogadro's number, and Mo and 10 the mass and the length 
of a monomer, respectively. For the iPP melt, Mo = 42 gjmol, b = 0.665 nm, 
lo = 0.217 nm and Q = 0.85 g/ cm3• Inserting these values into Eq. 8 we find 
lp::::::: 2.38 nm, which is for a 3/1 helix equivalent to about 11 monomers [152]. 
The rod length of iPP helices as obtained from IR measurements meets 
this criterion (see Fig. 9). However, present theories predict a nematic phase 
rather than a smectic one [34-36, 89, 90]. A broad distribution of the helical 
sequence length should exist in the melt of fiexible polymers in a dynamic 
equilibrium, which contributes a favourable entropy term. If the conforma­
tional ordering and orientational ordering occur in sequence, only a nematic 
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Fig. 8 IR spectra of a sheared iPP sample during a heating scan. The monomer number 
associated with the helical sequence of a specific band is indicated (after Li and de Jeu [6]) 
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Fig. 9 DSC curves of a melt-sheared iPP sample during a heating scan with a rate of 
10 °Cjmin (after Li and de Jeu [6]) 

phase would be e:xpected. The selection of the sequence lengths happens dur­
ing the formation of the smectic layers, thus the conformational ordering 
(or coil-helix transition) and the alignment of helices take place simultan­
eously. The coupling between conformational ordering and density deter­
mines an average period consisting of a rigid helical sequence of at least 
11 monomers (about 2.6 nm) and a random-coil part of about 1.4 nm. As 
is well known from low-molecular weight smectic phases, in mixtures the 
smectic layers form a weight average of the long dimensions of the respective 
components [154, 155]. If we accept that the same applies to a polydisperse 
distribution of helical sequences and random-coil parts in iPP, the average 
helicaljrandom-coil dimension comes in as a naturallength scale determin­
ing the smectic periodicity. 

Upon heating a crystallized sample the smectic regions show a higher 
melting temperature than their crystalline counterpart. Figure 9 displays 
a typical DSC curve of a sheared iPPl sample during heating. In addition 
to the large melting peak of iPP crystals around 165 °C, several additional 
small melting peaks appear at higher temperatures. The insert in Fig. 9 shows 
a blow-up of a DSC trace from 170 to 195 °C. We attribute these high­
temperature melting peaks to contributions from different smectic regions. 
Polarized optic microscopy (POM) observation show that the smectic layers 
assemble into fibrillar entities, which melt in the same temperature range as 
found for the melting of the smectic layers by X-ray scattering, DSC and FTIR. 

The fibrillar entities have been modelled as anisotropic drops containing 
smectic domains with a size oftens of nanometers (see Fig. 10). After impas­
ing a shear pulse, the smectic layer normal follows the direction of the long 
axis of the anisotropic drops (Fig. IOa). After shearing for a longer time, the 
smectic layers rotate and finally align in the direction of the velocity gradi­
ent (see Fig. 7). In this model, the smectic layers reorient within the fibrillar 
entities that keep their long axes in the original direction following the flow 
(Fig. lOb). The relative orientation ofthe smectic layers, the crystalline lamel­
lae and the fibrillar entities, revealed by X-ray scattering in Fig. 11, lies at the 
origin of this model. The two-dimensional SAXS pattern of Fig. 11 is from 
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Fig. 10 Anisotropic drop model of smectic domains in iPP induced by shear (a) at initial 
shear alignment (b) after full shear alignment (after Li and de Jeu [6]) 

a crystallized iPP sample with initially pre-aligned smectic layers above the 
melting point. In addition to the scattering peaks from the oriented smectic 
layers and the crystalline lamella, two additional strikes are observed close 
to the beamstop. These are contributions from the anisotropic drops. The 
smectic layers are parallel to the long axis of the anisotropic drops and to 
the normal of the crystalline lamellae. The latter two follow the flow direction 
(see arrow in Fig. 11), as observed in all flow-induced crystallization experi­
ments. The anisotropic drop model provides a conserved system and thus can 
explain the reversible changes of the smectic periodicity during heating and 
cooling [6]. 

The molecular weight and its distribution have a significant influence on 
the smectic ordering in iPP. Figure 12a gives one-dimensional SAXS curves 
at 190 °C of three iPP materials that differ in this respect. The smectic spac­
ing from the different materials is plotted vs temperature in Fig. 12b. In all 
cases the smectic periodicity decreases with increasing temperature. Compar­
ing results at the same temperatures, the smectic layers of iPP with a higher 
average molecular weight have a larger periodicity, while a larger molecular 

Fig. 11 Two-dimensional SAXS pattern showing at small angles the perpendicular direc­
tion of the smectic layers with respect to the bundle axis ( after Li and de Jeu [ 6]) 
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Fig. 12 (a) Typical one-dimensional SAXS pattern of three sheared iPP materials with 
different molecular characteristics at 190 °C (b) Smectic periodicity vs temperature For 
iPP 1, 2 and 3 the average molecular weights Mw are 720 k, 580 k and 370 k and their 
distributions Mw/M0 : 4.8, 3.6 and 3.7, respectively (after Li and de Jeu [6]) 

weight distribution gives a larger intensity of the smectic peak. Because the 
smectic layer spacing and the length of a polymeric chain are at completely 
different length scales, a direct connection is not expected. According to ar­
guments of Brochard et al. [67] about flow-induced spinodal decomposition 
in polydisperse homopolymer systems, the molecular weight distribution ( or 
the ratio between the length of long and short chains) is an important fac­
tor to affect the formation of any mesophase. A larger chain length difference 
leads to a higher concentration of smectic regions to which long chains are 
supposed to give the main contribution. 

Let us next consider smectic layering in iPP due to fibre spinning which 
imposes an elongation flow [6, 156]. With the X-ray beam perpendicular to 
the fibre axis - the usual geometry for in-situ X-ray scattering on fibres -
a crystalline peak rather than smectic layering is observed. The smectic peak 
appears only after positioning the X-ray beam parallel to the fibre axis. This 
indicates that the smectic layers are oriented parallel to the fibre axis. In prin­
ciple this averaging of an already small peak gives a rather low scattering that 
can easily be missed. 

The 'mesophase' observed in the past in fast-quenched iPP is probably 
a transient phase that occurs when cooling the high-temperature smectic 
phase to crystalline. In the melt or supercooled melt before crystallization, 
the molecular chains in the smectic layers are still in a liquid state. Dur­
ing the crystallization process of the smectic layers, two broad WAXS peaks 
are observed, similar as reported for quenched samples and used as evi­
dence for the low-temperature 'mesophase' [113-120, 122, ?-126]. After some 
time these two peaks disappear. This strongly suggests that the structure 
observed in quenched iPP is a transient metastable state during the transi­
tion from the (high-temperature) smectic phase to crystalline. Through a fast 
quenching this transient phase can be easily frozen in. Somewhat different 
observations by various authors [113-120, 122, ?-126] can be attributed to 
differences in thermal history of their samples, which changes the state of the 
high-temperature smectic phase used as starting point for quenching. 
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2.3 
Stretch-induced condis crystal in polydiethylsiloxane 

Polydialkylsiloxanes belong to a group of non-polar, rather flexible macro­
molecules that are known to form mesophases in spite of the fact that they do 
not contain typically mesogenic units or amphiphilic groups [82, 157-176]. 
PDES is the first member of the polydialkylsiloxanes, which are capable 
of forming two mesophases denoted as 111 and 112 [172]. With respect to 
conformational disorder, these mesophases have been described as condis 
phases [39, 40], regarding 2D ordering they can be compared to columnar 
discotic phases [46]. Figure 13 presents a schematic picture of the mo­
lecular packing in these phases. Upon decreasing the temperature from the 
mesophases, PDES can crystallize into two crystalline phases, a (mono­
clinic) and f3 (tetragonal) [163, 164]. The thermodynamically more stable {31 

and fh forms develop preferably upon slow cooling from the mesophases 
111 and 112, while a high fraction of a-PDES is obtained upon fast cool­
ing. Still another crystal structure of PDES has been described and desig­
nated as a y-modification [164]. It closely resembles the tetragonal f3 poly­
morphs, and is thermodynamically less stable than the a phase. Figure 14 
shows a schematic phase diagram ofPDES [172]. The transition temperature 
from mesophase to melt is strongly influenced by molecular weight, while 
mesophase-crystal and crystal-crystal transition temperatures are relatively 
weakly affected. For a molecular weight < 28 000, no mesophase is expected to 
form at all [ 163]. The strong molecular weight dependence of the mesophase­
melt transition is stiH not fully understood. 

SI 
1 
o.,. Si 

p 
Si 

Si,O 
;o 

Fig.13 Columnar liquid-crystalline packing of poly(di-n-alkylsiloxane) molecules (after 
Molenberg et al. [164]) 
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Fig. 14 Phase diagram ofPDES (after Ganicz and Stanczyk [172]) 

Cross-linked networks of PDES have been investigated in some detail, and 
are also capable of forming a, {3, y, J.L and amorphous phases. In Godovski's 
pioneering work the main aim was to obtain well-oriented crosslinked sam­
ples by mechanical stretching in order to compare the phase behaviour of 
unoriented and oriented PDES [167]. A striking phenomenon exhibited by 
amorphous PDES networks is a stress-induced transition to the mesophase. 
This stretch-induced isotropic-mesophase transition is illustrated by mi­
croscopic images in Fig. 15 [82]. When amorphous PDES elastomers are 
stretched to a criticat extension ratio A (generally A > 2.0), a neck region 
forms. After a few minutes the neck region stabilizes under the stress and as­
sumes a well-defined shape with a distinct transition region (Fig. 15a). The 
neck is highly birefringent while at several places a faint crosshatched fibrous 
structure is visible. When the stress is released gradually, the neck is incorpo­
rated in the amorphous regions starting from the transition zone (Fig. 15b). 

Fig. 16 gives a schematic diagram of the so-called engineering stress (force 
divided by the amorphousjisotropic cross section in the absence of any force) 
vs extension ratio for an initially amorphous PDES elastomer [82]. Upon 

b 

Fig. 15 POM pictures of the neck region of PDES (a) after stabilization (b) when the stress 
is reduced (after Hedden et al. [82]) 
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stretching the network, it lengthens from point O to point A while remain­
ing in the amorphous phase. Upon further stretching from point A to point B 
in the metastable amorphous region, no phase transition is apparent, partly 
because the mesophase formation is kinetically limited. If the sample is held 
long enough at B, a neck forms and the engineering stress decreases to 
point C, indicating mesophase formation. A differential increase in the engin­
eering stress is required to stretch the sample from point C to point D. During 
this process, amorphous regions are converted into the neck until the en­
tire sample is necked at point D. Further stretching toward the breaking point 
E requires a significant increase of the engineering stress because the net­
work chains are already highly extended. If the stress is released slowly from 
a sample initially at point D, it follows the path D --+ C --+ A --+ O without en­
tering into the metastable amorphous region. Within the neck region, a larger 
extension ratia corresponds to a higher concentration of the mesophase [ 82]. 

The amorphous-mesophase transition induced by stretch is a 2D growth 
process [174]. Figure 17 shows WAXS patterns at different times during the 
transition from amorphous to mesophase of a stretched cross-linked PDES 
network. Initially a broad peak due to scattering from the amorphous re­
gion dominates the pattern. At later times a sharp mesophase peak emerges 
at the expense of the broad amorphous one. The two peaks are clase, and 
at intermediate times the amorphous peak appears as a broad shoulder at 
the small-angle side of the mesophase peak. The oriented amorphous region 
has a spacing of 0.81 nm while that of the mesophase is O. 79 nm. From the 
development of the scattered intensity of the mesophase, the kinetics of the 
amorphous-mesophase transition can be described by an Avrami model with 
an exponent n = 1.98. This suggests that the transition can be characterised as 
a 2D growth process. 

Upon increasing the stress, the transition temperature of amorphous­
mesophase increases (Fig. 18) [169, 175], which variation is linear in the re­
duced stress (stress divided by absolute temperature). De Gennes predicted 
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Fig. 16 Schematic diagram of engineering stress vs extension ratio for an initially 
amorphous PDES elastomer (after Hedden et al. [82]) 
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Fig. 17 Kinetic WAXS study of the stretch-induced isotropic-mesophase transition in 
cross-linked PDES (after Koerner et al. [174]) 

such a linearity [ 177] for liquid -crystalline elastomers on the hasis of nematic 
interactions between the mesogens. Deviations of conventional elastomers 
away from classical theories have often been interpreted using this notion. 
In particular Warner et al. [178] explained the linearity between reduced 
stress and transition temperature combining nematic interactions between 
segments with the concept of a semi-rigid wormlike chain. 

Measurements in solution indicate that PDES is a flexible chain polymer 
with a characteristic ratio C00 = 7.7 [179], however, in the melt its chain 
tends to extend due to a negative thermomechanical coefficient. Calorimet­
ric measurements of heat and energy effects from stretching PDES networks 
show a decrease of the interna! energy t::..U with extension [169]. Even at 
low extension or high temperatures, for which any mesophase is excluded, 
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Fig. 18 Strain-temperature curves for cross-linked PDES at three different values of the 
uniaxial force: 2.11 x 105 Pa; Ll2.2 x 105 Pa; x2.3 x 105 Pa. The stress values are based 
on the original cross section of the unstretched amorphous sample (after Hedden 
et al. [175]) 
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the ratio between interna! energy and work is close to - 0.25. This value 
corresponds to a large negative temperature coefficient of the unperturbed 
chain dimension: d(ln(,-2)0)/dT = -0.8 x 10-3 deg-1• This means that PDES 
chains energetically prefer to extend, which is one reason for the formation of 
the mesophase. Calculation of the conformational energy shows a maximum 
mobility for the ethyl side groups for an increased number of straight confor­
mations of the main chain [ 180]. Specific sequences of ordered conformations 
survive in the mesophases and effectively play the role of mesogens. How­
ever, these 'mesogens' are neither permanent nor make up the total chain. In 
this picture the mesophases can also be considered as lyotropic liquid crystals 
in which the same molecule provides mesogenic parts and 'solvent' parts in 
a microphase-separated structure. 

Hexagonal packed condis crystals (or columnar phases) widely exist in 
polymers. Three types of polymers form a hexagonal phase [46]. (i) Flex­
ible linear macromolecules: PTFE and related halogenated polyethylenes, 
PB, 1,4-cis-poly(2-methylbutadiene), PE, poly(p-xylene), etc. (ii) Flexible 
branched (comb-like) macromolecules: alkyl-branched polysiloxane, polysi­
lanes and polygermanes, aryl- and some alkyl-branched polyphosphasenes, 
etc. (iii) Rigid macromolecules with fiexible side chains: n-alkyl substituted 
poly(L-glutamate) and cellulose. At a giving temperature and pressure the 
hexagonal phase can be thermodynamically stable. Analogous to the situation 
discussed for PDES, stretch-induced mesophases are expected in all these 
polymers. In constrained ultra-drawn PE fibres the hexagonal phase persists 
for a rather long time and can even recover after melting and subsequently 
cooled down to the crystallization temperature [181]. 

2.4 
Summary and discussion 

Stimulated by an externa! uniaxial fiow field, mesophases have been observed 
in three types of polymers with different characteristics. The semi-rigid chain 
polymer PET contains intrinsic rigid block elements; nevertheless in gen­
eral it does not show liquid crystallinity. However, promoted by alignment 
and stretching, orientational ordering of the molecular chains can take place. 
At temperatures below the glass transition Tg, stretching can induce a ne­
matic and a smectic phase. Slightly above Tg these mesophases can still 
appear provided the draw rate is large. In the smectic phase of PET essen­
tially the intrinsic length scale of the monomer unit determines the smectic 
layer spacing. Slight deviations that have been observed can be attributed to 
conformational disorder or tilt of the molecular chains. 

In the fiexible chain polymer iPP, a shear-induced smectic phase with a pe­
riodicity of about 4 nm has been observed at temperatures below as well as 
above the melting point. Increasing the average molecular weight leads to 
a slightly larger periodicity. The smectic layers assemble in a fibrillar morph-
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ology with a length and width up to 200 11m and 10 11m, respectively. These 
fibrillar entities have been modelled as anisotropic drops of smectic domains 
in which the smectic layers can rotate. On the hasis of this anisotropic drop 
model the relative orientation of the smectic layers, the crystalline lamellae 
and the long axis of the droplet, as well as the reversibility of the smectic 
periodicity during cooling and heating, can be understood . 

. A molecular chain of PDES contains no mesogenic elements; still two 
columnar mesophases 111 and 112 exist above the melting point of the crys­
talline state. In cross-linked PDES elastomers stretching can induce an 
amorphous-mesophase transition. With increasing stress the transition shifts 
to higher temperature. Kinetically this transition follows a 2D growth model. 

The formation of the three types of mesophases as discussed above has 
a common origin: induced rigidity. PET molecular chains already possess 
a certain rigidity without an externa! field, which is slightly lower than 
needed to reach an isotropic-nematic transition. Imposing a flow field at tem­
peratures close to Tg, conformational ordering can easily enhance the rigidity 
to meet the isotropic-mesophase transition. iPP chains are in principle truly 
flexible, but in the melt conformationally ordered helical segments with up to 
5 monomers already exis. These helical sequences are too short to induced 
orientational ordering. To reach a LC phase transition the spontaneous ori­
entational and conformational ordering must be enhanced by a flow field. In 
the columnar mesophases ofPDES the molecular chains comprise conforma­
tionally ordered and disordered segments, which results in a lyotropic-type 
LC phase [180]. Evidently the formation of mesophases from these semi­
rigid and flexible chains is based on conformational ordering enhancing their 
rigidity. In all cases the ordering of the conformers of the chain is only partial, 
which determines the nature of the mesophase ordering. 

The origin of the PDES columnar phases and the iPP smectic phase is es­
sentially the same: A mixture of conformationally ordered and disordered 
segments. The transient phase from the iPP smectic phase to crystal formed 
during a fast quench is similar to the columnar phase in PDES. A smectic 
phase could be expected in PDES under a flow field at high temperatures. In 
fact a flow-induced smectic phase has been suggested for PDMS [83], which 
compound closely resembles PDES. Remaining questions are after the nature 
of the layering and the origin of the periodicity. Strong fluctuation usually de­
stroys any long-range ordering that is based on secondary weak interactions. 
In general a smectic layer spacing is directly related to a molecular dimension 
in the constituent system, like the monomer unit in PET or the chain length in 
block copolymers [44). For strong interactions like a first-order phase tran­
sition resulting in crystallization, the lamellar thickness is the determining 
dimension [182]. In iPP smectic layers, the interactions among molecular 
chains are rather weak and are not expected to stabilize a layer structure with 
linear chains. One possible reason for its stability is the connectivity among 
layers by the same chains. This provides a damping of fluctuation analo-



Flow-induced mesophases in crystallizable polymers 101 

gous to the situation in a cross-linked side-chain smectic polymer [183]. Note 
that fiow-induced mesophase ordering results in a biphasic (mesophase and 
liquid) coexistence, which is due to the non-thermodynamic nature of the 
behaviour of polymers and to their complexity such as polydispersity. 

