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Polymer phases can be described in the same way as phases in other condensed matter using a number density
operator and its correlation functions. This description requires the understanding of both symmetry operations
and order at different atomic and molecular levels. Statistical mechanics provides a link between the microscopic
description of structure and motion and the macroscopic thermodynamic properties. Within the limits of the laws

of thermodynamics, polymers exhibit a rich variety of phase transition behaviours. By definition, a first-order
phase transition in a temperature—pressure ensemble describes a transformation which involves a discontinuous
change of all the thermodynamic functions but the Gibbs free energy at the transition temperature. Higher-ordered
phase transitions are classified as critical phenomena. Of special interest is the role of metastability in phase and
phase transition behaviours. A classical metastable state possesses a local free energy minimum, but it is not at the
global stable equilibrium. Further, the existence of circumstantial metastability need to be invoked based on the
constraints of size, dimensionality, order and symmetry; examples include polymorphism, mesophase concepts,
crystal size, and thin film effects. Metastable behaviour is also observed in phase transformations that are impeded
by kinetic limitations along the pathway to thermodynamic equilibrium. This is illustrated in structural and
morphological investigations of crystallization and mesophase transitions, liquid—liquid phase separation,
vitrification and gel formation, as well as combinations of all such transformation processes. In these cases, the
metastable state often becomes the dominant state for the entire system, and is observed over a range of time and
size scales. This review will describe the general principles of metastability in polymer phases and phase
transitions and will provide illustrations from current experimental works in selected areas together with raising so
far unaddressed conceptual issues of wider applicability to phase transformations in geid@®@8. Published by

Elsevier Science Ltd. All rights reserved.
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PHASES AND PHASE TRANSITIONS forms of condensed matter: homogeneous, isotropic liquids
with an average structure that is invariant under arbitrary

States of matterand transformations between these . . : : :
states are the subject of condensed matter physics. It jgrotation and translation, and crystalline solids with average

well known that solids, liquids, and gases are the three structures that are invariant only with respect to certain

basic states of matter. From a microscopic point of view, GiSCTéte lattice translations and point group operations
arbitrary translation, rotation, and reflection are described COMPrising the space group. On the other handghanics

by the Euclideangroup. Since a fluid (liquid or gas) is Can Pe used to express atomic or molecular motions and
invariant under all of these operations, its symmetry group is Interactions _by providing a series of differential equations.

the Euclidean group. Fluids have the highest possible HOWeEVer, this method can only solve problems considering
symmetry. Namely, they have the largest number of motion and interactions among a few bodies. For a system

symmetry operations. This implies that fluids have short- which contains a large number of atoms or molecules, a

range order but no long-range order. Liquids and gases,Mechanics approach does not yield analytical results.
therefore, cannot be distinguished by symmetry. This Instead of microscopic parameters, temperaturg (
reflects the fact that one may move continuously from a pressure K), enthalpy t), entropy @), free energy k)
liquid to a gas phase simply by going around a critical point, &1 _Other macroscopic variables as well as material
All other equilibrium phases of matter are invariant only parameters may be useq to des_crlb(_a a system t_)a§ed on
under certain subgroups of the Euclidean group and,thermodynamlcsThe basis for this kind of description

therefore, have lower symmetry than fluid phases. This comes from a few empirical laws (the three laws of classical

reduced symmetry is the cause of the ordered structuresthermOdynam'Cs) such as the conservation of energy, the

which are introduced in other phases. As a result, certainlfg\?vt;rgg dh'igtacﬁn?].?tbgg trg?cs’f.?_geeit;gﬁgﬁa;?glgf’ign];rﬁim a
positional and rotational long-range orders are introduced in ween t);lese tvx?o descr);’ tioﬁs one has to understandghat
these phases. One example is an intermediate state such as P '

mesophase state. This proposition describes a class 01I & macroscopic thermodynamic description of a system is

materials which possesses order in between two extreme2”! aver.ageof the microscopic mechanical motions and
interactions of the atoms or molecules. As a result,
statistical mechanicserves as a bridge which connects