The possibility of formation of mesophases is strongly infiuenced by mo­
lecular parameters like the length of the molecular chain. The precise nature 
of these effects is still an open question. The molecular weight may directly 
control the size and the thermal stability of the mesophases in PDES. In both 
PET and iPP the organization of the molten chains and the related rheologi­
cal properties - which depend on molecular weight - infiuence the formation 
of the mesophase under fiow conditions. We anticipate the thermal stabil­
ity of these mesophases to be infiuenced by the number of layers connected 
by the same chains. In that case a longer chain length gives larger domains 
of correlated layers and an increased stability of the mesophase. As shown 
theoretically by Brochard and de Gennes [ 67], the polydispersity of the mo­
lecular weight also plays an important role in mesophase ordering. For PET 
and PDES no information concerning this point is available. For iPP a larger 
polydispersity gives at the same experimental conditions a larger concentra­
tion of smectic bundles [ 6]. A quantitative elucidation of these effects requires 
more investigations concerning the infiuence of molecular parameters (mo­
lecular weight and its distribution, tacticity and its distribution, etc.). 

We have analysed the structure of fiow-induced precursors of crystalli­
sation on the hasis of real-time characterization techniques such as X-ray 
scattering. They can be identified unambiguously as mesophases with order­
ing intermediate between amorphous and crystal. Though essentially we only 
reviewed three polymers, in analogy we expect a great number of polymers 
to show similar behaviour. Of course, the conditions under which semi­
crystalline polymers show mesophase behaviour may be very different. In 
many cases fiow-induced mesophases are metastable transient states with 
a short lifetime. Consequently the time resolution of the characterization 
techniques is of ultimate importance. Due to the increasing accessibility of 
synchrotron facilities, we anticipate in the coming years major achievements 
in this field from X-ray methods. 

3 
lnfluence of mesophase behaviour on crystallization 

In fiow-induced crystallization of polymers, the occurrence of an intermedi­
ate mesophase before the onset of the crystallization itself has a profound in­
fiuence on the process, which we shall consider in this section. As mentioned 
above, due to the non-thermodynamic nature of the processes involved we 
encounter a biphasic coexistence of a partially ordered mesophase and the 
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polymer melt. Evidently this provides a common starting point to discuss 
flow-induced crystallisation of the three different polymer systems. Two as­
pects can be distinguished in the role of the mesophase. The first situation 
is called 'mesophase nucleating'. The mesophase serves as nucleation site for 
crystallization, even if the mesophase itself may not be easy to transform 
into crystals. The driving force for a transition from mesophase to crystalline 
is expected to be smaller than for the transition from an amorphous state 
to crystalline because of the mesophase ordering corresponding to a local 
minimum in the free energy landscape. Moreover, in some case confinement 
imposed by different length scales may also lead to a high energy-barrier for 
the transition from mesophase to crystal. In addition to serving as nucleation 
site, the mesophases act directly as a template or precursor facilitating its sub­
sequent crystallization. Because the mesophase already has a certain ordering 
( orientational, conformational, density) kinetically crystallization from an 
ordered mesophase can be relatively fast compared to crystallization from 
the disordered amorphous state. We refer this phenomenon as 'mesophase 
templating'. 

3.1 
Crystallization on mesophase nudei 

In the case of iPP, the nucleation effect of smectic phase on the subsequent 
crystallization is quite pronounced, more than any templating, as can be 
demonstrated as follows. First the melt is sheared well above the crystalliza­
tion temperature inducing smectic layering, and subsequently the sample is 
cooled down to the crystallization temperatures. The crystallization kinet­
ies of iPP with and without shear-induced smectic bundles has been studied 
with in-situ SAXS [6]. The relative SAXS intensities are plotted in Fig. 19 vs 
crystallization time. The sample with shear-induced smectic bundles crys­
tallizes faster than the other one. The nucleation effect has been confirmed 
by optica! microscopy. In Fig. 20 a series of POM images is presented of 
an iPP sample with shear-induced smectic bundles during crystallization at 
160 °C. The original smectic layers assemble into bundles with a diameter and 
length up to 10 11m and 200 j..tm, respectively. After about 100 min crystals 
grow from the surface of these bundles; at later crystallization times so-called 
transcrystallites develop (shish-kebab structure). Alternatively, a shear flow 
can be imposed on a supercooled melt at the crystallization temperature. 
Now the shear-induced smectic ordering and crystallization take place in 
sequence. The intensity of the smectic peak can be taken as a measure of 
the concentration of smectic bundles. We find that larger smectic peak in­
tensity corresponds to faster crystallization rate [151]. These experimental 
results support a nucleation effect of the smectic bundles on the subsequent 
crystallization. 
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Fig. 19 Relative SAXS intensities vs crystallization time of iPP (a) in presence of shear­
induced smectic bundles (b) without smectic bundles (after Li and de Jeu [6]) 

As shown in Fig. 7, in the melt the smectic layers can ro tate and align in the 
direction of the velocity gradient. This provides a possibility to tune the rela­
tive orientation of the smectic layers and the crystalline lamellae. Figure 21a 
shows a two-dimensional SAXS pattern of a crystallized iPP sample with the 
smectic layers aligned along the velocity gradient. A similar pattern of iPP 
crystallized after a shear pulse at 140 °C (alignment parallel to the shear) is 
displayed in Fig. 21b. The corresponding azimuthal intensity distributions of 
both the smectic peak and the crystalline peak are plotted in Fig. 21c and d, 
respectively. As we see, the crystalline lamellae can be either parallel (Fig. 2lb 
and d) or perpendicular (Fig. 2la and c) to the smectic layers. However, the 
normal of the crystalline lamellae always follows the direction of the bundle 
axis, consistent with the transcrystallite model. Figure 21 gives two extreme 
possibilities; intermediate situations can result from different shear histories. 

To understand the mechanism leading to enhancement of crystallization 
under shear, the structure of the so-call shish or row nuclei, the primary nu­
cleus induced by ftow, is essential. The common textbook picture is that the 
shish consist of extended-chain crystals that may be defective [184-189]. It is 
generally accepted that structures with some degree af order are induced by 
the ftow before the onset of crystallization, which can be long living at shallow 
supercooling [ 127 -150). These shear-induced precursors have been described 

Fig.20 POM pictures showing smectic-bundle-induced crystallization at 160 ac. The scale 
bar ofthe second row is twice that ofthe first row (after Li and de Jeu [6]) 
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Fig.21 Two-dimensional SAXS pattern of (a) iPP crystallized at 140 oc after shear­
alignment in the melt (b) step-sheared (rate of 30 s-1 and strain of 1500%) and crystal­
lized at 140 °C. The corresponding azimuthal intensity dustribution of the smectic and 
crystalline peaks are shown in (c) and (d) , respectively. The arrow indicates the flow 
direction (after Li and de Jeu (6]) 

as bundles with stretched chains orare supposed tobe due to a liquid-liquid 
phase separation. Our studies on iPP indicate that these primary row nu­
clei are assemblies of smectic layers [6, 152, 153]. The fibrillar morphology, 
high temperature stability, and molecular weight dependence of the smec­
tic domains, all not only meet the general description of these precursors 
but also account for the final shish-kebab structure. The relation between 

Smectic layers induced crystallization 

Fig. 22 Schematic pictures describing the growth of crystalline lamellae on the smectic 
bundles (a) without and with shear-alignment (b) with shear-alignment (after Li and de 
Jeu (6]) 
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Fig. 23 Variation of the isotropic and anisotropic mass fractions of PET during (a) the de­
formation stage and (b) the crystallization stage (at constant strain) (after Ran et al. [96]) 

average molecular weight (its distribution) and the smectic periodicity (the 
concentration of smectic bundles) provides a first step to a molecular un­
derstanding of shear-induced crystallization. The average molecular weight 
determines the stability of the shear-induced primary nuclei - the smectic 
bundles, while the distribution of molecular weight ( or the ratio between long 
and short chains) controls the density of nuclei. Figure 23 presents a new 
shish-kebab or transcrystallite model, in which the row nuclei are anisotropic 
smectic droplets rather than extended-chain crystals. In the case of a short 
shear pulse, smectic layers are induced by the flow and acquire a weak ini­
tial alignment along the shear direction. The crystalline lamellae grow in the 
same orientation as the smectic layers (Fig. 22a). After imposing the shear 
field for a longer time, the smectic layers align along the direction of the 
velocity gradient (see Fig. 7). In most experimental situations the formation 
and alignment of the smectic layers occur simultaneously. Depending on the 
shear field the smectic layers may to some extent loose their initial orien­
tation (Fig. 22 b) and the growth of the crystals deviates from the direction 
perpendicular to the axis of the smectic bundles. 

3.2 
Crystallization from a mesophase precursor 

In PET the mesophase plays the role of template for the crystallization. Fig­
ure 23 shows the variations of isotropic and anisotropic mass fractions during 
(a) deformation and (b) crystallization [96]. In Fig. 23a, the structure of the 
initial sample is fully isotropic. As the neck region moves into the detec­
tion area (t = 325 s, the isotropic fraction decreases dramatically and the 
anisotropic fraction becomes rapidly larger over the entire pattern until the 
extension reaches 58% at t = 375 s With a further increase in strain, the 
anisotropic fraction stiH increases somewhat indicating that more chains are 
oriented. This is consistent with the observed increase of the (001') peak in­
tensity at d = 1.03 nm. In the crystallization stage both the anisotropic and 
isotropic fractions stay about constant (Fig. 23b). As the amorphous fraction 
remains constant during crystallization stage we must conclude that it is not 
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directly converted into crystals. This provides strong evidence that strain­
induced crystallization occurs mainly in the mesophase region developed 
upon stretching. It is easier for PET molecules in the mesophase to crystal­
lize than for molecules in the amorphous phase, since in the former case 
the chains already posses some arrangement and orientation similar as in 
the crystal. As the crystals develop from oriented chains in the mesophase, 
it acts as precursor for strain-induced crystallization and can greatly acceler­
ate the crystallization process. In fact, in the oriented sample no additional 
crystallization directly from the amorphous phase has been observed. This 
conclusion was first suggested by Shimizu et al. [ 190] and has recently been 
confirmed by Windle et al. [110] and Wu et al. [191] 

Structural differences in the initial mesophase affect the crystallization be­
haviour. Drawing PET ata slow rate at 90 ac does not lead to clear indications 
of a smectic phase; probably a nematic phase is obtained. As indicated by 
the scattering intensity of the (IlO) and (010) peaks [95-106], during sub­
sequent crystallization the lateral packing develops faster than the packing 
along the chain direction. In contrast, the layer structure of a smectic phase 
leads to an easy crystalline arrangement along the chain axis, as derived 
from the intensity of the (- 103) peak. The influence of the mesophases on 
crystallization varies with temperature. The crystallization in oriented PET, 
hence with mesophases, has been studied at temperatures around the glass 
transition [95-106]. In this temperature range the crystallization kinetics of 
un-oriented molecular chains is extremely slow and may not be observable at 
the time scale investigated. Hence transitions from mesophase to crystal are 
observed rather than crystallization from the unoriented amorphous region. 
For crystallization temperatures around 170 °C or higher, where PET shows 
the fastest crystallization rate, crystallization is expected both in the oriented 
mesophase and in the amorphous region [192]. In this regime the nucleation 
effect of the oriented mesophase should be more pronounced. 

PDES is another typical case of mesophase templating in which the crys­
tallization behaviour is dramatically changed by the presence of mesophases. 
Following a fast cooling directly from the melt, the y modification is ob­
tained rather than a and fJ crystals. The latter two form after cooling from the 
mesophase [163, 164]. As illustrated in Fig. 14, the formation of either {J1 or fJ2 
crystals is due to a starting point in a different mesophase. For crystallizing 
after fast quenching from an amorphous state, the kinetics of PDES is similar 
as found in standard polymer crystallization experiments. This process re­
sults in a crystallinity of about 30-40% [193]. In contrast, ifPDES first forms 
a mesophase, the crystallization rate is very high and prevents the formation 
of an amorphous glass at fast quenching. Crystallization from the mesophases 
generates in PDES typically a crystallinity exceeding 90%. Similar results have 
been obtained in PE when crystallized from its mesophase counterpart [78). 
In these examples the template effect of the mesophase on crystallization is 
evident [171]. In a cross-linked PDES network a high extension of molecu-
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lar chains can be reached and fast crystallization is obtained through the 
stretch-induced mesophase. However, the final crystallinity is lower than that 
in a non-cross-linked sample because of the topologica! constraints from the 
cross-links. Other polymer networks show similar crystallization behaviour; 
for example, fast crystallization has been observed in natural and synthetic 
rubbers [194-197]. 

3.3 
Summary and discussion 

On the hasis of occurrence of fl.ow-induced mesophases a better understand­
ing of fl.ow-induced crystallization of polymer has been achieved. From this 
starting point many observations can be understood. Let us reconsider the 
phenomenological observations on fl.ow-induced crystallization as described 
in the introduction. First, the acceleration of the crystallization kinetics in­
duced by fl.ow can be attributed to the nucleating and templating effects of 
the mesophases. Second, the molecular weight and its distribution infl.uence 
the stability and the concentration of the mesophases, and consequently con­
trol the density of nuclei. So far fl.ow-induced mesophases have not been 
taken into account in theoretical studies [198, 199] and computer simula­
tions [200, 201] of polymer crystallization. The infl.uence of orientation on 
nucleation can be attributed to an entropy difference between the two molten 
states (~S = Soriented- Sunoriented), in which the oriented entropy is lower than 
the unoriented (quiescent) one. An expression for ~/Nq, where Nf and Nq 
are the nucleation rates under fl.ow and at quiescent conditions, respectively, 
has been given byYeh and Hong [198] for high temperatures T > (Tm + Tg)/2. 
It reads 

(11) 

in which YJ_ and Yll are the free energies of folded-chain and lateral sur­
faces, respectively, ~ is the equilibrium melting temperature of crystals and 
~ T = ~ - T is the supercooling. Since the first term in the exponent is 
greater than or equal to the second one, faster nucleation is expected under 
fl.ow. According to Eq. 11 the decrease of entropy ~S due to fl.ow alignment 
and stretching of chains is the essential contribution to the enhancement 
of the nucleation density and the role of the enthalpy can be disregarded. 
However, if the nuclei induced by fl.ow are due to mesophase formation, the 
enthalpy effect can be much more pronounced. As mentioned in Sect. 1.2, 
the enthalpy of a mesophase is usually an order of magnitude less than for 
a crystal. As a result it is much easier to induce by an externa! fl.ow field 
mesophase ordering than crystallization. At usual experimental temperatures 
heterogeneous nucleation dominates the polymer crystallization. Homoge-
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neous nucleation occurs ata supercooling 60-100 °C larger than employed in 
the shear-induced crystallization experiments of iPP. The loss of entropy in­
duced by the flow can be equivalentlyconsidered as a virtual increase of the 
melting temperature and thus of the supercooling. For shear rates of tens s-1 

it is impossible to obtain a virtual increase of the melting temperature of 
60-100 °C. Evidently, the loss of entropy alone is not enough to account for 
an increase of the nucleation density by orders of magnitude. By incorpo­
rating the enthalpy contribution associated with a flow-induced mesophase, 
this discrepancy can in principle be solved. A more quantitative estimate is 
complicated and will vary for different polymers. 

We conclude that mesophase formation can influence subsequent crys­
tallization in various ways. (i) Both nucleating and templating effects can 
accelerate the crystallization kinetics. The nucleation effect of a mesophase 
is widely accepted, the templating effect has received less attention so far. 
(ii) The presence of a mesophase can influence the crystal structure. In 
addition to the structures obtained at quiescent conditions, for many crys­
talline polymers an externa! field induces one or more crystalline modifica­
tions [202]. The formation of such a modification can again be attributed 
to nucleation and/ or templating effects of the mesophases. Examples are 
provided by the relations between the f..l mesophase and the fJ crystal modifi­
cation in PDES and between the smectic phase and fJ crystals in iPP [6, 172]. 
(iii) The presence of a mesophase before crystallization can result in a differ­
ent crystal morphology. Because the molecular chains in a mesophase have in 
general a high mobility, thick or even extended-chain crystals can result upon 
crystallizing from such a situation [78, 164, 172]. If a mesophase is pre-aligned 
by a flow field, the nucleation and templating effects can also guide the growth 
direction of the crystals [ 6]. 

4 
The structure of the disordered polymer state 

The presence of a mesophase prior to flow-induced crystallization provides 
clear explanations of severa! experimental observations and gives possible 
answers to some fundamental questions regarding polymer crystallization. 
However, questions remain around the emergence of a mesophase from the 
amorphous (glassy) phase as well as from the melt. Which molecular factors 
determine what type of phase can be induced under certain circumstances? 
The answer is not only important for understanding polymer crystallization 
but also for other ordering processes in polymers. This brings us to the dis­
ordered counterpart that is the starting point for the formation of any ordered 
mesophase or crystal. What is the structure of the disordered polymer melt 
and of the amorphous state? Evidently different starting points can lead to 
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different views on the suhsequent ordering process. It is widely accepted that 
the polymer chains in the melt and amorphous state are in a random-coil 
(RC) state, which is equivalent to the so-called theta condition [203]. In this 
situation, a random-walk model gives a scaling law hetween the radius of gy­
ration RG and the molecular weight M : RG cx: M112 • Following the RC model 
an externa! fl.ow field can orient and stretch the molecular chains in the flow 
direction provided the flow rate is fast enough to overcome the relaxation 
process. Figure 24a shows a schematic picture of such a flow-induced align­
ment of molecular chains. This picture is widely employed to interpret the 
entropy loss of the molecular chains and is the hasis of extended-chain model 
of row nuclei [ 4, 5, 127 -150]. 

Is the random coil picture fully applicahle to a real polymer melt used 
as starting point for polymer ordering? During past half a century Yeh and 
others have questioned this point [204-207] (see also volume 68 ofthe Fara­
day Discussion in 1979). On the hasis of hall-like structures ohserved in 
amorphous PET and related polymers, Yeh et al. proposed a folded-chain 
fringed-micellar grain (FFMG) model for the amorphous state. It comprises 
grains with parallel chains of a diameter of 2-1 O nm and intergrain re­
gions containing segments in a truly random coil state [204, 205]. This model 
has heen seriously questions hy, amongst others, Flory [208] and Fischer 
et al. [209]. Nevertheless let us test its possihilities as starting point for fl.ow­
induced smectic ordering in iPP as illustrated in Fig. 24h. For the FFMG 
model the fl.ow field induces alignment and stretching of molecular chains 
similar as in the case of random coils. However, in addition the folded­
chain micellar grains will he aligned. Because the latter is a ca-operative 
process, it will already he pronounced for weak flow fields and this picture 
fits well to the experimental ohservations of fl.ow-induced smectic ordering 
in iPP [6, 151, 152]. Yeh et al. applied the model to explain their ohserva­
tions on stretch-induced crystallization of PET [31, 32]. Evidently it is most 
appropriate for situations in which local correlations are important. These 

Fig. 24 Schematic pictures of flow-induced crystallization from the polymer melt (a) for 
the random coil model (b) using the folded-chain fringed-micellar grain model 
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observations inspired us the compare systematically the experimental evi­
dence supporting the RC and the FFMG model in the present context of 
flow-induced crystallisation. 

The RC model is essentially based on theoretical statistica! physics [202]. 
It describes an averaged polymer melt and amorphous state and does not 
take local correlations into account. The evidence supporting this model 
as provided especially by Flory [208, 210] can be listed as follows. (i) The 
observation of a retraction force f in stretched elastomers. (ii) The force­
temperature coefficient and the correspondence of [- iHn{f / T) 1 a T] v,L to 
dln(r2}o/dT found for linear polymer in dilute solution. (iii) A comparison 
of the experimental cyclisation constants Kx for siloxane, both in absence 
and in presence of an inert diluent, with values calculated from the dimen­
sion (r2}0 for linear polymers. (iv) The thermal activities of solutions. (v) The 
description of the overall molecular dimensions of bulk polymers. However, 
the underlying experiments are not particularly sensitive to the presence of 
any local (microscopic) order. Small-angle neutron scattering (SANS) indi­
cates that the radius of gyration RG of molecular chains is proportional to 
M 112 both at theta conditions and in the melt. Though this fits well to the 
predictions of the RC model, we note that RG at theta conditions varies with 
solvent [211]. This indicates that the generally accepted use of such data as 
reference for the melt is not straightforward. In most cases RG in the melt 
is larger than that at theta conditions, indicating that the organization of 
the molecular chains in the melt deviates from the RC model [203]. PDES 
chains that are flexible in solution and rigid in the melt [171, 172, 179] pro­
vide an extreme example. Flory's prediction of unperturbed random coils in 
bulk amorphous polymers is based on the assumption that the interactions 
between chain segments belonging to different molecules are independent of 
the local chain conformations. In many cases it may be necessary to consider 
also conformation-dependent intermolecular (attractive) interactions [212]. 

Measurements of RG by SANS do in fact not provide microscopic infor­
mation. Ballard et al. determined the overall molecular dimensions of iPP 
from 23 to 220 °C. Most surprisingly, within the experimental errors no dif­
ference was found between crystallized and molten chains [213, 214], while 
obviously the chains in crystalline lamellae are not in a random coil state. 
These results allow two possible conclusions. (i) If the experimental data of 
chain dimensions in the crystallized state can still be fitted to the RC model, 
then local ordering has no influence on the global size of the molecular chains 
and the FFMG model would also apply. Evidently SANS results on molecular 
dimension cannot discriminate between the two models. (ii) The experimen­
tal similarity of the organisation of molecular segments in the melt and the 
crystallized state can be used in a reversed way. It indicates that the local or­
ganisation in the melt is the same as in the crystal, which agrees with the 
FFMG model. The difference lies evidently in the ordering on a larger scale. 
Taking the original data from Ballard et al. [213] we plot in Fig. 25 RG in 
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quenched iPP vs M112• As stated by the authors, within the experimental er­
rors these values are the same as in the melt. To prevent misguiding, in Fig. 25 
the linear fit is omitted. The interesting point is not only the non-linear be­
haviour, but also the larger deviations from linearity at low molecular weight. 
This behaviour can be understood in the framework of the FFMG model. 
Chains with a large M have relatively large overall dimensions that are not 
significantly influenced by the presence of grains of diameter 2-5 nm with 
parallel segments. But for the smaller molecular size of low-M polymers, the 
presence of such regions causes RG to deviate from the Gaussian value as 
shown. If for long chains the crystal thickness is large, deviations will also 
occur, exactly as observed by Ballard et al. [213, 214]. 

Direct evidence of the FFMG model is provided by the observation of 
granular domains in a wide range of amorphous polymers [31, 32,204, 205]. 
Yeh et al. used radial distribution function analysis of WAXS data from 
amorphous polymers [215, 216], which is more sensitive to local ordering 
and revealed local parallel alignment of chains. Granular domains have also 
been observed in rubbers. Inhomogeneous density distributions in cross­
linked rubbers and other amorphous polymers with a polydisperse molecular 
weight have been well established on the hasis of SANS. Lozengic and so­
called 'butterfly' scattering patterns have been observed in these systems after 
stretching and long-time relaxation [217-221]. However, three small mod­
ifications of the FFMG model are necessary to obtain agreement with the 
experimental observations presented here. First, in the melt the boundaries 
between grains and intergrain regions should be diffuse and dynamic. The 
sharp boundaries observed by Yeh et al. [31, 32,204, 205] may develop dur­
ing cooling from melt. Second, any density difference between these two 
regions should be beyond the detection limits, even though a parallel pack­
ing of molecular segments is adopted in the grains. Third, the grain size 
in the melt should be rather small such that the melt phase remains effec­
tively homogeneous. These modifications assure that the grains alone are not 
a thermodynamic phase. Segments with different conformations can coex-
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Fig.25 Radius of gyration vs M112 for iPP according to the original data from Ballard 
et al. [213) 
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ist as a thermodynamic equilibrium state in the same molecular chains, like 
in the columnar phase of PDES and the smectic phase of iPP [6, 180]. The 
assumptions of a small size of the grains and a negligible density contrast 
are needed to accommodate that the grain structure is not directly observed 
by depolarized light scattering and SAXS [209]. Lowering the temperature 
may induce growth of the grains and lead to ordering on a larger scale. At 
temperatures near Tg, the correlation length of the fluctuation increases, as 
revealed by mode-coupling theory [222]. The nucleation density of samples 
quenched down to the glass state and then heated up to the crystallization 
temperature is generally much higher than that in samples directly cooled 
from the melt. A flow field can induce alignment of these grains and induce 
ordering, accompanied by an increase of the grain size. The helical sequences 
in the iPP melt consist of up to 5 monomers, while longer helices are obtained 
after imposing shear. Mcalea et al. investigated PET chains in the amorphous 
state by SANS [ 223]. Though the overall dimension of the molecular chains 
could be fitted with the RC model, the scattering in the intermediate q-range 
did not follow the RC expectations. These types of deviation were more pro­
nounced in semi-crystalline samples and larger deviations were found in PET 
with low M, as expected in the FFMG model. 

The flow-induced smectic ordering in iPP evidently favours the folded­
chain fringed micellar model for the iPP melt [6, 152, 153]. The main effect of 
a weak shear field is to align the grains, which simultaneously promotes close 
packing and conformational ordering. More generally, during flow-induced 
crystallization, a weak flow field can induce a large increase of the crystal­
lization rate. This is not the direct expectation of the RC model and polymer 
dynamics: the effect of a flow field can be erased by relaxation of the chains 
if the flow rate is smaller than the time scale of the relaxation. However, 
a weak flow field can be enough to align the grains and induce primary nu­
clei for polymer crystallization. Further increasing the stress, the structure 
of Fig. 24b switches to that of Fig. 24a. Interestingly, during this process, the 
number of nuclei does not change, assuming no new nuclei to form other 
regions. This gives a possible answer to the saturation of the flow-induced ac­
celeration of the crystallization rate upon increasing the flow rate [129-152]. 

The lozengic and butterfly scattering patterns can also be interpreted in 
terms of the FFMG model. Imposing a strong stretch or shear field upon a sta­
tistica! cross-linked network or a normal crystallizable polymer, the scatter­
ing intensity of SANS [217-221] or SAXS [22, 30] in the equatorial direction 
(perpendicular to flow direction) is larger than that in meridionial direction. 
1\vo streaks are observed along the equator (see Fig. 11). After relaxation or if 
the initial flow field is weak, a butterfly scattering pattern can be obtained in 
SANS, but with a larger scattering intensity along the meridian than equato­
rially. Similar patterns are also observed in crystallizable polymers before the 
onset of crystallization. Though details of the scattering patterns and the un­
derlying structures may be different, the crucial feature is an inhomogeneous 
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density distribution pointing to the existence of domains with different di­
mensions. The approach of Brochard and de Gennes [ 67], which uses the RC 
model, predicts always a larger scattered intensity perpendicular to the flow. 
With the FFMG model as starting point the schematic picture of Fig. 24b can 
explain the observations in a natural way both for strong and weak externa! 
flow. The size of the domains is expected to vary for different polymer systems 
and to depend also on the externa! field. 

The FFMG model can in principle be extended to polymer crystallization 
at quiescent conditions. The debate about pre-ordering before crystallization 
is mainly related to the nature of the primary nuclei. The well-established 
folded-chain crystal model of polymers has pushed the polymer community 
to accept a folded chain as the primary nucleus. Zachmann [224] calculated 
the effective free energy of folded-chain and fringed-micelle (or bundle nu­
cleus) models [225-228] and found that the folded-chain primary nucleus 
is favoured. However, in the case of a mesophase precursor, in Zachmann's 
approach the surface free energy of the bundle nucleus is greatly overesti­
mated [224]. In the smectic phase of iPP or other mesophases the excess 
interfacial energy, caused by entropy constraints on the connection to the 
nuclei of liquid segments, is much lower than in a crystalline phase. Hence 
for nucleation through a mesophase the energy barrier is low, favouring 
fringed-micelle nuclei. Then the scheme of Fig. 24b can also be applied to the 
nucleation process at quiescent conditions. This picture ofbundle or row nu­
clei is consistent with Muthukumar's computer simulations [229, 230]. In the 
polymer melt, the 'baby nuclei' do not necessarily reach the finallamellar size 
by thickening alo ne. When adjacent 'baby nuclei' aggregate or align and reach 
the criticat size of a nucleus, crystal growth can take place. 

Finally the FFMG description of the polymer melt leads to a different view 
of the growth front of lamellar crystals. On the folded-chain surface of crys­
tals at least 50o/o of the area consists of tight folds, even at large supercooling 
or fast quenching. The original picture of the Lauritzen-Hoffmann theory 
assumes that the chains shuttle forth and back between two folded-chain sur­
faces and are reeled in at the growth front of the lamellar crystal [12]. This 
is how tight folds are supposed to be built. These ideas have lead to a some­
what confusing de bate ah out the too limited speed of the reeling process and 
possible ways to repair this problem [12,231,232]. Hence an alternative pro­
cess to create the folded-chain surface would be very welcome. Taking the 
FFMG model as starting point of crystallization, the folded-chain grains can 
be adsorbed entirely on the growth surface (see Fig. 26a). Subsequently slid­
ing diffusion on the surface allows to re-arranges the chain segments (see 
Fig. 26b ). The process is fast enough to build tight folds - even following 
a fast quench - because the folds are already present before the crystal­
lization starts. The latter process indeed has been observed with computer 
simulations [230, 233]. 
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a b 

Fig. 26 Schematic picture of the growth front of a polymer crystal according to the folded­
chain fringed-micellar grain model of the melt 

s 
Concluding remarks 

In this review we have discussed flow-induced mesophase ordering and its 
influence on subsequent crystallization. Three typical semi-crystalline poly­
mers without intrinsic rigid mesogens have been considered that ali present 
mesophase behaviour under external flow. The long-chain nature of poly­
mers provides the basic requirement for mesophase formation with orien­
tational ordering. We speculate that upon imposing a proper externa! flow 
field, mesophase ordering is quite general and not restricted to these exam­
ples. The origin of mesophase ordering in semi-rigid and flexible chains is 
attributed to induced rigidity by conformational ordering. The mesophases 
have an enabling effect on subsequent crystallization. By promoting nucle­
ation and templating, a mesophase may accelerate the crystallization rate, 
lead to different crystal modifications, change the morphology, and guide the 
orientation of the crystals. 

Searching for the mechanisms of mesophase formation, we have described 
why the answers may lie in the disordered states. We argue that the random 
coil description- being a mean-field statistica! model - is only appropriate 
when local ordering of the chains does not play a role. Hence care should be 
taken when applying it to interpret experimental observations on mesophase 
formation. In contrast the folded-chain fringed-micelle model starts from 
local correlations. If these are short-range, then the models are not in con­
flict with each other but complementary. If the local correlations are more 
extended, the disordered melt is at some stage not homogeneous anymore. 
Hence the crucial question is for which scale each of the models is relevant 
and how the transition should be made. 

We reconsidered the folded-chain fringed-micelle model, proposed nearly 
forty years ago, and found it to be appropriate to explain mesophase order­
ing and crystallisation in the polymer melt and amorphous state. Putting 
together the evidence provided by Strobl for crystallisation as a multi-stage 
process [13] , the folded-chain fringed-micellar grain model [202-206], the 
smectic phase of iPP [6, 152, 153], density fluctuation before crystalliza-
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tion [17-29], lozengic and butterfly SANS patterns [217-221] and recent 
computer simulation [229, 230], the similarity of the resulting pictures may 
not be accidentally. In order to achieve a deeper understanding of polymer 
crystallization, the polymer community perhaps has to reconsider the old 
question: What is the polymer melt? Flory and Uhlmann suggested in 1979 
that 'the time has come that controversies on the morphology of amorphous 
polymers should be laid to rest', but this moment might still not have come 
yet [234]. 
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Abstrad Segmented chain molecules involving mesogenic units along the backbone 
chain, conventionally called mainchain liquid crystals, often exhibit an enatiotropic ne­
matic liquid-crystalline phase over a certain temperature range between the crystal and 
the isotropic melt. The phase transitions involved are usually of first order. Spectro­
scopic analyses such as X-ray and neutron diffraction, IR and Raman absorption, and 
1H and 2H NMR demonstrated that the orientational ordering of mesogenic cores in 
the mesophase are strongly coupled with the spatial arrangement of the spacer. While 
the orientation of the molecular a:xis (i.e., the whole molecule) varies as a function of 
temperature, the well-defined nematic conformation of the spacer remains almost un­
altered over the entire range of the liquid-crystalline state. In these compounds, the 
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conformational transition takes place in the order isotropic random coil ++ nematic con­
formation ++ extended crystalline form, or vice versa during the crystallizationjmelting 
process. In this article, we first present a brief summary of the entropy of fusion of chain 
molecules. In the second part, conformational entropy changes associated with the melt­
ing via a nematic phase, or the crystallization via a nematic mesophase, are reviewed. 
The experimental data on liquid-crystal transitions were mostly collected from studies 
on oligomeric compounds such as dimer and trimer mainchain liquid crystals with neat 
chemical structures. Finally it is suggested that further studies on the phase transition 
of chain molecules via a nematic mesophase may provide some valuable information 
regarding the embryonic stage of the polymer crystallization mechanism. 

Keywords Mainchain liquid crystals · Nematic conformation · Crystallization · 
Liquid-crystallization · Transition entropies 

1 
lntroduction 

The entropy of melting of simple low molar mass compounds is considered 
tobe due largely to the destruction oflong-range order. The values are gener­
ally rather small and remain in the range 10-40 J moi-1 K-1, e.g., cyclohexane 
(9.4), carbon tetrachloride (10.2), benzene (34.7), 1,4-dioxane (45.2), isobu­
tane (39.8), with the units being joules per mole per kelvin [1]. The inert 
gases have entropies of melting which are roughly of the order of the gas con­
stant R, and are sometimes identified as communal entropy [2]. In polymers, 
there is an additional contribution from the intramolecular rearrangement 
due to rotational isomerism [3]. Imperfections of the crystalline morphology 
in polymers often cause melting to occur over a finite temperature range. Var­
ious pieces of crystallographic evidence, however, indicate that the melting of 
crystalline polymers is analogous in its major aspects to the first -order transi­
tion of ordinary crystalline compounds [4). Thermodynamic data for a series 
of n-alkanes CH3(CH2)n-2CH3 have been compiled in the NIST data book [1]. 
Chain-length dependence of the fusion entropy under ordinary pressure can 
be elucidated therefrom. By ignoring a small fluctuation arising from the 
odd-even oscillation with n, the entropy of melting ex:pressed in terms of 
J moi-1 K-1 tends to increase monotonically with the number of constituent 
carbon atoms (n) ofthe chain. For lower-member n-alkanes with n = 1-20, 
the increment per methylene unit is about 10 J moi-1 K-1• The value goes 
down to approximately 6 J moi-1 K-1 for the range n = 21-30, and up again to 
approximately 8 J mol-1 K-1 for n = 30-35. Many members exhibit a premelt­
ing transition prior to the true fusion. For the purpose at hand, the entropy 
changes associated with such pretransitions are ignored in this estimate. Ac­
cording to a careful analysis of Wunderlich and Czornyj [5], the entropy of 
melting of polyethylene (PE) is estimated tobe 9.91 J (molof CH2t 1 K-1 at 
the equilibrium melting temperature 414.6 K. 
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It is known for various semiflexible polymers that the configurational 
entropy change is of primary importance in establishing the melting tem­
perature. The rotational isomeric character of chemical bonds facilitates the 
statistica! mechanical description of chain molecules. The configurational 
partition function of a given chain can be easily derived within the rota­
tional isomeric state (RIS) approximation [6, 7]. The entropy change at the 
phase transition may be obtained as the difference between the two relevant 
states. For a variety of conventional polymers, the entropy change calculated 
in this manner has been found to be in good agreement with the experi­
mental estimate of the entropy of melting at constant volume. The constant­
volume transition entropy required here may be derived from the entropy 
of fusion measured under constant pressure with proper correction for the 
volume change. Although the physical hasis of such an entropy separation 
is somewhat controversial [5], the technique is well accepted for long-chain 
molecules [ 4, 8 -17]. 

In addition to the ambiguities inherent to the physical concept, the deter­
mination of thermodynamic quantities such as the latent beat and the volume 
change at the transition is often hampered by the fact that the crystalline 
state of chain molecules is quite complex. The polymer crystals are usually 
polycrystalline and coexist with the disordered amorphous domain. An accu­
rate estimation of the equilibrium melting temperature defined for a perfectly 
aligned crystal requires great effort [5, 18, 19]. At the melting temperature, 
equilibrium usually exists between the liquid and somewhat imperfect crys­
talline phases. 