*To whom correspondence should be addressed these two descriptions.
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To practically describe a phase, we need information than second-order transitions. For simplicity, a first-order
containing a structure function which represents the transition can be recognized agiscontinuous transition
average relative positions of the atoms or molecules. For and second- or higher-order transitions may be classified as
this purpose, we can define mumber density operator continuous transitionsr critical phenomena
which serves as a starting point for the definition of a phase If we review some simple facts about phase transitions, it
This concept specifies the number of atoms or molecules percan be found that the degree of order and its corresponding
unit volume at a three-dimensional positioit,y,? asn(r). symmetry change at the transition point. Generally speak-
The ensemble average of the density operator is the averagéng, a highT phase usually possesses a relatively low degree
density<<n(r) > atr. Inhomogeneous, isotropic fluids, thisis  of order with a relatively high symmetry, while a low-
the ratio between the overall number of atoms or molecules phase shows the opposite trend. The concept obrder
and the system volume. This indicates that n(r) > is parameter( < & > )3 can be used to describe these changes
independent of both the magnitude and directiom of the at phase transitions. Therefore, at hitd) the < & > can
system, which is a reflection of the fact that the fluid is usually be defined as zero. At a criticdl T, order
rotationally and translationally invariant. This high symmetry sets in, and below thi§ the < ® > is nonzero. If < & >
does not exist when the system is a crystalline solid or arises continuously from zero, the transition is a
mesophase. For instance, in a perfect crystalline solid, thecontinuous transition (second-order). However, if it jumps
number density operator is periodic, and the atomic or discontinuously to a nonzero value wh&rowers through
molecular density is invariant only with respect to translation T, the transition is first-order.
through a lattice vector. From a macroscopic point of view, at a giv@nand P

This structure function can be obtained experimentally thermodynamics dictates whether a phase transition is
via scattering methods. Itis, in theory, a Fourier transform of intrinsically possible. A complete understanding of the
the correlation functionof the atomic or molecular density.  phase transition behaviour can be achieved usipipase
Correlation functions of the density are ensemble averagesdiagram A phase diagram is a particularly defined intersect
of the products of the density operator at different points in plane in a three-dimensionphase spacesuch as tha-P
space. There are several versions of the density—densityplane. A phase diagram consists of several elements: points,

correlation functions at different positioms andr, which lines and surfaces. Among these elements, the surfaces
are commonly used. One frequently used function incorpo- represent the conditions under which a specific phase exists.
rates the difference between n(r ))n(r,) > and < n(r,) > The lines are more attractive to study since they describe the

<n(r,) >, and is known as one of the Ursell functions. Itis discontinuous changes of thermodynamic functions of the
important to note that the correlation function can be phases and metastable behaviour. The isolated points are
reconstructed from the structure function only if the also of interest, specifically the critical points (both
correlation function is invariant with respect to position, simple and multicritical). A phase transition which passes
as in the case of homogeneous fluids. Since periodic solidsthrough a critical point does not involwé andH changes.

do not meet this criterion, they require diffraction methods The coexistence of two phases and metastability are not
to obtain the correlation function. It should also be noted found at the critical point, and the isothermal com-
that construction of a density operator from a correlation pressibility and other physical parameters are possibly
function is impossible. divergent.

The definition of phase transitions based on classical Although microscopic descriptions of each phase are
equilibrium thermodynamics was first proposed by known, experimental measurements on transformations
Ehrenfest in 1933 This macroscopic classification is between two phases are based on observations of the
based on the continuity of the thermodynamic free energy changes of certain macroscopic material parameterswith
(F) and its derivatives. The first derivatives of the free and time. We thus need microscopic models to explain the
energy areP (or V), S (or T), and polarizability. Their observed data. In the area of crystallization, for example,
second derivatives are compressibility, expansivity, heat normal and continuous crystal growth are two different
capacity and dielectric susceptibility. This Ehrenfest descriptions of how molecules crystallize into an ordered
classification states that fast-order transitionis defined state with or without a nucleation barrier.
as one in which the free energy is continuous (the Gibirs In what follows, we shall first provide an overall survey of
aT-P ensemble, the Helmhol&zin aT-V ensemble) butthe  classes and manifestations of metastable states in which we
first derivatives of thé& are discontinuous. This implies that shall transgress the boundaries of classical concepts. In
at the transitiorT, the thermodynamic functions at constant subsequent sections we shall then provide specific examples
P or V exhibit discontinuous changes. for the cases cited in the general sections which have been