The uncertainties associated with the transition between the liquid (I) 
and the crystalline solid phase ( C) should be greatly relieved for the equilib­
rium between the isotropic liquid (I) and the liquid-crystalline (LC) phase. 
Segmented chain molecules involving mesogenic units along the backbone 
chain, conventionally called mainchain liquid crystals, often exhibit a ne­
matic LC state (N) over a certain temperature range between the crystal 
and the isotropic melt [20, 21]. The phase transitions involved are usually 
of first order. According to pressure-volume-temperature (PVT) studies on 
oligomeric compounds, the volume changes associated with the NI transi­
tion are about 10-25% of those observed at the CN boundary. The nematic 
mesophase should thus be highly fluid, accommodating various conforma­
tions of the chain segment unless they are incompatible with the nematic 
environment. Spectroscopic analyses such as X-ray [22] and neutron diffrac­
tion [23], IR and Raman absorption [24], and 1H and 2H NMR [25] demon­
strated that the orientational ordering of mesogenic cores is strongly coupled 
with the spatial arrangement of the spacer [26]. In the nematic LC state, the 
spacers are comparatively extended, suggesting that they may possibly par­
ticipate in the anisotropic intermolecular interactions in the field. While the 
orientation of the molecular axis (i.e., the whole molecule) varies as a func­
tion of temperature, the ensemble of the well-defined nematic conformation 
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of the spacer remains almost unaltered over the entire range of the LC state. 
These results were derived from analyses of oligomeric samples such as dimer 
and trimer mainchain liquid crystals with neat chemical structures [27]. For 
a series of segmented chain molecules, these oligomeric compounds have 
been proven to be a good model to study the thermodynamic role of the 
flexible spacer in determining the phase transition behavior [28-30]. 

In this article, we first present a brief summary of the entropy of fusion of 
chain molecules. In the second part, conformational entropy changes associ­
ated with the melting via a nematic phase, or the crystallization via a nematic 
mesophase, will be reviewed. 

2 
Role of Conformational Entropy 
in Determining the Phase Transition Behavior of Chain Molecules 

2.1 
RIS Calculation of Conformational Entropy of Chain Molecules 

Conformational entropy sconf may be defined as 

sconf = klnZ + kT(dlnZj dT), 

where Z represents the configuration partition function, 

z = ru~n)J, 

(1) 

(2) 

where ]* and ] are the row and column vectors, respectively, taking care of 
the initial and terminal bonds ofthe chain comprising n bonds [11, 31]. Enu­
meration of ali possible configurations can be performed by the matrix mul­
tiplication of the conformational statistica! weight matrix U; defined within 
the RIS approximation. With U; properly defined for bond i, calculation of the 
average of any conformation-dependent properties is straightforward. The 
usefulness of the conformational partition function thus defined has been 
demonstrated by a vast majority of successful examples: various properties 
of polymer chains have been studied in dilute solution as well as in the bulk 
molten state by both experimental and theoretical techniques [6, 7, 32]. 

The conformational entropy defined by Eq. 1 is directly related to the flexi­
bility or rigidity of given polymer chains. Thermodynamic properties of the 
bulk state are known to be largely affected by the flexibility of the polymer 
chain. The RIS information is fundamentally important in predicting bulk 
properties of polymers from a given first-order structure. A great deal of 
effort has been roade to elucidate the role of conformational entropy in deter­
mining the phase transition behavior of chain molecules. 
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2.2 
ldentification of Conformational Transition Entropy by the PVT Method 

As illustrated in Fig. 1, the mechanism involved in the melting of crystals is 
markedly different between polymeric and monomeric globular compounds. 
While the destruction of long-range order, i.e., the randomization of cen­
ters of gravity, is the major contribution to the entropy of melting in low 
molecular weight compounds, changes in the spatial arrangement of poly­
meric chains are considered to be the major factor in other compounds. The 
ro le of rotational isomerism on the crystallizationjmelting behavior has thus 
been an important issue in the history of polymer science [4, 18, 19]. In the 
molten amorphous state, chain molecules are assumed to take random-coil 
arrangements unperturbed by the long-range interactions along the chain, 
i.e., Z = Z1 [33], while the chains are confined in a well-ordered single con­
formation in the crystalline state; thus, Z = 1. The conformational entropy 
change sconf can be easily calculated by taking the difference between these 
two states (Eq. 1). Strictly speaking, however, the validity of the treatment 
is guaranteed only for an isolated single chain. The crystallizationjmelting 
under constant pressure usually accompanies some significant volume change 
of the system. In order to estimate the conformational contribution to the 
latent entropy, the value observed under the isobaric condition must be cor­
rected for the volume change. 

Globular Small-Molecules 

Crystal 

•••••••• •••••••• •••••••• •••••••• •••••••• •••••••• •••••••• •••••••• 
---

Liquid 

••••• • ••• • ••••• • •••••• • •••••• . ...... . 
Long Chain-Molecules 

AStr = 

Crystal 

mm ---
+ ASv 

Liquid 

~ 
Fig. 1 Illustration of the crystallizationfmelting process of globular small molecules and 
long polymeric molecules. The latent entropy of the latter transition (LlS1r) consists of 
two major contributions: the configurational term (S~nf) and the volume-dependent term 
(LlSv) (see text) 
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According to Mandelkern's formulation [4], the increase in entropy due to 
the volume e:xpansion at the melting point can be conventionally estimated by 

LlSv = (aj{J}Ll V= yÂ. V, (3) 

where a, {3, and y, respectively, denote the thermal e:xpansion coefficient, the 
isothermal compressibility, and the thermal pressure coefficient 

y = (iJPjiJT)v = (iJSjiJV)r. (4) 

The constant-volume entropy change (Â.Str )v at the melting point can then be 
derived from the relation 

(ÂStr)v = (Â.Str)P- LlSv, (5} 

where tr denotes the melting transition and (Â.Str)P is the melting entropy 
observed under atmospheric pressure. The values of (Â.Str)v have been es­
timated for a variety of polymers and have often been shown tobe in rea­
sonable accord with those of the conformational entropy calculated according 
to the RIS approximation [4, 8-17], suggesting that a major contribution to 
the melting entropy arises from the interna! rotation around the constituent 
bonds. 

In the real system, volume e:xpansion or contraction takes place at the tran­
sition owing to the density difference between the two phases in equilibrium. 
The entropy separation according to Eqs. 3-5 is a hypothetical process as­
suming that the volume of the isotropic fluid may be compressed to that of 
the solid state without affecting the confi.gurational part of the entropy of the 
chain molecules. The validity of such an assumption has been questioned by 
severa! authors [5, 17, 34-37]. Wunderlich et al. pointed out that the volume 
dependence of y during the compression from the liquid to the solid volume 
may not be negligible, and thereby leads to a significant underestimate of the 
LlSv term. They proposed adopting an integration form such as 

LlSv = 1 y(V) dV (6) 

to replace Eq. 3. To what extent the entropy of the system including the con­
figuration of chain molecules could be affected by the compression of the 
bulk volume is apparently an important point which must be carefully in­
vestigated. The phase rule, however, dictates that the direct determination of 
the y(V) functionat the melting point is impossible. At the phase boundary, 
a slight increase in pressure could immediately cause crystallization at this 
point. 

Since the values determined for y by extrapolation from the liquid state 
(YI) and the crystalline state (yc) usually do not coincide, the two pathways to 
estimate LlSv by Eq. 3 inevitably yield unequal values [15]. The discrepancy 
arising from these two different pathways will be discussed later for a spe­
cific example. In practice, the extrapolation from the fluid state is more easily 
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carried out. Tbe variation of tbe spatial configuration of cbain molecules 
by compression of tbe volume bas been examined by a molecular dynamics 
(MD) simulation in conjunction witb tbe estimate of tbe y-volume rela­
tion [38] . Tbis subject will be discussed in Sect. 2.2.2. 

2.2.1 
'l'hermill Pressure Coeffident y = (aP;ar)v of lsotropic Liquids 

As stated already, the value of y to be used in Eq. 3 or Eq. 6 is critically im­
portant in the estimation of ~Sv. Tbe variation of y witb specific volume Vsp 
bas been calculated according to tbe relation y = a 1 f3 at given temperatures 
from the PVT data for metbane [39, 40], ethane [41, 42], n-undecane [43, 44], 
and PE (DP = 9000) [43] for the liquid state [45]. In all tbese systems, non­
polar van der Waals type intermolecular (intersegmental) interactions pre­
vail. Figure 2 illustrates an overview of tbe y vs. Vsp plots for tbe series of 
n-alkanes mentioned earlier. In eacb molecular system, tbe y- Vsp curve tends 
to sbift sligbtly as a function of temperature: variations become marked at 
bigher pressure (smaller V5p)- Tbe y values tend tobe enbanced as the spe­
cific volume decreases at given temperatures. It is interesting to note that the 
y- Vsp bebaviors are more or less alike for allliquids, so tbey can be sbifted 
to form a master curve, wbicb reminds us tbat a simple van der Waals fluid 
obeys the relation y = R/(V- b), witb b being tbe van der Waals parameter. 
In this respect, the series of cbain molecules mentioned earlier are not mucb 
different from small globular particles in tbeir y- Vsp bebaviors. 

3 

-" 2 .. 
a. 
::E 

~ 1 

1 Methane 
2 Ethane 
3 n-Undecane 
4 Polyethylene 

-·- · o~----~------~~--~--~--~ 
1 2 3 4 5 

V.JcmV1 

Fig.2 An overview of the y- Ysp curves for a series of n-alkanes, estimated by the an­
alysis of PVT data reported in the literature. Calculations were carried out for given 
temperatures: methane [39, 40] 100-190 K with 20 K intervals, ethane [41, 42] 100-300 K 
with 40K intervals, n-undecane [43,44] 313-493K with 20K intervals, and polyethy­
lene [43) 413-533 K with 20 K intervals. For simplicity, details are not indicated in the 
dia gram 
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2.2.2 
Elucidation of Constant-Volume Transition Entropy 

Representative examples are shown in Table 1, where CI is used to specifi.cally 
designate the biphasic boundary of the crystaljisotropic melt. The values of 
Yel at the melting temperature were estimated by two different methods, and 
they are distinguished by using parentheses. In method 1, the Yel values are 
obtained by the extrapolation from the liquid state to the melting tempera­
ture under atmospheric pressure. In method 2, the Yel values in parentheses 
are those estimated from the y-Vsp curve for Te1 in the following manner: the 
value corresponding to the midpoint Vsp between the liquid and the crystal 
is taken to be the Yel value at Tel· Let us recall here that in our hypotheti­
cal process, the volume of an isotropic liquid must be compressed to that of 
the solid state without affecting the conformational freedom of the individ­
ual molecules. While the former Ye1 values correspond to those at the initial 
point of the compression process (at zero pressure), the latter may be un-

Table 1 Thermal pressure coefficients y, transition volumes t:.. V, and volume-dependent 
transition entropies t:..Sv of n-alkanes and polyoxyethylene (POE) for the crystal­
isotropic (CI) phase transitions: conformational entropy changes SCOnf estimated by the 
rotational isomeric state approximation are included for comparison 

Compound Tcr Ycr t:..Vcr t:..Sv (t:..Scr)P (t:..Scr)v sconf 

(K) (MPa (cm3 (Jmoi-1 (Jmol-1 (Jmoi-1 (Jmoi-1 
K-1) mol-1) K-1) K-1) K-1) K-1) 

Methane 90.67a 2.0 (2.2)b 2.66c 5.32 (5.85) 10.3b 4.98 (4.45) 
n-Undecane 247.6a,d 1.3 ( 1.5)e 14.98d 19.5 (22.5) 89.6a 70.1 (67.1) 61.9f 
PE 414.6S 0.83 (1.2)e 3.828 3.17 (4.58) 9.918 6.74 (5.33) 7.41h 
POE 341.1i 1.5 (1.8)e 5.1i 7.65 (9.18) 27.2i 19.6 (18.0) . 20.!f 

For polymers, volumes and entropies are expressed in terms of the number of moles of 
a repeating unit: - CH2 - for polyethylene (PE) and- OCH2CH2 - for POE. y values were 
estimated in two ways: those obtained by method 2 and related transition entropies are 
shown in parentheses. 
aRef. [1] 
bRef. [39, 40, 45] 
cRef. [46] 
dRef. [43,44,47] 
eRef. [ 43, 45] 
fRef. [38] 
8Ref. [5] 
hRef. [50] 
iRef. [48] 
iRef. [49] 
1Ref. [16] 
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derstood as those at the midpoint of the process (under a significantly high 
pressure). The first method has been conventionally adopted in most studies 
reported in the literature. The latter method was examined to comply with the 
comments raised in conjunction with Eq. 6. For the purpose of comparison, 
the calculated results obtained by using the Ycr values from method 2 are all 
accommodated in parentheses (Table 1). 

The Ycr value from the first method ranges from 2.0 MPa K-1 at 90.67 K for 
methane to 0.83 MPa K-1 at 414.6 K for PE. The value (Ycr) was estimated to 
be 1.5 MPa K-1 at 341.1 K for polyoxyethylene (POE). As shown in Fig. 2, the 
y values more or less tend to be enhanced as Vsp decreases. Consequently, the 
Ycr values estimated by method 2 (in parentheses) are somewhat higher than 
those corresponding to method 1: the increments range from 10 (methane) to 
45% (PE). 

The experimental data required in the estimation of the constant-volume 
transition entropies (.6.Scr)v as prescribed in Eqs. 3-5 were collected from 
the literature for methane [1, 39, 40, 46], n-undecane [1, 43, 44, 47], PE [5, 43], 
and POE [ 43, 48, 49]. The values of .6.Sv and {.6.Scr)v thus estimated are 
shown in columns 5 and 7 in Table 1, where the entropies for the poly­
mers are expressed in terms of a repeating unit. PE is a well-studied poly­
mer, which melts at 414.6 K with a volume change of 0.273 cm3 g-1, and 
the associated entropy of fusion is reported to be 9.91 J mol-1 K-1 [5]. The 
y value estimated at the midpoint of the phase transition region ( Vsp = 
1.14cm3 g-1) (Fig. 2) is 1.2MPaK-1 at the melting temperature [45]. Use of 
the y values obtained by methods 1 and 2, respectively, leads to (.6.Scr)v = 6.7 
and 5.3 J (mol of CH2t 1 K-1, which should be compared with the conforma­
tional entropy [S~~nf::::::: 7 J (mol of CH2t 1 K-1] variously estimated within the 
RIS approximation [5, 50]. In general, the values of (.6.Scr)v corresponding 
to method 1 are larger than those of method 2 (Table 1): 12% (methane), 4% 
(n-undecane), 26% (PE), and 9o/o (POE). The large discrepancy in PE is due to 
a rapid rise of the y- Vsp curve in the transition region (Fig. 2). In the other 
three examples, the effect arising from the choice of the Ycr values is found to 
be rather small in the final results. 

The conformational entropies S~~nf obtained by the RIS calculation using 
Eqs. 1 and 2 are listed in the last column of the table [16, 38, 50]. The quan­
tities listed in the seventh and eighth columns are favorably compared with 
each other. It should be interesting to pursue the origin of the residual en­
tropy (.6.Scr)v = 4-5 J mol-1 K-1 of methane, which is in principle free from 
any conformational contributions [ 51]. This is a separate task, however. 

As mentioned earlier, n-undecane exhibits a premelting transition at about 
10 degrees below the melting temperature. The entropy change due to this 
solid-state (rotor phase) transition is reported to be 27-29 J mol-1 K-1 [1]. 
The rotational isomeric (conformational) character of individual chains re­
mains unperturbed by these low-temperature transitions. The physical mean­
ing of this entropy should cause controversial arguments for and against 
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the aforementioned treatment [17, 35, 37]. In Table 1, the ~(Sc1 )p values di­
rectly observed at the melting point are adopted [ 1]. To obtain further insight 
into the problem, MD simulations were performed for n-undecane [38]. The 
molecule comprises ten skeletal C- C bonds, or eight rotatable bonds. The 
experimental isobars were well reproduced by the simulation, and accord­
ingly the y vs. V sp relations for given temperatures derived from the simu­
lation were favorably compared with those obtained from the experimental 
PVT data. The entropy derived from Eq. 5 is (~Sc1)v = 71.6 J mol-1 K-1, in 
favorable agreement with ~~nf = 61.9 J mol-1 K-1 [38].1 The configurational 
characteristics of the n-undecane molecule were investigated for represen­
tative ensembles registered in the MD simulation. The spatial configuration 
of n-undecane is not significantly affected by the compression of the bulk 
volume within the range (below 200 MPa) examined. The trans-gauche tran­
sition around the C- C bond occurs quite frequently as long as temperatures 
are kept sufficiently high. At lower temperatures, however, the conforma­
tional transition tends to deviate from the ergodic behavior. When a liquid 
is compressed to the crystalline volume, interna! rotations are restricted, and 
perhaps bond lengths and bond angles are also changed. The estimation of 
the YCI value may therefore be affected by the pathway adopted in the ex­
trapolation from those of the less dense liquids. What we can do at best 
is to find a hypothetical process in which the volume of the liquid can be 
compressed to that of the crystal without creating too many intermolecular 
conflicts: the intramolecular bond rotation and thus the rearrangement of the 
spatial configuration of the chain should be permitted even when the entire 
volume is reduced. In this respect, the results of the MD simulation men­
tioned previously cast some doubt on the eligibility of the YCI values obtained 
by method 2. Experimental determination of the configuration entropy for 
the crystal-isotropic transition is inevitably approximate. 

The present examples have provided a useful test for the validity of the hy­
pothetical process adopted conventionally for the estimation of the constant­
volume transition entropy. Although the estimation of the Ytr value using the 
relation y = aj {J under ordinary pressure (method 1) is simple, the process 
should not be excluded because of its simplicity unless a more prevailing form 
of y(V) is known. 

1 Wurflinger's view (17] that the ~Sc1 term should comprise ali contributions due to ali transitions 
between the crystal and the meh offers an alternative approach in the present arguments. Inclusion 
of the rotor phase transitions accordingly leads to a larger discrepancy. 
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3 
CrystaiHzation 1 Melting of Chain Molecules via a Nematk Mesophase 

For the purpose of this artide, we focus our attention on the nematic 
mesophase: smectic orders are more crystal-like and thus are beyond our 
scope. Typical nematic liquid crystals are characterized by a uniaxial order, 
though imperfect, along the preferred axis of the domain. No such long-range 
order exists in directions transverse to the domain axis. In most examples, 
low molar mass (monomer) liquid crystals carry flexible tails. Conforma­
tional ordering of these tails in the mesophase has been extensively studied in 
relation to the odd-even character of the phase behavior with the number of 
constituent atoms of the pendant chain. Various statistica! models and theo­
ries have been presented [52-57]. In most cases, however, the ordering ofthe 
tail is relatively weak [ 58, 59]. 