In a more general form, &th order transition can be taken from the polymer field and mostly from our own
defined as one in which all of th&(— 1) derivatives are  experiences.
continuous and th&th derivative is discontinuous. In fact,
this classification is not necessary, since in reality we
generally experimentally observe only first-order (crystal- CLASSICAL METASTABLE STATES
lization, crystal melting, most liquid crystal transitions, etc.) The metastable stais an important concept in condensed
and second-order transitions (the critical point of a matter phe/sics which has been recognized for a long period
transformation between liquid and gas phases, superfluidof time*®. Due to its frequent dominance in phase
and superconducting transitions without an external mag- transformations it was given specific attention as far back
netic field, several ferromagnetic phase transitions such asas the end of the last century when Ostwald formulated his
Curie point, etc.). However, a few specific two-dimensional ‘stage rulé®. According to the Ostwald stage rule, a phase
systems, multiple (more than two) fluid phase mixtures transformation from one stable state to another proceeds via
(such as tricritical, tetracritical or pentacritical points etc.), metastable states, whenever such exist, in stages of
and theoretical predictions (such as the Bose—Einsteinincreasing stability. This rule was documented by an
condensation in an ideal Bose gas etc.) may exhibit higherabundance of experimental observations. However, this
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rule did not exp|ain Why this occurs, and was considered an P at a constanT in the vicinity of a first-order transition
intrinsic property of matter.

By definition, a metastable state is a state of matter which
can exist based on the laws of thermodynamics and is stable
with respect to infinitesimal fluctuation, yet does not Waals in his well-known equation. In the practical
represent the state of ultimate stability. Theoretically, in a application of this equation, the sectioaP(oV) > 0
plot of F versus < & > , both metastable and ultimate does not exist. When the system passes through the critical
stable states show that the first derivative~okith respect point, there is a second-order transition. However, at the
to <®>,dF/d < ® >, is equal to zero, and the second critical point, liquid and vapour phases are not distinguish-
derivative (dF/d < ® > ?) is positive. This can be clearly  able.
illustrated in Figure 1 Decomposition of the metastable A second example of metastability occurs in the
state requires activation. Although the metastable state will vicinity of the first-order transitionT for a crystal—liquid
enter an equilibrium state sooner or later, its lifetime must transition at constantP. In this case, a superheated
be longer than the time scale of the experiment, while the crystal phase at & higher than the transitiom or an
relaxation time of the atoms or molecules is much shorter undercooled liquid phase at&lower than the transition
than this lifetime. T may exist. This can be clearly seen in a plot of