Phase diagrams have been constructed for several binary mixtures com­
prising flexible chains and rigid-rod molecules [60-66]. Indusion offlexible 
components tends to destabilize the uniaxial order of the LC mesophase 
owing to the entropy demixing principle, leading to a phase diagram con­
sisting of a narrow mesophase, a biphasic gap, and a wide range of an 
isotropic mixture as a function of concentration. The biphasic lines sep­
arating the ordered and disordered isotropic phases vary sensitively with 
temperature: the slopes of the biphasic boundary curves serve as a meas­
ure of the compatibility of nonmesomorphic solutes with the nematic 
phase [60, 64, 65]. Conformational ordering of chain molecules accommo­
dated in nematic LCs has been examined by various methods. Although 
interpretations are somewhat divergent, 2H NMR observations by employing 
deuterated analogs of n-alkanes or dimethyl ethylene glycol ethers appar­
ently suggest conformational ordering in conventional nematic liquid crystals 
such as 4' -methoxybenzylidene-4-n-butylaniline and p-azoxyanisole [67 -79]. 
When longer-chain molecules are employed as the flexible component, the 
conventional isotropic phase separation takes place in addition to the order­
disorder equilibrium [61-63], yielding a triphasic line at lower temperatures. 
Flory's lattice model was proved tobe useful in reproducing the general fea­
ture of such phase diagrams [80]. The conformational aspect of long chains 
involved in the nematic mesophase is not well understood, however. 

Our interest here is to review the thermodynamic character of the flexible 
chain segment which joins the mesogenic cores on both sides in the so­
called mainchain liquid crystals. In the LC state, the flexible segments adjust 
themselves to make them compatible with the environment. The flexible seg­
ment thus takes a mesophase conformation which is different from either the 
isotropic random-coil or the extended crystalline conformation [26, 81-87]. 
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3.1 
Nematic Conformation of Flexible Spacers lnvolved in the Mesophase 

As is known from the pioneering work of Vorlander [88, 89], dimer LC com­
pounds having two terminal mesogens on each end of an intervening spacer 
often exhibit a very profound odd-even trend in their melting behavior 
when the melting temperature is plotted against the constituent atoms of the 
chain. More recently Roviello and Sirigu [90] demonstrated that segmented 
mainchain polymer liquid crystals exhibit a drastic odd-even oscillation in 
thermodynamic quantities such as the isotropization temperature and the 
associated entropy change at the nematic-isotropic transition point. In that 
study, they also noted that the odd-even fluctuation of the transition en­
tropy is affected by the chemical structure of the functional groups link­
ing the mesogenic unit with the spacer. Such an odd-even effect tends to 
be largely depressed when carbonate is used in place of the ether or ester 
groups [90, 91]. Since then a vast number of studies on mainchain polymer 
liquid crystals have been reported and summarized in various review art­
icles [20, 21]. 

The molecular weight dependence of the latent entropy (8SNI)P was 
studied by Blumstein et al. [92] for a mainchain LC polymer, poly(4,4' -dio:xy-
2,2' -dimethylazoxybenzene dodecanedioyl) (DDA-9). The fractionated poly­
mer samples, together with the monomer and dimer model compounds were 
employed in their studies. The value of (8SNI)P as expressed in terms of a re­
peating unit increases very rapidly with the degree of polymerization (DP), 
reaching an asymptotic value in the oligomeric region. When the unit is con­
verted to the entropy change per spacer, the magnitude of (8SN1)p becomes 
nearly invariant over a wide range of DP from the dimer (9-DDA-9) to poly­
mers (Fig. 3). These results strongly suggest that the spatial configuration of 
the fl.exible spacer and its thermodynamic role remain nearly identica! in­
dependent of the DP. In general, the DP dependence of physical properties 
should be most distinct in the oligomer region. The conclusion derived from 
the observation ofBlumstein et al. was later confirmed by comparing the con­
formational characteristics for a series of mainchain liquid crystals including 
dimers, trimers, and polymers [93-95]. 

The 2H NMR technique has provided useful information regarding the 
orientational characteristics of nematic liquid crystals [96]. In many exam­
ples, the order parameters of the mesogenic core comprising a linear array 
of aromatic nuclei have been accurately determined from the observed dipo­
lar (DHo) and quadrupolar (8v) splittings by using deuterium-substituted 
samples. An attempt was made to elucidate the nematic conformation of 
the polymethylene-type spacer involved in dimer compounds, a,w-bis(4-
cyanobiphenyl-4' -yloxy)alkanes (CBA-n, with n = 9, 10), by the combined use 
of 2H NMR and RIS analysis. The chemical structures and the phase transi­
tion data obtained by differential scanning calorimetry (DSC) are shown in 
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Fig. 3 The isotropization entropy (D.SNI)P vs. the number-average molecular weight Mn. 
The values of (D.SN1)p were those expressed in terms of the numbers of moles of spac­
ers involved. Recalculated from the data (per repeating unit) reported by Blumstein et 
al. [92]. Note that the dimer model (9-DDA-9) involves two mesogenic units and one 
intervening spacer. The chemical structure of the polymer (DDA-9) is shown 

Structure 1. Under an NMR magnetic field, the axis of the nematic domain 
tends to align along the applied field, and thus the resulting LC phase is taken 
to be of a mono-domain texture. 

Scheme1 

NC-o-o- O(CH2)no-Q-0-cN 

U,(l)-Bis(4-cyanobiphenyl-4'-yloxy)alkanes (CBA-n) 

n = 9: C 134.8 N 173.0 I eq 
n = 10: C 164.6 N 184.0 I (0 C) 

The procedure, the assumptions underlying the technique, and the results 
obtained therefrom are briefly summarized as follows: 

1. The samples were deuterated at the ortho position on both sides of the 
ether oxygen. The order parameters of the mesogenic core axis S~z were 
estimated from the observed D~0 and b. vR according to the prescription 
described elsewhere [94, 96]. 

D~0 =- YHYDh/(4rr2tÎ!o) S~z, 
b.vR = (3/2) [S~zqzz + (1/3) (Sh- S~y) (qxx- qrr)] , 

(7) 

(8} 

where YH and YD denote the gyromagnetic ratio, h is the Planck con­
stant, 'HD is the distance between the deuterium (ortho) and proton 
(meta) atoms, and qxx, qyy and qzz are the quadrupolar coupling con­
stants defined in the XYZ frame. The numerica! values of the param­
eters required in these expressions may be adopted from the litera-
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ture [59, 97]: YH = 2.6752 x 108 kg-1 sA, YD = 4.1065 x 107 kg-1 sA, h = 
6.6262 X w-34 J s, 'HD = 2.48 A, qzz = - 18.45 kHz, qxx = 113.85 kHz, and 
qyy =- 95.4 kHz. The contribution from the biaxiality term S~ - Sh usu­
ally remains small for nematic liquid crystals. 

2. The conformation of the spacer was estimated by using samples carrying 
a perdeuterated polymethylene sequence. The following expression may 
be adopted for the deuterium quadrupolar splittings (D. v;) due to the ith 
methylene unit: 

D.v; = (3/2) (~qQfh} Szz (3 (cos2 r/J;}- 1) /2, (9) 

where the quadrupolar coupling constant for the aliphatic CD bond is 
taken tobe (elqQjh) = 174kHz [59, 98]. It is assumed here that the mo­
lecular axis (z) lies in the direction parallel to the line connecting the 
centers of the two neighboring mesogenic cores, and that the molecules 
are approximately axially symmetric around the z-axis in the nematic en­
vironment, and thus the orientation of these anisotropic molecules can 
be described by a single order parameter Szz, the biaxiality of the system 
Sxx- Syy being ignored for simplicity. In the equations just given, r/J; is 
the angle between the ith CD bond and the molecular axis defined ear­
lier. The bracket indicates statistica! mechanical averages taken over all 
allowed conformations in the system. In this model, the same value of Szz 
is taken tobe applicable to ali conformers in the mesophase. The order pa­
rameter Szz may then be approximately related to S~ of the mesogenic 
core by 

S~ = Szz (3(cos2 1/f} -1) /2, (10) 

where 1/f denotes the disorientation of the mesogenic core axis with re­
spect to the molecular axis. The analysis of the experimental results may 
be facilitated by taking ratios such as 

D. vif D.vR = const (3 (cos2 r/J;}- 1) f (3 (cos2 1/f}- 1) , (11) 

D.vif D.vj = const (3 (cos2 r/J;}- 1} f (3 (cos2 r/Jj}- 1} (i =f j). (12) 

These ratios should solely depend on the spacer conformation, being free 
from the orientational order of the molecular axis Szz. The values of 
D. vif D. vR as well as D. vif D. Vj have been found to remain nearly invariant 
with temperature, suggesting that the conformational correlation along 
the spacer is governed by the same principle throughout the nematic do­
main. Since the flexible spacer maintains liquidlike characteristics in the 
nematic state, the equilibration among the conformers should be affected 
by temperature, leading to a small variation in the ratio if the data are 
collected over a wider temperature range. 

3. The mean-square average (cos2 r/J) for given CD bonds may be estimated 
by using the conformer distribution derived from the RIS analysis. In 
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practice the nematic ensemble of the chain configuration could be elu­
cidated by performing an iterative RIS calculation on the hasis of the 
conformer distribution map until the experimentally observed quadrupo­
lar splitting ratios (Eqs. 11, 12) are satisfactorily reproduced. With the 
configurational partition function ZN thus estimated, the conformational 
entropy change SCJrnf at the NI interphase may be elucidated by 

SCJJnf = k ln(Z) + kT dln(Z)/ dT, (13) 

where Z = Z1/ZN. Likewise, the SC'Nf corresponding to the CN transition 
may be obtained by setting Z = ZN in Eq. 1. (Note that Z = 1 for the crys­
talline state.) 

Extensive structure analyses were first carried out for the dimers depicted in 
Scheme 1 (CBA-n, n = 9, 10). The same techniques were applied to the main­
chain polymer liquid crystals having analogous chain sequences (Scheme 2), 
leading to the conclusion that conformational characteristics of the spacer 
involved in the nematic state are essentially the same in both dimer and 
polymer liquid crystals [99]. The molecular scheme described previously has 
also been successfully adopted in the analysis of the observed 13C chemical 
shift and the 13C-13C dipolar coupling data of the dimer and trimer com­
pounds [100, 101]. 

Scheme2 

fOoC(O)-o- O(CH2)n0 -oC(O)O-o-O(CH2)00t 

Mainchain polymer LCs with dialkoxy spacers 

n = 9: C 140 N 200 1(0 C) 
n=IO: C 169 N 204 ICOC) 

In view of the unique character of the carbonate compounds [90], the 
2 H NMR RIS treatment was performed on the nematic dimer liquid crystals 
comprising carbonate linkages (Scheme 3) [91]: 

o o 
____f\__J\_ 11 11 ---Q--0-
NC~ OCO(CH2)00CO ~ 11 ~ 11 CN 

a,ro-Bis(4-cyanobipheny1-4'-y1oxycarbonyloxy)alkanes (CBC-n, n = 5,6) 
n = 5: C 188.0 N 192.5 1 eq 
n = 6: C 183.0 N 189.0 1 eq 

Scheme3 
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The average conformation was estimated for each of the constituent bonds 
of the spacer. In Fig. 4, the variation of the trans fraction (fi:) is plotted along 
the spacer from the terminal to the central bond of the ether dimer CBA­
n (n = 9, 10) (open circles) and the carbonate dimer CBC-n (n = 5, 6) (filled 
circles). For illustrative purposes, the n is odd (Fig. 4a) and the n is even 
(Fig. 4b) series are shown separately. The odd-even oscillation of the bond 
conformation is indicative of a long-range intramolecular correlation along 
the spacer. The bond conformations calculated at various temperatures were 
found to be nearly identica! within the nematic state. The suppression of 
unfavorable molecular orientations in the nematic constraint leads to a char­
acteristic conformational ordering regardless of the chemical structure of the 
linking groups. The effect of the linking group is manifestly shown in the 
oscillation of the fi: values for the first three bonds. As a consequence, the 
odd-even trend of the bond conformation becomes similar between CBC-5 
and CBC-6 in conformity with the weak odd-even character known for vari­
ous thermodynamic quantities of these compounds. In a separate experiment 
on CBC-n, the order parameter of the mesogenic cores obtained in the neigh­
borhood of the NI transition point exhibits only weak odd-even alternation 

..:' 

1.0 
a) 

0.8 

0.6 

0.4 

0.2 

0.0 
O-C, 

1.0 (b) 

0.8 

0.6 

0.4 

0.2 

c,-c. C2-c3 c3-c4 C4..C5 
BondOrder 

0.0 '-:-'~_,____..____.__......__~_, 
O-C, c,-c.c.-c3cs-c•c•-cscs-ce 

Bond Order 

Fig. 4 Bond conformation of the interna! O - C and C - C bonds of the spacer in the ne­
ma tic phase. The fractions of the trans conformer (/t) are shown in the order from the 
terminal to the central bond. The values offt for the carbonate-type dimer liquid crystals 
are compared with those of the ether-type: (a) CBC-5 (•) and CBA-9(o),(b) CBC-6 (•) and 
CBA-10 (o). (Reproduced from Ref. [91] with permission) 
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with n. These observations indicate that the flexible spacer takes a confor­
mation characterized by a given ensemble of spatial arrangements in the LC 
state for both CBA-n and CBC-n. The results of the conformational analysis 
described earlier lead to the conclusion that the origin of the odd-even ef­
fect can be traced back to the relative inclination of the mesogenic core axes 
joined by an intervening spacer, which is very sensitive to the bond angle of 
the linking groups [6, 91]. The effect due to the difference in the rotational 
characteristics around the interna! bonds seems to be secondary. 

The analysis was further extended to include trimer compounds, 4,4'­
bis[w-(4-cyanobiphenyl-4' -yloxy)alkoxy]biphenyls (CBA-Tn, with n = 9, 10} 
(Scheme 4}, comprising three mesogenic units joined by spacers [95, 100, 101], 
and several mainchain compounds having oxyethylene-type spacers, des­
ignated as BuBE-x (Scheme 5}, and MBBE-x (Scheme 6} [102, 103]. In the 
last example, designated as MBBE-6, the contour length of the spacer 
- (OCH2CH2)6- (21.4 Ă) exceeds that ofthe hard segments (18.2 Ă). 

Scheme4 

SchemeS 

Scheme6 

4,4'-Bis[ ro-( 4-cyanobiphenyl-4'-yloxy)alkoxy ]biphenyls (CBA-Tn) 

n = 9: C 146.0 N 195.7 1 ee) 
n = 10: C 188.5 N 209.9 1 eq 

Buo-oo~-o- (OCH2CH2)x0 -o-~o-ooBu 
o o 

BuBE-x 

x = 2: c 124.6 N 132.2 1 eq 
x = 3: c 99.o N 1o3.o 1 ee) 

MBBE-x 

x = 2: C 191.8 N 301.5 1 eC) 
X= 3: c 165.4 N 283.4 1 (0 C) 
x = 4: c 148.o N 242.9 1 eq 
X= 5: c 132.2 N 216.1 WC) 
x = 6: c 1o6.6 N 189.8 1 eq 

In all these examples, the quadrupolar splitting ratios such as l::i v;/ l::i vR 
and l::iv;/ l::ivj (i 'f j) were found to remain nearly invariant over a wide range 
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of temperature, which is indicative of the nematic conformation. Some of 
these liquid-crystal-forming dimer and trimer compounds were adopted in 
the following PVT studies as a model for the mainchain-type polymer li­
quid crystals on the assumption that the spatial configuration and thus the 
thermodynamic roles of the flexible spacer are nearly identica! as long as 
the chemical structure of the repeating unit is similar. It is advantageous to 
work with oligomeric model compounds having neat chemical structures. 
Shortcomings inherent to polymeric liquid crystals such as polydispersity 
in the DP, imperfections due to the irregular arrangements (e.g., kink con­
formation [22, 23, 104]), and difficulties associated with higher NI transition 
temperatures can thus be avoided. 

The analysis ofbinary mixtures with a low molar mass (monomer) liquid 
crystal gave important information regarding the mesophase structure of 
CBA-n [105] as well as CBA-Tn [95]. The ordering characteristics of the 
two components of the mixture can be elucidated by comparing the ori­
entational order parameters estimated independently. In one of the exam­
ples where trimer CBA-T9 was dissolved in a monomer liquid crystal, 4'­
ethoxybenzilidene-4-cyanoaniline, the order parameter of the monomer was 
found to be significantly higher than that (S~) of the trimer in the nematic 
mixture at any given temperature and concentration, indicating that the spa­
tial arrangements of the mesogens are largely restricted in the trimer owing 
to the stereochemical requirement of the intervening spacer. The schematic 
diagram shown in Fig. 5 indicates the nematic arrangements of the ensem­
ble thus deduced and the transitions to the adjacent isotropic and crystalline 
phases. 

The combined use of spectroscopic and thermodynamic techniques on 
CBA-n has led to a general picture for the phase transition: Eq. 1 Under a uni­
axial potential field, both spacer and mesogenic units at the terminals tend 
to align along the domain axis. Consequently, the individual mesogenic cores 

Crystal Nematic Conformation Random-Coil 

Fig.5 Schematic representation of the crystal-nematic (CN) and nematic-isotropic (NI) 
transitions, illustrated for a trimer liquid-crystal system. The conformational distribu­
tion of the spacer remains quite stable in the nematic phase, and is termed nematic 
conformation 



Stepwise Phase Transitions of Chain Molecules: Crystallization/Melting 139 

inevitably incline to some extent with respect to the direction of the mo­
lecular extension (Fig. 5), giving rise to a moderate value of the orientational 
order parameter (S~) (Eq. 2). As revealed by studies of magnetic suscepti­
bility [106, 107] as well as optical anisotropy [108], the molecular anisotropy 
of dimer compounds CBA-n (n = 9, 10) increases on going from the isotropic 
to the nematic LC state. Although the fl.exible spacer takes a more extended 
conformation in the LC state, the contribution of the spacer to the attrac­
tive part of the orientation-dependent intermolecular interactions seems to 
be small (Eq. 3). While the orientational fl.uctuation of the entire molecule 
varies as a function of temperature, the nematic conformation of the spacer 
remains nearly invariant over the entire range of the LC state (Eq. 4). It has 
been confirmed by 2H NMR and PVT studies that 50-60% of the transition 
entropy (b.Str)P arises from the variation in the conformational distribution 
of the spacer at the phase boundary [93-95]. It should be noted here that 
the order-disorder characteristics inherent in the primary structure of the 
fl.exible spacer are precisely controlled in order to develop the LC mesophase. 

The conclusions derived from the polymethylene-type liquid crystals are 
safely applicable to those comprising the oxyethylene-type spacers. The for­
mation of the nematic conformation characteristic of the LC state has been 
confirmed using the 2H NMR technique on deuterated samples of BuBE-
x [102] as well as MBBE-x [103]. In these compounds, the- oc:,tco- bond 
tends to take a gauche form in the fluid state in contrast to the all-trans 
preference of the polymethylene-type spacer. The results of the IR analysis 
indicate that the gauche forms are highly populated in the LC phase in all 
samples examined [109]. When chains are placed in a uniaxial potential field 
such as a nematic environment, the correlation of bond rotations along the 
chain should become important. The general rule underlying such rotational 
correlations is not obvious for the oxyethylene-type spacer. A precise deter­
mination of the nematic conformation of this type of spacer is an interesting 
subject, which has not been completed. 