A classical example of the metastable state is the versus T (Figure 33 in the vicinity of a first-order
condensation of a gaseous phase or the evaporation of aransition. A similar illustration can also be seen in a plot
liquid phase between theinodal andspinodallines where of theF versus Pat constant (Figure 3b. These two plots
one may have auperheatediquid phase or amindercooled can be viewed as two cross-sections of surfaces at constant
vapour phaseFigure 2 illustrates the phase transition P or T of a F-T-P three-dimensional phase space. The
between the liquid and vapour phases. It is noted that belowequilibrium transitionT is the projection of a point at the
the critical T andP, the binodal line represents a first-order phase boundary line.
transition within thelimits of thermodynamic (absolute) In the phase planes of a crystal-liquid transition there can
stability and the spinodal is thikmit of metastability This be no critical point since this would lead to disruption of the
phenomenon was first described as early as 1873 by van desymmetry. The phase boundary lines extend towards infinity
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or meet with other phases*. This behaviour is different from
that of the liquid—gas transition described previously. As
shown inFigure 3g at constanP theF line of the crystal
phase can be extended to higfe:, and that of the liquid
phase to loweTs on both sides of the equilibrium meltifig Metastable
This can also be found at constantn a plot of theF-P
plane as shown iRigure 3h Thesd- lines represent the free
energies of the metastable states. There is a similar
delineation between different possible variants of the crystal
phase, termegolymorphsin the case of polymorphism it is
essential to realize that, unless we are at the intersection of
the F lines, all but one of the possible polymorphs
correspond to metastable states. At present it is not certain
as to whetherF lines associated with metastable states
extend indefinitely as a function dfand/orP, or whether
there are limits to the metastability in crystal—liqzuid or
crystal—crystal transitions where théFdd < & > ° is
no longer larger than zero. ’
When the limit of metastability is absolute (e.g. in the 11 T* 11 Tmew | Twdse

Stable

Rate of Phase Transformation

case of a spinodal, where such applies) this is determined by | I | |
thermodynamics. However, in the majority of cases of phase dominance of competition  exclusive
transitions the limiting state is practically determined by the metastable phase existence of

kinetics In the classical metastable state, the question as to the stable phase

why the system can be trapped into a lo€ahinimum, that Figure 4 Curves for the phase transformation raRsas a function off
is not the global minimum, can clearly be posed. The for the case where an alternatived, a polymorphic) phase can arise of
general explanation based on kinetics is that such a state javhich only one can be stable and the other is metastable, showing the
. - .~ _mutual relation of the two rate curves on the sahseale. The curves cross

attainable at a faster rate. In terms of statistical meChanICS*over atT* defining threeT-regions: (1) only the stable phase can form, (ll)
the atoms or molecules of the system have a larger stable- and metastable-phase formation compete kinetically, and (IIl)
probability (due to the limited average fluctuation metastable phase formation domindtes
amplitude) to chose a pathway which possesses a |éwer
barrier regardless of the thermodynamic stability after the
barrier is overcome. In other words, these atoms and rate for the metastable phasRe,. () increases faster with
molecules are ‘blind’ and cannot predict the thermodynamic decreasing than the rate of formation for the stable phase
outcome behind the energy barrier. If most of the atoms and (Rs). This results in a crossing of the two rate curves as
molecules are at a local minimum, a macroscopic shown inFigure 4 In general practice, this leads to the
metastable state forms which can be detected as long assituation that when a liquid system is being cooled, the
the time and size scales of this state are compatible stability regime of a metastable solid (or mesomorphic)
with those of the experimental observations. One may state can be reached before the ultimately stable phase had
phenomenologically propose that during a transformation time to form. Therefore, on further cooling, the metastable
process, a metastable state may exist due to its fast kineticphase will dominate the phase transformation with its more
pathway even though this state is thermodynamically less rapidly increasing rates. In fact, propositions to justify the
stable than the equilibrium state. Ostwald stage rule rest on such kinetic ba&is

Considering liquid—crystal transformations in a single  Specific examples in polymers will be provided in the
component system, a smaller barrier for the metastable statecoming sections. Polymers in general are highly under-
implies not only that the transition possesses a fastercoolable, in other words, they often require higfis to
kinetics pathway at equivalent undercoolingd$), but also induce crystal formation. As a consequence of the above
that lower AT is required for a practicably fast rate to be considerations, Figure 4 for polymers will acquire
achieved when compared to the stable state. For making asignificance. In such situations, there is a strong possibility
comparison on an absoluté scale, we need to note of entering the stability region of a metastable phase through
that the upper stability limit of the metastable state is at a quick cooling, even though it is deeply ‘buried’ beneath the
lower T, i.e. the metastable state has a lower melting phase of ultimate stability. The evolution of this metastable