3.2 
PVT Analysis 
of Segmentecl Compounds Capable of Forming Uquid Crystals 

In the nematic state, the molecular orientations are governed by a uniax­
ial potential field, and thus the spacers are required to recognize a certain 
conformational correlation along the chain (nematic conformation), but the 
overall properties are still very much liquidlike. The liquid-liquid first-order 
transition between the isotropic and nematic states presents an interesting 
example to investigate the validity of the entropy separation hypothesis (see 
Sect. 2.2). 
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Most polymer samples exhibit the NI transition well beyond 200 °C [43, 
11 O, 111]. Sin ce thermal stability is important for these measurements, the 
PVT data were mainly collected for the dimer and trimer compounds listed 
in the preceding section. While the depression of the phase transition tem­
perature due to the supercooling effect, !::.. T = T tr(heating) - Ttr( cooling), is 
found tobe marked for TeN. the corresponding difference is almost nil for 
TNI· The data obtained from the experiments under the isothermal condition 
during the heating cycle were treated to elucidate the volume change !::.. Vtr at 
the transition temperature, and the y vs. Vsp relation was constructed [ 43]. 

3.2.1 
Determination of the Thermal Pressure Coefficient 
of Mainchain LC Compounds 

A typical example of the isothermal y vs. Vsp curves is given in Fig. 6 
for the dimer compound designated as MBBE-6 (DSC data are given in 
Sect. 3.1) [109]. The y values at the transition temperature were estimated by 
extrapolation from those obtained in the stable region. The volume changes, 
!::.. VNI(0.0042 cm3 g 1) and !::.. VcN(0.0485 cm3 g-1 ), taking place at the NI and 
CN transitions are indicated by the dotted lines. MBBE-6 has a relatively long 
spacer, exhibiting a nematic LC phase over a temperature range 107-190 °C. 
The PVT measurements carried out in high precision yielded a quite good 
estimate for all three states, i.e., crystal, nematic liquid crystal, and isotropic 
melt. Figure 6 may be used to elucidate y values according to both methods 1 
and 2 prescribed in Sect. 2.2.2. The y-Vsp curves for the transition tem­
perature can be extrapolated (if necessary) to the phase boundary of the 
biphasic gap. In the diagram, the Ytr values of method 1 can be defined at 
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1.6 \ ~1.4 
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:::iE 1.2 c T/K ._ 
?- o 313.2 : 

1.0 + 333.2 ' 
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Fig. 6 The y vs. Vsp relation of MBBE-6 estimated for given temperatures in each phase. 
The y values corresponding to the transition temperatures (Tm = 455.8 K, TeN= 372.4 K) 
were estimated by extrapolation. The incidences of the phase transition (~ VCN and 
~ VNr) are indicated by the dotted lines 
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the point where the curve intersects the dotted line (the phase boundary): 
}1n(I) = 0.75 and YNI(N) = 0.89 MPaK-1 (at TNI = 455.8 K), and YcN(N) = 1.09 
and YcN(C) 1.27 MPa K-1 (at TeN= 372.4 K). Here the related phases are indi­
cated in parentheses. The same y-Vsp curves can be further extrapolated to 
the midpoint of the biphasic gap (~ VNI and ~ VcN) to get the Ytr values of 
method 2: YNI(I) = 0.76 and YNI(N) = 0.88 MPa K-1 for the NI transition, and 
YcN(N) = 1.44 and YcN(C) = 1.25 MPa K-1 for the CN transition. The dispar­
ities between the two sets of y values obtained with method 1 are as follows: 
YNI(I)/YNI(N) = 0.84 and YcN(N)/YcN(C) = 0.86. The corresponding ratios for 
method 2 are YNI(I)/YNI(N) = 0.86 and YcN(N)/YcN(C) = 1.15. Although the 
discrepancies between a pair of measurements are definite for both NI and 
CN transitions, the amount (approximately 15%) is reasonably small for the 
purpose at hand. As will be shown later, the choice of y either from method 1 
or from method 2 is rather unimportant in terms of the entropy changes ~Sv 
as well as (~Str) v. In conformity with the treatment of the other dimer and 
trimer compounds, the y values obtained according to method 1 are listed in 
Tables 2 and 3. 

The values of y were similarly obtained for dimer CBA-n (n = 9, 10) and 
trimer CBA-Tn (n = 9, 10). These compounds exhibit the nematic LC phase 
over a limited temperature range, hampering an accurate estimation of y 
by the extrapolation from this phase. Accordingly the y values were esti­
mated by method 1 only from higher-temperature phases: i.e., YNI values 
are estimated from the isotropic phase, and YCN values from the nematic 
phase [95]. The Ytr values thus derived are all accommodated in Tables 2 
and 3, respectively, for the NI and CN transitions. Thermal pressure coeffi­
cients of monomer liquid crystals such as 4-cyano-4' -alkylbiphenyls (nCB) 
and 4-cyano-4' -alkoxybiphenyls (nOCB) are available in the article by Orwoll 
et al. [112]. The y values applicable to the NI transition ofthese compounds 
are cited in Table 4 for comparison. As shown in these tables, use of the vol­
ume change ~ Vtr at the transition (column 4) leads to the estimate of the 
volume-dependent entropy ~Sv (column 5) according to Eq. 3. 

3.2.2 
Estimation of Constant-Volume Transition Entropies 
at the NI and CN lnterphase 

The transition entropies under atmospheric pressure can be conventionally 
determined by DSC. The heats estimated by DSC are often affected by the 
amount of sample loaded on the pan and also on the scanning speed of the 
apparatus. They may include some additional contributions due to pretran­
sitional and posttransitional phenomena occurring in the immediate vicinity 
of the transition [113-117]. In addition, some difficulty is inevitably invoked 
in selecting a baseline to measure the area of the absorption peak. In view of 
these difficulties involved in the DSC method, the use of the Clapeyron rela-
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Table4 Thermal pressure coefficients y, volume changes !:!. V, and volume-dependent 
transition entropies !:!.Sv of monomer LCs for the NI phase transitions [112] 

Compound TN! y !:!.VN! l:!.Sv (!:!.SNI)P (!:!.SNI)v 
(K) (MPaK-1) (cm3 mol-1) O mol-1 K-1) O mol-1 K-1) O mol-1 K-1) 

5CB 308.4 1.46 1.06 1.5 2.1 0.6 
7CB 315.9 1.46 1.62 2.4 2.8 0.4 

50CB 340.6 1.39 0.78 1.1 1.3 0.2 
80CB 352.9 1.16 1.33 1.5 2.3 0.8 

tion, which provides a measure of the discontinuity of the first-order phase 
transition at a given temperature, is more preferable. 

~Str=~ YtrdP/ dt. {14) 

The slope of the phase boundary curve dp/dt can be estimated from the 
Ttr - Ptr plot obtained by using a PVT or high-pressure differential thermal 
analysis (DTA) method [118, 119]. The volume-dependent entropy (correc­
tion for the volume change) ~Sv, the transition entropy (~Str)P under ordi­
nary pressure, and the constant-volume entropy (~Str)v obtained therefrom 
are arranged in this order in Tables 2, 3, and 4. 

As comparison of Tables 2 and 4 indicates, the changes in volume and 
entropy at the NI transition obtained for the mainchain dimer and trimer li­
quid crystals are much larger than those reported for conventional monomer 
liquid crystals [112]. In Tables 2 and 3, the constant-volume transition en­
tropies (~Str)v are expressed in terms of joules per mole per kelvin. The 
conformational entropy changes Sf~nf estimated on the hasis of the 2H NMR 
quadrupolar splitting data observed in the LC state are as follows: SCJJnf = 13.3 
(CBA-9) and 15.6 (CBA-10), and SC!t = 59.6 (CBA-9) and 64.2 (CBA-10), the 
units being joules per mole per kelvin [94]. While the values of SCJJnf some­
what exceed those of (~SNI)v from PVT, SCJJnf tends tobe slightly lower than 
(~ScN)v (columns 7 and 8). In view ofthe long derivation required in these 
estimations, the correspondence between the two numerica! figures is reason­
able for both transitions of CBA-n. Since the trimer compounds comprise two 
spacers, values twice those of the conformational entropies S~~nf given previ­
ously for the dimer are shown in parentheses in the last columns of Tables 2 
and 3. Comparison with the PVT values of (~SNI)v exhibits some deviation 
for the NI transition. It may also be interesting to examine the ratio such as 
(~Str)v(CBA-Tn) vs. (~Str)v(CBA-n), which measures the effect due to the 
number of spacers involved. For the NI transition, the ratios are 1.5 (n = 9) 
and 2.8 (n = 10), and for the CN transition, 1.8 (n = 9) and 1.7 (n = 10). Ifthese 
entropies are exactly additive in terms of the spacer, the ratio is supposed to 
be 2. In general, the aforementioned description of the nematic conforma-
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tion (Fig. 5) is reasonably consistent with the PVT observations. The present 
analysis supports the view that most of the constant-volume transition en­
tropy (b.SN1)v should arise from the difference in the conformer distribution 
between the two phases in equilibrium. 

For MBBE-6, the Ytr values are also available from method 2 (Sect. 3.2.1}. 
As mentioned in the preceding section, the difference between methods 1 and 
2 is quite small except for YcN(N). An increment of 25% in YcN(N) gives rise 
to a decrease in (b.ScN)v by approximately 20% from those listed in column 7 
of Table 3. As shown in Tables 2 and 3, the experimental values of the la­
tent entropy (b.Str)P (column 6) are quite divergent depending on the method 
(PVT or DTA) employed in the measurement. This is also a source of the un­
certainties in the final estimates of the constant-volume transition entropy 
(b.Str)v (column 7). 

At the NI transition, an orientation-dependent term such as b.SOrient must 
play a role [26]. In practice, however, the contribution from this source seems 
to be comparatively small by inference from those of the monomer liquid 
crystals [112] (cf. Table 4}. In treating the transition entropy of real sys­
tems, contributions from the so-called communal entropy as well as other 
residual entropies are often considered by introducing an extra term b.Sd in 
Eq. 1 [15, 17,34,35, 120]: 

(15} 

The physical definition of the b.Sd term is still obscure for polymeric sys­
tems in which the external degrees of freedom are largely restricted by the 
chain connectivity. In general, the contribution from this source to the total 
entropy change is assumed to be small and is often ignored for polymeric 
chains [120]. As stated already, the nematic phase is very much liquidlike, and 
the component molecules still maintain their translational freedom. The con­
tribution from the residual entropies b.Sd must be much smaller than those 
involved in the phase transition between the crystal and the isotropic melt. 

4 
Concluding Remarks 

In this article, the conformational entropy changes taking place during the 
crystallizationjmelting via a nematic mesophase were the major concern. 
The nematic conformation is a newly found form of chain molecules, which 
is different from those of the neighboring phases. Dimer and trimer model 
compounds were mostly treated on the assumption that the thermodynamic 
role of the spacer in determining the phase transition is similar to those of 
polymer liquid crystals having the same chain segments. We have not dis­
cussed the morphological effect of the interstitial nematic mesophase on the 
crystallization. 
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In Fig. 7, X-ray profiles are shown for two MBBE-6 sarnples prepared in two 
ways: melt-crystallized and solution-grown [103]. While the former was pre­
pared by crystallization from the melt through the intervening nematic phase, 
the latter was obtained by precipitation from a chloroform solution with add­
ition of methanol. The two diagrarns are nearly identica! for annealing at 
a temperature 10 degrees below the melting point. The uniaxial alignment 
maintained in the LC phase was destroyed during the nucleation-growth pro­
cess of the crystallization. Crystallization under a magnetic field ( e.g., in 
an NMR tube) yielded partial orientation of crystallites, indicating that the 
nematic alignment of chain segments precipitates some residual effect on the 
orientation of the crystals formed. The sarne behavior is commonly observed 
for all dimer and trimer sarnples. Polymeric liquid crystals must largely dif­
fer in their dynamic properties The results of neutron diffraction studies on 
nematic liquid crystals indicate that the long polymer chains are confined in 
a long cylinder with few hairpin defects to fold back [22, 23, 121]. In most 
examples, mainchain liquid crystals eventually crystallize at lower tempera­
tures. Whether the formation of a stable mesophase prior to crystallization 
enhances the following nucleation step is not well understood, however. After 
Kaji et al. [122], a substantial number of observations have been accumulated 
in favor of the "mesomorphic phase" model as a mechanism of the cold­
crystallization of polymers [123]. In the crystallization of chain molecules, 
both density and orientation should play an important role. The stepwise 
crystallization of chain molecules via a nematic mesophase may provide some 
valuable information regarding the embryonic stage of the polymer crystal­
lization mechanism [124]. 

? 
Melt crystallization 

"§ Asmade 

.i Annealed 

~ 
'-' Solution precipitation >. .-;::: 
"' d u -..s 

Annealed 

5 10 15 20 25 30 35 
26/ deg 

Fig. 7 X-ray diffraction profiles of two MBBE-6 samples prepared by the melt­
crystallization and solution-precipitation processes. The two · diagrams became nearly 
identical for annealing ata temperature 10 degrees below the melting point (379.8 K) 
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On going from the isotropic to the anisotropic LC state, the orientation­
dependent attractive interactions come into play [ 125, 126] while the steric 
interactions (the excluded-volume effect) between the mesogenic rods are 
relaxed [127]. In the LC state, all molecules are required to take an asym­
metric shape. Accordingly, chain segments adopt a unique conformer distri­
bution called a nematic conformation [26, 93-95,102,103, 105]. The y-Vsp 
relation determined in the aforementioned studies may be used to exam­
ine the mean-field potentials effective in nematic as well as isotropic liquids. 
After Frank [128] and Hildebrand and Scott [2, 129], the intermolecular inter­
action potentials such as 

t: =- TJ/Vm (16} 

o!" somewhat modified forms have been widely adopted in conventional 
mean-field theories ofliquids including molten (amorphous) polymers [130-
133]. Here TJ is defined as a mean-field parameter representing the strength of 
the interaction field and the parameter m is empirically taken to be a constant 
in the range 1-2. Thus, 

Ty = (aE;av)r =- mrJ/Vm+I. (17) 

Assuming that TJ is independent of volume and temperature, 

ln Ty =- (m + 1) ln V+ ln mrJ. (18} 

A plot of ln Ty vs. ln Vsp should give an estimate of m and TJ, respectively, 
from the slope and the intercept of the curve. Figure Sa indicates the variation 
of mas a function of temperature at zero pressure for MBBE-6 [45]: m ap­
proaches unity ( dotted line) only within a narrow range of temperature. The 
analysis suggests that the conventional form of the potential given in Eq. 16 
is only valid within a certain limited range of temperature and volume in 
both isotropic and nematic LC phases. In the conventional treatment of li­
quids, m is often set equal to unity in Eq. 16 [2, 129]. The TJ- T curves derived 
for m = 1 are illustrated in Fig. 8b. When the reduced temperature scale such 
as T* = T fTtr(Ttr =TeN or TNI) is employed in each phase, the two separate 
curves in Fig. 8, one for the isotropic and the other for the nematic phase, 
come closer in both m- T and TJ- T plots. In this connection, it might be in­
teresting to note that the thermal expansion coefficient a vs. T plot exhibits 
a similar trend. According to the equation of state of liquids prescribed by 
Flory [131, 134], 

(V jV*) 113 - 1 = aT /3(1 + aT), (19) 

where V* designates the core volume. The free volume fv = (V - V*) j V of the 
isotropic melt estimated around the vicinity of the NI transition amounts to 
approximately 0.2 for all dimer and trimer compounds. Since the thermal ex­
pansion coefficient does not change much on going from the isotropic melt to 
the nematic LC state, the free volume should remain nearly the same between 
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Fig.8 Variation ofthe intermolecular interaction parameters (a) m obtained directly from 
Eq. 18 and (b) TJ (estimated with m = 1 in Eq. 18) as a function of temperature at zero 
pressure for MBBE-6. The NI phase transition temperature is indicated by the broken 
lines. In a, the value of m approaches unity (dotted line) only within a narrow range 
of temperature in both phases. The abnormal behavior observed in the vicinity of the 
transition point [113-117] is not shown 

these two states. The dimer or trimer liquid crystal molecules are highly mo­
bile in the nematic state. A further analysis of the PVT data should yield more 
detailed knowledge about the characteristic feature of the intermolecular in­
teractions of chain molecules accommodated in the nematic state. 

Finally we wish to emphasize that accumulation of reliable experimental 
data on the conformational ordering and thermodynamic characteristics is 
a prerequisite for the establishment of molecular theories of liquid crystals 
consisting of two components of very different flexibilities [80, 135-137]. 
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Abstract Chain-dynamics of flexible synthetic macromolecules in the crystalline state bas 
been clarified by multinuclear solid-state NMR observations. Massive motional phenom­
ena are shown when chains are crystallized in the hexagonal phase. Several examples 
have been surveyed, where motion is induced by high temperature and pressure or fa­
vored by indusion of moderate amounts of comonomer units in the main chain and 
by the use of monomers containing mobile side chains. Also, motional phenomena of 
fast spinning and large librations of the macromolecules are promoted when the isolated 
chains are confined to nanochannels formed in hexagonal crystal structures of suitable 
matrices. The motional behavior can be modulated by the topology and the interactions 
in the unusual environments. This knowledge provides information about polymers in 
dose contact with heterogeneous interfaces, such as polymers in nanocomposites or at 
surfaces. 

Keywords Polymer crystallization · NMR of polymers · Polyethylene · Hexagonal phases · 
Nanostructured materials · Confined polymers · Crystal engineering · Nanochannels 

1 
lntroduction 

NMR is a method of choice for understanding the details of the conforma­
tions and dynamics of semi-crystalline macromolecules in their crystalline 
and mesomorphic state and interphases [ 1-7]. It complements other struc­
tural methods for recognizing chain arrangements and aggregation states, 
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and is particularly suitable for understanding intricate morphologies. More­
over, it is largely known that the dynamics of the process of phase aggregation 
or chain rearrangements in the time regime of nanoseconds to seconds are 
compatible with the wide frequency spectrum that NMR explores. NMR pro­
vides direct evidence of motional mechanisms and disordered states that are 
difficult to be recognized unambiguously by XRD. However, in-depth works 
devoted to determining polymer structure in the crystalline phase by NMR 
are still relatively few compared to those performed by classical structural 
methods. A practica! reason is the limited number of NMR laboratories ded­
icated to the study of supramolecular and macromolecular structures. 

In the present overview we show that NMR contributed substantially to the 
comprehension of the mesomorphism of hexagonal phases and the motional 
behavior of polymer chains in crystals. 

2 
Extended Chain Conformations, Hexagonal Phases 
and Rotational Disorder of Flexible Polymers 

The concepts of extended chain conformations, hexagonal phases and rota­
tional disorder are frequently linked one to another. In fact, flexible polymer 
chains, by spinning motion and libration about their chain axes, may gener­
ate ideal cylinders that find hexagonal packing as the easiest way to assemble. 
The hexagonal phase, due to its intrinsic mobility, is favorable for obtaining 
lamella thickening up to the limit of the thermodynamically stable extended­
chain morphology. On the other hand, when drawn in the extended-chain 
morphology, the chains Iose specific orientations in planes perpendicular 
to the chain axis and increase the hexagonal phase fraction [8-10]. The 
hexagonal phase is also involved in the onset of the crystallization pro­
cess [11, 12]. Thus, one ofthe key-points ofthis family ofphenomena is likely 
the reorientational diffusion motion about the polymer axis. In fact, under 
suitable conditions, the existence of anisotropic motions in the solid can be 
preferred over the larger freedom of the melt state, as happens, in particular, 
when pressure counterbalances thermal agitation at elevated temperatures. 

The transition of polyethylene from the orthorhombic to the hexagonal 
phase was observed at very high pressures (3000-5000 bar) by proton NMR 
and nuclear magnetic relaxation time measurements: the phase diagram de­
rived from this spectroscopy is in substantial agreement with DSC data. 
According to these results (see Fig. 1), the hexagonal phase can be observed 
above the triple point at 490 K and 3000 bar [13, 14]. 

Solid-echo deuterium NMR spectra provided unique evidence about mo­
tions occurring in the crystals at those extreme conditions. Among other 
methods reported in the literature, only Raman spectroscopy could identify 
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the conformationally disordered chains in the crystals at high pressure and 
temperature. Deuterium line-shape analysis offers the possibility to calculate 
spectral profiles as derived by reorientation models of the C- D bonds. Diffu­
sive rotation of polyethylene chains as rigid bodies implies that C - D vectors 
explore randomly any orientation on planes perpendicular to the chain axis. 
Thus, pure rotation of the polyethylene chains about their axes in the all­
trans conformation should produce a Pake powder pattern reduced to half 
the width of the static spectrum, showing a splitting between singularities of 
62 KHz. The actuallineshape presents a splitting between singularities sensi­
bly smaller (about 50 KHz) (Fig. 2) and indicates an additional reorientation 
mechanism obtained from the wobbling of C- D bonds 23° out of plane. The 
reorientation must be fast compared to the 106 Hz frequencies of the deu­
terium NMR experiment. 
Thus, chain twists and distortions from the trans planar conformations are to 
be included in the model for understanding the spectral output of the hex­
agonal phase. Chain reorientation can also be present in phases with a degree 
of order higher than that of the hexagonal phase. For instance, a mechanism 
of rapid 180° chain flips about the chain axis has been described by NMR 
and makes compatible an orthorhombic phase with the presence of chain 
motion [15]. 
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Fig. 1 Polyethylene phase-diagram: 1 H solid state NMR data (solid lines) according to [13] 
compared with DSC data (dotted lines) 
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Fig. 2 Static deuterium NMR spectra at 4900 bar of polyethylene (a) in the hexagonal 
phase and (b) in the orthorhombic phase, showing the mobility of the hexagonal phase, 
as indicated by the shrinkage of the singularities to about 50 kHz. The isotropic signal at 
the center of the spectrum represents the mobile amorphous phase 

Linear alkanes are known to produce similar diffusional motions in the 
hexagonal phase under much milder conditions and static-to-rotator phase 
transitions occur at lower temperature and pressure. Transjgauche conver­
sions have been observed in the short n-alkane chains for the larger freedom 
induced by the chain ends. The conformational interconversion and the spin­
ning ofthe chains have been shown in many instances by MAS NMR [16-20]. 

Ethylene sequences in copolymers of ethylene with a-olefins can crystal­
lize and show an interesting polymorphic behavior, similar to linear alkanes. 
Monoclinic phases are commonly induced when comonomers bear bulky 
side-groups and their mole fraction is more than 10% [21], but the copoly­
mers form hexagonal mobile phases if pendent groups are moderately bulky, 
like methyl groups. Hexagonal aggregates can exist only at low temperature if 
the average length of ethylene homosequences are short: they were observed 
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by NMR in ethylene-ran-propylene copolymers with an ethylene monomer­
unit mole content ranging from 50%, as the lower limit, to about 75% [22]. 

By lowering the temperature below room temperature, transjgauche bal­
ance changes in the ethylene sequences and aggregation to an ordered trans­
rich phase occurs. The crystallization to this phase depends on the ethylene 
content and happens at temperatures ranging from room temperature to 
- 50 oc (just above the glass transition temperature) (Fig. 3). 

At 75% ethylene content meltingjcrystallization occurs at 9 °C (Fig. 3). 
Small-size aggregates are formed in the crystallization process. Their exis­
tence is quite intriguing since they represent short living species (lifetime of 
3 ms) that precede crystallite growth in the hexagonal modification. Propy­
lene monomer units are clearly included in the aggregates, since triads con­
taining ethylene and o ne propylene unit ( e.g. propylene-ethylene-ethylene 
PEE triad) show the transition of gauche-rich to trans-rich chains at about 
the same tempera ture as homopolymeric ethylene triads ( ethylene-ethylene­
ethylene EEE triad) (Fig. 4). 

The lack of hysteresis shows the intimacy to the amorphous phase 
(Fig. 5). Both chain mobility and fast carbon spin-lattice relaxation times 
(T1 ( 13 C) ~ 1 s) are promoted by the random distribution of the propylene 
units that push the neighboring chains apart. The copolymer chain segment 
behavior in the aggregates is dynamic, similar to that of polyethylene as ar­
ranged in the hexagonal packing and to that of polyethylene mesophases 
confined to crystalline nanochannels as described below. 
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Fig. 3 (a) DSC traces of ethylene-propylene (EP) copolymers with different ethylene frac­
tion: the melting of the crystalline aggregates is shown by a wide endotherm transition 
increasing with ethylene content (b) Sketch of the aggregates in the hexagonal form 
that include isolated monomer units of propylene within ethylene homosequences. Large 
librations can reorient the copolymer chains within the cylinders, inducing low-density 
packing 
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Fig.4 (a) trans fraction of the EEE homosequences of ethylene-ran-propylene copolymer 
with 75% ethylene content as a function of temperature. The trans fraction of EEE triads 
was determined from the analysis of the peak areas at 33.6 and 30.8 ppm (b) trans fraction 
of the PEE heterosequences of ethylene-ran-propylene copolymer with 75% ethylene con­
tent as a function of temperature. The heterosequences contain a methyl as a substituent 
in the a position with respect to the observed methylene, and the trans fraction of the 
triads was determined from the deconvolution of the CP MAS NMR spectra performed at 
varying temperatures. The first derivatives of the curves are also reported (dotted lines) 
to localize precisely the transition (c) 13C CP MAS NMR spectra of the ethylene-ran­
propylene copolymer with 75% ethylene content recorded with a contact time of 2 ms at 
variable temperatures 

The aggregates are hardly detectable by those techniques that are sensi­
tive to long range order. Density fluctuations in the amorphous phase might 
be reinterpreted in some instances as labile crystalline aggregates living a few 
milliseconds. At 75% ethylene content, a small fraction of aggregates can grow 
to form crystallites stable above room temperature and melting at 45 oc [22]; 
at 80% ethylene content the sample exhibits at room temperature 14% of crys­
talline hexagonal phase; a further increase of the average length of ethylene 
homosequences leads to crystallization to the conventional orthorhombic 
crystals, as shown by the NMR profile in static carbon spectra [23]. 

Another simple case of a flexible chain without side groups, that is able 
to crystallize in the hexagonal form, is 1,4-trans-polybutadiene. Cisfskew 
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Fig. 5 (a) 13C CP MAS NMR spectra recorded at 280 K of ethylene-ran-propylene copoly­
mer with 75% ethylene content, showing at 280 K an equivalent amount of ethylene 
homosequences in the crystalline aggregates and in the amorphous phase. The spectra 
are identical on heating and cooling, indicating the lack of hysteresis in the crystalliza­
tion process (b) A simple model of the ethylene homosequences: fast exchange between 
the aggregates and the amorphous phase is reported 

conformations, close to the double bonds and easy to be converted one to 
another, play the role of articulated joints permitting anisotropic motions 
sustained by thermal agitation. Unlike polyethylene, the transition to a mo­
bile "rotator" phase occurs under the mild condition of atmospheric pressure 
and above 70 oc (Fig. 6). 

Above 70 oc carbon chemical shifts, relaxation times and deuterium NMR 
are in agreement with the model of a highly mobile chain spinning in a cylin­
der, to be compared with the polymer chains in inclusion compounds, as 
discussed later [ 24, 25]. 

Motional phase ..__. 

60 80 100 120 14o•c 

Fig.6 DSC analysis of 1,4-trans-polybutadiene in the bulk phase. The two endotherms 
correspond to the crystal-crystal transition at 70 ac and to the melting point at 133 ac 
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3 
Side-Chain Flexibility and the Formation of Hexagonal Phases 

Flexible side chains are at the origin of the generation of columnar mesopha­
ses and hexagonal phases. Crowded and bulky substituents on the main 
polymer chain may generate the shape of a cylindrical rod and induce the 
aggregation to hexagonal phases. If specific interactions between neighbor­
ing polymer rods are scarce, two kinds of motion can occur: the first kind 
involves side groups and the second kind a spinning rotation of the chain 
around its axis. The entire polymer chain can undergo rapid rotational dif­
fusion or large librations about the c axis. Solid-solid phase transitions are 
associated with the occurrence of motion of the side chains. The population 
of substituents grafted onto the main chain can become crowded, reduc­
ing the main chain flexibility. Polyphosphazenes that bear two substituents 
linked to phosphorous by P - O or P - C bonds, are excellent as case studies 
for this group of phenomena and NMR spectroscopy can give precious de­
tails about the conformations in the static and dynamic modifications. The 
first high resolution solid state NMR of polyphosphazenes was performed 
by Haw et al. [26] (Fig. 7), although wide-line studies had been previously 
reported [27]. These polymers show onset of motions at the solid-solid tran­
sition temperatures (Te). Major changes of chemical shifts, relaxation times 
and line-width occur at the transition temperature in the class of polyalkoxy­
and polyaryloxyphosphazenes. 

This implies a fast, and complete, reorientation of the side groups, as in 
the molten state. Nevertheless, local anisotropy of motion is retained up to 
the much higher isotropization temperature (Ti). Great heat absorption is 
involved in the Te transition, while a minor DSC signal is detected at the melt­
ing. Such a dramatic transformation of a large mass of the solid at Te tem­
perature supports the definition of a crystalline-to-mesophase thermotropic 
transition. 

A second family of polymers which are of interest because of their crys­
talline state behavior bear alkyl groups directly attached to the phosphazene 
backbone by a carbon-phosphorous bond. In fact, at ambient temperature 
a multiplicity of side-group conformations could be detected, and a solid­
solid transition is produced at the onset of fast motions about the P - CH2 
bonds. In these polymers the Te transition occurs at moderate temperature, 
together with the absorption of a small amount of heat. Longer alkyl chains 
attached to the backbone can lead to changes in the carbon-carbon and 
P- CH2 bond conformations on the side chains [28]. XRD recognizes two 
crystalline forms of polydiethylphosphazene: form I, obtained as polymerized 
after precipitation from poor solvents, and form Il, obtained after melting 
and crystallization. Form I presents a solid-solid transition at 318 K. The 13C 
MAS NMR spectra produced by the ethyl groups are informative about the 
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Fig. 7 Schematic representation of polyphosphazene chains; "R" indicates: alkyl, alkoxy 
or aryloxy substituents. 31 P MAS-NMR of poly[bis( 4-ethylphenoxy)phosphazene] at 
(a) 23 oc (b) 80 oc and (c) 120 °C 

origin of the transition. Modification 1 of polydiethylphosphazene shows at 
293 K a multiplicity of peaks in the 13 C spectrum of the methyl and methylene 
region (Fig. Sa). 

The ethyl groups are arranged at room temperature in four stable confor­
mations identified by four signals in the methyl region. An average chemical 
shift is measured above the transition temperature Te, at 323 K, due to the 
rapid conformation interchange. However, the signals were not assigned un­
tii a comparison had been made with the corresponding cyclic trimer (hexa­
ethylcyclotriphosphazene) (Fig. Sb). The cyclic trimer is a crystalline material 
that can be considered a model compound of the open chain polymer. Like 
the polymer, the cyclic trimer shows a phase transition at 313 K and four lines 
in the methyl region of its 13 C MAS NMR spectrum at 293 K (Fig. Sb ). 

The intensity distribution of the lines showing the internal ratio of 2 : 1 : 
1 : 2 is consistent with a molecule bearing 6 ethyls, there being double inten­
sity of two signals due to the identical conformations related by a plane of 
symmetry in the hexagonal unit cell. The chemical shifts of the methyllines 
were assigned to four conformations according to the y-gauche effect [28]: es­
sentially, two y-gauche interactions with nitrogens explain downfield signals, 
while one y-gauche interaction with nitrogen and one with carbon explain 
the upfield signals (Fig. 9a). The temperature increase brings a narrowing in 
the range of methyl spectra, and a signal at the weighted average of the chem-
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a) b) 

323 K 

313 K 

30 20 10 (ppm) 30 20 10 

Fig.8 13C CP MAS NMR spectra of: (a) polydiethylphosphazene and (b) hexaethylcy­
clotriphosphazene: the cyclic model of the polymer. The conformational arrangements 
of the ethyl groups are subjected to a fast exchange in the NMR timescale above the 
solid-solid transition 

ical shifts appears and grows. Above the transition only the average signal 
survives at the center of the spectrum. 

At room temperature four lines are recognized also in the methylene spec­
trum, each split by coupling to a 31 P atom (Fig. 9b ). In fact, the methylene 
spectrum retains the information about the J-coupling to the 31 P, which is 
a 100% natural abundance spin-active nucleus. Thus, the 31 P-13C J-couplings 
as a function of conformations were established. 
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Fig. 9 (a) Newman projections, along the P-C bond of two ethyl group conformations in 
polydiethylphosphazenes (b) 13C MAS NMR spectrum ofthe methylene region ofthe hex­
aethylcyclotriphosphazene at room temperature, indicating the dependence of 13C-31 P 
J -couplings on the conformations 

The transition T, can not be detected by XRD as it involves the change 
from static to dynamic disorder of the ethyl groups. The onset of motion 
in the ethyl groups provides a good explanation for the high melting point 
(isotropization temperature of 503 K), this being due to the modest amount of 
entropy gained for the transformation from the mobile solid to the isotropic 
liquid. However, these experiments did not demonstrate whether or not 
the side groups could undergo complete reorientation about the P - CH2 

bond. This reorientation should imply cooperation of neighboring groups 
(Fig. IOa). The motional mechanism was highlighted by a rotor-synchronized 
triple resonance NMR experiment called TRAPDOR suitable for the evalua­
tion of the shortest distances between carbons and nitrogens in the low- and 
high-temperature modifications [29]. The experiment is sensitive to the in­
verse of the third power of the distance. The agreement between the measured 
distances to those calculated by the molecular modeling demonstrate that, in 
the high-temperature modification the ethyl groups undergo a complete ro-
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tation about the P - CH2 bond by exploring even those conformations which 
produce short carbon-to-nitrogen distances (Fig. lOb). 

Deuterium NMR of polyphosphazenes substituted by perdeutero or selec­
tively deuterated ethyls was interpreted by threefold jumps among the three 
conformational minima [30]. Molecular mechanics models gave support to 
a concerted motion of the ethyls surrounding the main chain, which is thus 
embedded in a "soft" cylindrical environment, fitting a hexagonallattice. 

Polydipropylphosphazene and the cyclic trimer hexapropylcyclotriphos­
phazene can possibly have a number of conformations for the flexible side 
chains. This poses a challenge to NMR for eliminating the phosphorous-to­
carbon couplings: the 13C MAS spectra were recorded by a double high-power 
decoupling from 31 P and 1 H. This yielded high resolution spectra: that of 
hexapropylcyclotriphosphazene is reported together with a picture of the 
molecule and the assignments (Fig. 11). 

The conformational arrangements and the assignments were established 
by comparison with the resolution of single crystal X-ray diffraction analy­
sis [ 31]. The splitting of each carbon atom into three signals of equal intensity, 
as clearly seen in the methyl region and for the methylenes attached to phos­
phorous atoms, derives from a C2 axis intersecting the molecule and passing 
through the nitrogen N(2) and the phosphorous P(l) atoms. The independent 
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Fig.10 (a) Polydiethylphosphazene chain displaying the ethyl group conformations 
(b) Plot of the inverse third power of the distance between methyl C1 and nitrogens Na, 
Nb, Ne, as a function of the dihedral angle Na-P- C- C1 
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Fig. 11 13C MAS NMR spectrum of hexapropylcyclotriphosphazene at room tempera ture 
with simultaneous 1 H and 31 P decoupling: the chemical shift of three conformations for 
each carbon atom is detected 

carbon atoms of each species are in fact reduced from the total number of 6 to 
the number of 3. The carbon-carbon and carbon-nitrogen y-gauche effects 
explain the three CH2- P signals [28]. Again it is the full identification of the 
stable conformations that highlights the thermotropic transition of the cyclic 
trimer crystal and of the polymer. 

4 
Assembly of Linear Polymers with Hosts, Fabricating Hexagonal Lattices 

Some low molecular mass molecules of sui table shape and symmetry can as­
semble spontaneously with linear polymers to form inclusion compounds. 
The crystal architectures where polymers sit are sustained by a network of 
weak forces. These adducts generally show a hexagonal lattice that melt at 
temperatures higher than those of the bulk polymers [32]. The high melt­
ing temperatures are explained by the relevant enthalpy of association and by 
high mobility of the polymer chains in the solid state, such as large rotations 
or librations. Flexible polymers entrapped in nanochannels explore limited 
diffusional modes where translational diffusion and chain bending are pre­
vented. The crystalline host partially transfers to the chains its anisotropic 
arrangement and, to some degree, its order. 
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Polymers organized in this unusual state behave as hexagonal mesophases 
similar to those observed in the bulk at suitable temperaturejpressure con­
ditions and adopt the extended chain conformation. Polymers included in 
nanochannels were discovered a few decades ago [33, 34], but the mesomor­
phic properties and the stabilizing interactions were established much later by 
advanced spectroscopic techniques [35-41]. The preparation of novel macro­
molecular adducts, melting at temperatures as high as 350 oc and sustained 
by CH · · · rr intermolecular interactions, has been a success of supramolecular 
chemistry in fabricating high performance nanostructured materials [ 42]. 

The techniques for including the polymers are the crystallization from the 
melt with suitable hosts, and the crystallization from a solvent common to the 
polymer and the host by self-assembly. In some cases simple milling of the 
host and the guest leads to the inclusion. A particular case is that of large mo­
lecular rings, that can accept linear alkanes and polymer chains like a thread 
in the eye of a needle, forming rotaxanes and pseudorotaxanes: the better 
known examples are formed by cyclodextrins [43-45]. 

An alternative route to the formation of polymer nanocomposites is the 
polymerization of the monomers organized in solid media to high molecular 
mass polymers. Linear macromolecular chains in nanochannels, either poly­
merized in situ or confined by self-assembly, exhibit the special properties of 
isolated and elongated chains. The conformations become similar to those of 
bulk-phase polymorphs existing at special pressure and temperature condi­
tions or aggregated following peculiar thermal histories. Thus, this paragraph 
is intended to describe the behavior of the polymer guests in the hexagonal 
structure and the host-guest properties are compared with the bulk polymer 
properties. A typical DSC trace showing the formation of a macromolecular 
inclusion compound (IC) by self-assembly is reported in Fig. 12 for PE with 
the crystalline matrix of tris( -o-phenylene )dioxycyclotriphosphazene (TPP). 
The special properties of TPP are shown in detaillater. 

The crystallization of the adduct is evidenced by an exotherm with an 
enthalpy of formation of 140 J moi-1 followed by the congruent melting at 
a temperature higher than the melting temperature of both components. In 
a second example the thermal degradation of the polymer (PEO) follows 
immediately the melting of the inclusion compound, suggesting that the poly­
mer is well protected from degradation as long as the capsule of the host 
structure survives [46]. Thus, polymer chains can be observed in the solid 
state at temperatures much higher than the melting temperature and even 
above the degradation temperature of the bulk polymer. 

Polymers show special thermal properties not only in the nanostructured 
materials but even upon removal of the host. The extended-chain conforma­
tion is retained after extraction by solvents and has an impact on the bulk 
physical properties. In fact, bad solvents of the polymer favor the collapse 
of the polymer chains next to and parallel to one another, thus inducing the 
high-melting morphology typical of extended-chain polymers [47]. 
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Fig. 12 (a) Differential scanning calorimetry DSC trace observed in the first run of 
TPP /PE mixture; a peak at 350 oc is detected indicating the melting of the nanostruc­
tured adduct (b) DSC trace for a mixture ofTPP and PEO (first run) showing the melting 
Of both the pure polymer (65 °C) and the ffiatrix (250 °C) followed by the COflgruent 
melting of the indusion compound at 300 °C. The exothermic peak at 270 °C indicate 
the formation of the indusion compound (c) DSC trace of the TPP/PEO IC obtained 
by co-crystallization showing the congruent melting of the indusion compound and the 
degradation process 

Motional and mesomorphic states were found in 1,4-trans-polybutadiene 
included in nanochannels after formed in situ by solid state polymerization 
in the matrix ofperhydrotriphenylene (PHTP) (Fig. 13) [48]. 

13C MAS NMR and solid echo 2H NMR together with the relaxation time 
measurements [25, 36], suggested great similarities to the polymer in the bulk 
of the crystalline form Il, existing above 340 K (see Fig. 6). The motional be­
havior is not quenched even at 115 K. The motional frequency component in 
the observed frequency regime of 108 Hz provide short carbon spin-lattice re­
laxation times (T1s of 10 s): not so for the matrix that still shows relaxation 
times in the hundreds of seconds, even if reduced by a factor of 2 compared 
to the pure matrix. This is an indication for a modest coupling of the guest 
motion to host vibrations, confirming the function of robust nanovessels per­
formed by the host crystals. The insertion of substituents on the polymer 
main chain modifies the host-guest steric interactions, that stop the poly­
mer motion. The consequence is the formation of a static polymer chain 
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a) b) 

Fig. 13 (a) Projection of PHTP crystal structure along the channel axis, the polymer 
chains are omitted for clarity (b) Crystal structure of 1,4-trans-polybutadiene in the 
PHTP inclusion compound 

in a nanocomposite structure: examples being 1,4-trans-polyisoprene (balata 
rubber) [38] and 1,4-trans-poly(l,3-pentadiene) [49]. 

A few macromolecular chains were tried for a proper fitting in varied 
size ideal cylinders simulating nanochannels or nanotubes. The conforma­
tions adopted by some polymers in a cylinder were modeled using Rota­
tional Isomeric States treatment: the selection rules are severe for a 5 A 
channel [ 50, 51] . 

The analogy between squeezing fiexible macromolecules in nanochan­
nels and stretching them is apparent. This is a stimulating example of using 
crystals as nanotechnology tools able to direct forces in specific ways for con­
trolling, among other features, anisotropic phenomena. Thus, nanocrystalline 
channels can isolate single polymer chains and can impose the hexagonal 
symmetry. The properties of the isolated chains become similar to the hex­
agonal phases in the bulk, showing how the channels force the chains to 
a novel structure. A few novel 'nanophases' could be identified and mod­
ulated by the host environment. Urea was the first host applied: the cross 
section fits closely polymethylene chains and polyoxymethylene chains. XRD 
shows the existence of matrix-induced phase-transitions. Above the phase 
transition the polymer apparently experiences a slightly looser constriction, 
enough to gain motional freedom. 

Direct observations of polyethylene embedded in the fully aromatic chan­
nels of TPP nanostructured materials was provided by NMR spectroscopy in 
one- and two-dimensions (Fig. 14) [42]. 

The unique aromatic environment affects included polymer chains, where 
specific arrangement of phenylenedioxy rings constitutes the lining of the 
walls [52]. The methylene units are directed towards the aromatic rings in the 
intimate nanocomposite material. Thus, a large upfield shift of the resonance 
frequency is obtained, that derives from the magnetic susceptibility contri-
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a) 

Fig. 14 (a) Representation of the tris-o-phenylenedioxycydotriphosphazene (TPP) 
molecule with D3h symmetry (b) Crystal structure of TPP in the nanoporous hexagonal 
modification viewed along the channel axis: a double layer of molecules is presented 
(c) Portion of the space described by the center of a sphere of 2.5 A diameter exploring 
the empty nanochannels (3 x 3 x 3 array of unit cells) [52] 

butions generated by the aromatic ring of the host facing the polymer chains 
and proves the intimacy of the components in the nanostructured material. 

By the application of Lee-Goldburg decoupling both the hydrogen and car­
bon spectral dimensions are well resolved [53, 54]. Proper pulse sequences 
can give 2D spectra containing targeted information without selective deuter­
ation of the single phases. In the 2D heterocorrelated experiment, proton 
magnetization evolves during t1 and then is transferred by cross-polarization 
to the nearby carbons. The correlation signal intensity is a measurement 
of the distance traveled by the magnetization. The most effective transfer 
highlights the shortest hydrogen-to-carbon distances. A 2D 1H- 13C hetero­
correlated (HETCOR) spectrum of PE/TPP hexagonal adduct is shown in 
Fig. 15. 

In the same NMR spectrum the pure polymer resonates at a separate 
chemical shift value. Host -guest cross peaks are diagnostic of the nanoscale 
topologica! relationship, giving an insight into the incommensurate crys­
tal structure. This kind of spectroscopy was extended from polymethylene 
chains to a number of polymer nanocomposites, including rubbery polymers. 
The most interesting examples, those are formed with elastomers, where the 
crystalline adducts act as reinforcement for the elastomeric material [55]. 

The exceptional resolution in the hydrogen domain and the large mag­
netic susceptibility was exploited to understand the precise topology of the 
hydrogen atoms in the crystal structure. In a control NMR experiment with 
contact times of 1 ms Fig. la, only intramolecular correlations of protons to 
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a) b) 

c) d) 

Fig. 15 (a) Phase Modulated Lee-Goldburg (1H-13C) HETCOR NMR spectra of TPP/PE 
adduct: contact times of 1 ms (above) and 5 ms (below). CH2-in indicates the PE chains 
included in TPP nanochannels; CH2-out indicates excess PE. The CH· · · rr interaction 
between the- (CH2)n- of PE and the rr-system of TPP is highlighted in the spectrum 
below (b) Extended conformation of- (CH2)n- chain wrapped by the TPP paddles that 
forma 0.5 nm aromatic nanochannel (c) Topology of guest hydrogens located at 2.5-2.7 A 
above the plane of the benzene rings: the ring currents generate an upfield shift of 
2.2 ppm (d) A linear aliphatic chain encased in the nanochannel and surrounded at 
a close contact by the aroma tic paddles of TPP [ 42) 

vicinal carbons are active. On the contrary, the 2D spectrum of the adduct 
width contact times of 5 ms shows a multiplicity of host-guest interactions 
and a strong upfield shift of the polymer signals in the carbon and hydrogen 
dimensions [42]. 

The matrices examined so far produce hexagonallattices of different cross 
section and modulate the space available for the induded macromolecules. 
The mechanism of motion of the guest polymer and the motional frequency 
were carefully measured in the hexagonal lattices. Motions are faster than 
the Megahertz regime and fali dose to the maximum of relaxation rate 
in PHTP [39], reaching the extreme narrowing limit typical of liquids in 
TPP [41]. Chain motion is not hindered in TPP because the density of aro­
matic rings lining the nanochannel is high (three per cross-section) and 
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permits the guest protons to pass smoothly from the infiuence of one ring to 
the next. Thus, intriguingly, rotations and librations are allowed, since a spin­
ning polymer chain never falls into a deep energy minimum [42] . Solid-echo 
deuterium NMR confirms the occurrence of diffusional reorientation about 
the polymer axis (50 kHz between the singularities), modeled as a complete 
averaging for fast ( r, < 10-6 s) on-plane rotations or librations as shown in 
Fig. 16. T1 of 12 s of the polymer carbons in TPP, in the extreme narrowing 
limit typical of liquids, suggests an even faster spinning of the large segments 
of the polymethylene chains ( r, < 10- 10 s). The exceptional mobility of the 
polymer chains in the fully aromatic environment creates a unique example 
of a macromolecular rotor stabilized by soft interactions. 

No conformational transitions occur in the inclusion compounds of PE. 
Strictly speaking, a fast reorientation of high molecular weight fiexible poly­
mer as a rigid body is a kind of a contradiction. The fiexibility of the chain 
and the statistica! departure of the single carbon-carbon bond conformation 
from the exact trans arrangement must be taken into account. In fact, 15-20° 
wide librations are tolerated without changing much the interna! energy of 
the molecule. Molecular dynamics simulations performed over nanoseconds 
depicted some of the motion likely occurring in the tubular space [56]. They 
confirm large librations and oscillations as the main mechanism of chain re­
orientation in the hexagonallattice. 

-100 o 
KHz 

100 

Fig. 16 (a) 2H solid-echo NMR spectra of TPP /PE-~ adduct collected at variable tem­
perature (b) Schematic picture of the PE chain rotating about the polymer axis 
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In general, no large energy barriers are to be crossed for the motional phe­
nomenon. The activation energy was evaluated by the relaxation values to 
be as small as 4.5 kJ mol-1 in PHTP, lower than a gauchejtrans interconver­
sion barrier [39]. Large librations of methylenes account for the short carbon 
spin-lattice relaxation times at room temperature. 

Short polymethylene chains with less than 40 carbon atoms when included 
in PHTP channels show a NMR shift due to kinks of conformations propa­
gating from the chain ends. In TPP the effect is restricted to shorter ( < 20 
carbon) chains. This is a clear indication for a topologica! control exerted by 
each matrix according to the cross-section (Fig. 17). 

Thus, cylindrical nanochannels and linear polymers are complementary 
shapes, in such a way that polymers experience diffusional spinning mo­
tion in the channels, as prototypes of molecular rotors [57]. The data sug­
gest that a small channel can even facilitate rotation, by eliminating the 
occurrence of space-demanding defects. Defects like chain-twists, not involv­
ing lateral swelling are rapidly traveling along the chain and are therefore 
called twistons. A facilitated rotational diffusion in straight tubes can be pro­
posed in analogy to the reptation phenomenon described in the amorphous 
phase [ 58]. At high temperature the phenomenon intensifies but, not so much 
as to cause the system to melt. The series of spectra at varied temperatures 
show a slight narrowing of the singularities in the deuterium spectra at high 
temperature, well accounted for by a secondary reorientation along the c-axis, 
that is a necessary condition when a torsion of two neighboring bonds occurs. 
The property of a mesophase is confirmed and brings light to the hexagonal 
arrangements in the bulk. 

34.1 
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= ~ 33.1 
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·~ 32.6 
<Il .c 
~ 32.1 .r· H • Il 
(') TPPICs b) ~ 

31.6 
20 40 60 80 100 120 PE 

number of carbon atoms 

Fig. 17 Comparison of the inner methylene 13C chemical shifts vs. number of carbons of 
n-alkanes and PE in (a) PHTP ICs and in (b) TPP ICs 



Motional Phase Disorder of Polymer Chains as Crystallized to Hexagonal Lattices 173 

s 
Polyconjugated Oligomers Confined to Hexagonal Lattices 

The strategy of imposing a constraining hexagonal lattice on the polymer 
chains has been applied to polyconjugated molecules for obtaining a special 
state of alignment ofphotoactive molecules in crystals [59-61]. In fact, linear 
rr: -conjugated molecules have been engineered in the unique supramolecular 
structures of TPP, in such a way as to be completely surrounded by aromatic 
groups. The molecules are confined by self-assembly within a crystalline hon­
eycomb network and achieve uniform alignment along the crystallographic 
axis c, with stimulating perspectives of orienting anisotropically the active 
oligomers in thermally stable single-crystals. Advanced NMR techniques can 
localize with a rare accuracy the hydrogens involved in weak hydrogen-rr: in­
teractions and found the central motif common to the novel nanostructures, 
that is the organization of rr:-receptors wrapping about polymer chains and 
sustaining a diffuse network of weak rr: · · · rr: and aliphatic CH· · · rr: interac­
tions. Weak host-guest interactions form collectively a robust, exceptionally 
stable, architecture which nevertheless provides a soft environment for the 
guest: an ideal locus where the encapsulated molecules are balanced be­
tween freedom and constriction. The novel series of supramolecular adducts 
contribute to the evolution of new generations of 1D ordered assemblies of 
important families of functional oligomers with the strategy of exploiting 
weak interactions to modulate the molecular arrangements and functions. 

2D NMR helped much deciding whether the macromolecules are massively 
included in the nanochannels and determining the specific interactions of the 
guests with the channel walls (Fig. 18). 

The surprising upfield shifts due to magnetic susceptibility observed in 
this family of polymers embedded in aromatic nanochannels, and the 2D 
cross-peaks are clear demonstrations of the intimate relationship with the 
host aromatic groups. The occurrence of a strong effect of magnetic sus­
ceptibility, due to the TPP aromatic paddles, permits the exact determin­
ation of the distance of a probe atom on the chain from the phenylene­
dioxy ring (Fig. 15). Nucleus-independent chemical-shift maps give the cal­
culated chemical shifts in the space region around the aromatic ring, as 
derived from the electronic current density generated by the main mag­
netic field [62]. Proton resonances shifted 2 ppm upfield indicate the topology 
of the guest hydrogens above the plane of benzene rings at a distance of 
2.5 A [63, 64]. Short intermolecular distances, such as those determined, im­
ply close contact between the rr:-electron clouds and hydrogen atoms, and 
favorable Van der Waals interactions. At less than 3 A distances of hydrogens 
from the center of aromatic rings, energy minima have been well established 
by both theoretical studies and a survey of a number of crystal structure 
determinations. 
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Fig. 18 (a) lD 13C Ramped-CP MAS NMR spectrum of the bulk 4,4111-dipentoxy-
2,2' :5' ,2" :5" ,2111 -tetrathiophene (b) Contour plot of 2D Phase-Modulated Lee-Goldburg 
heteronuclear (1H-13C) dipolar correlation spectrum of the polythiophene nanostruc­
tured material in the hexagonallattice ofTPP (c) and (d) 1H MAS NMR spectra (lSkHz 
spinning speed) of included and bulk polythiophene show a large up-field shift of the 
resonance when the polymer is included in the aromatic nanochannel 

The rr · · · rr arrangements account for about 2 kcaljmol of energy [65-67]. 
Recently, energy minima of2.5 kcaljmol were accurately determined for ben­
zene dimers in the favorable T-shaped and slipped-parallel arrangements. At 
the minima, the intermolecular distance of aromatic CH hydrogens from the 
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center of the next aromatic ring is 2.5 A, as in the present case [68]. The 
XRD structural resolution, although unable to detect the exact location of the 
polymer chains, describes the crystal host matrix where the guests are en­
capsulated. The existence of CH · · · n interactions is compatible with the size 
of the 5 A nanochannels that are recognizable in the crystal structure. Three 
contiguous phenylenedioxy rings are present at each cross-section of the TPP 
structure (Fig. 15) and another three, related by a 63 screw axis, are found on 
the next TPP layer along the channel. 

Oligothiophenes substituted by terminal alkoxy-chains exhibit a peculiar 
phenomena of differential mobility between the core and the chain ends. 
In fact, the chain ends present gauche conformations that slow down their 
motion. On the contrary, the thiophene core, appended to the alkoxy plugs, 
shows exceptionally high librational mobility in both the ground and excited 
states as a molecular gyroscope [60]. 

Thus, both the aromatic and aliphatic CH groups of the guest find with 
high probability any of the n-receptors lining the walls and move to neigh­
boring receptors by low activation energies. Multiple CH · · · n interactions 
simultaneously sustain the architecture, and make a notable contribution to 
the exothermic transition of self-assembly. Interestingly, the infinite fully­
aromatic nanochannels shaped by the host resembles carbon nanotubes with 
aromatic rings parallel to the channel axis. 

6 
Conclusions 

The organization into the hexagonallattice is closely related to a state of fast 
motion occurring on the main-chain or on articulated side chains of fiexi­
ble macromolecules. Solid state NMR is particularly suited to the study of the 
peculiar arrangements both in bulk polymers and copolymers as well as in 
nanocomposite materials. 

In particular, multinuclear solid-state NMR can describe in detail the 
role of chain-dynamics and weak interactions cooperating to fabricate poly­
mer nanostructured materials organized in hexagonal host lattices that show 
exceptional thermal and chemical stability. The recognition of weak inter­
actions in supramolecular assemblies of synthetic polymers can bring sig­
nificant consequences to the study of polymers at interfaces and promote 
projects for obtaining innovative heterogeneous materials and nanocompos­
ites. In addition, the structure and dynamics of the flexible polymer chain in 
the unusual hexagonallattices can shed light on the intermolecular interac­
tions in the bulk crystal state. 
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