point (T)meta cOMpared to that of the stable staf®,)s:. state takes place rapidly once its regime is reached. In fact,
Figure 4 illustrates the consequences for the overall there can be more than one ‘buried’ metastable phase or
phase transformation rates. SiNCE\neta < (Tm)ss IN even a whole spectrum of such phases forming a hierarchy

theT region betweenT,,)s;and ) meta(region I) the phase  of metastabilities where each one can evolve successively or
transformation always occurs directly to the stable state. in competition with others (see below) in compliance with
However, wherT is lowered to reachl(;) meta the formation the Ostwald stage rule.
Amongst different subject areas of condensed matter

; — — : physics, one of the most intriguing and potentially far
* An alternative admissible possibility was envisaged by Tammann as early . . . . :
as 1903. Accordingly a solid—liquid phase line could also bend back on re?‘Chmg exa'mple is that IUVOIVng the pha;e behgv!our of
itself either forming a closed loop or terminating on the- 0 and/orP = 0 Umform_COllO'dal |ate>_( part|C|e$ In suspension. This is not
axes. This would imply the existence of a reentrant melt phase (liquid or only an important subject area in itself, but also can serve as
solid amorphous),e., two melting points at a giveR, which has not been a model for atomic and molecular phase behaviour
given serious consideration. While not strictly pertinent to the present ; ; HH ;
review it deserves a record at this place that, for the first time, an examplelnc_IUdIng the .rOIe of metas.tablllt.)/' As |s_well k”O"Vr."
has been found, and this is in the case of a polymer (Rastogi, S., Newman,unncorm spherical latex particles in thg m'crometer size
M. and Keller, A.J. Polym. Sci. Poly. Phy$1, 129, 1993). range can form ordered three-dimensional arrays
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corresponding to colloidal ‘crystal’ lattices. Here, the local minima in theF profile with respect to the< & > due
‘crystal’ forms through a first-order phase transformation to restrictions of the phase transformations. The stability of
with the concentration of the suspended particles as athis state is associated with phase size and can be
variable. Recently, it has been shown that all three states ofexperimentally observed in the course of a slow transforma-
matter (i.e. gas, liquid, and crystal) can be represented bytion when compared on the time scale of our observations.
such a system, where the transitions often pass throughMost, if not all, observable morphologies fall in this
metastable states and/or become locked into such states asategory, for which reason we shall use the term
defined in terms of bicomponent phase diagrams Note ‘morphological metastability for this second category.
that for a hard sphere system the driving force is, in the first  This broad class of metastability arises from the fact that
instance, purely entropic. However, through some recentin phase diagrams ultimate stability refers to phase
ingenious developments, enthalpic interactions can also bedimensions which are large enough for the effect of surfaces
introduced in a controlled manner which enables the on the stability to be negligible. In practice, the upper size
mimicking of phase transitions in the widest generality. limit where surfaces start having an effect depends on the
Specifically, the origin of metastable phases are being system, butin general it is well within the micrometer scale.
accounted for kinetically through the smaller energy A phase domain limited to such small regions, such as
barriers involved in their formation, with the concentration dispersion of droplets in a liquid phase or a fine grain
as a variabl&*3 structure in a polycrystalline solid, is by definition

In the above colloidal systems the particles are spheres inmetastable. These domains develop towards their state of
a closely packed ‘crystal’ lattice. These systems of spherical ultimate stability, the single phase domain, by coalescence
entities have also received special attention through of the smaller phase regions (in other words, coarsening of
computational studiéé*® Currently, these are leading to the texture). This can be regarded as an ageing process,
the general result that the metastable hexagonal phase is theermed ‘Ostwaldripening, which was identified long ago
favoured polymorph compared to the face centered cubic by Ostwald.
structure of absolute stability. This is because the kinetic  Under certain specific circumstances, the size of a phase
barrier to form the hexagonal lattice is smaller than that of can be intrinsic to the particular system. In an obvious case,
the face centered cubic lattice. In fact, when the system sizethe availability of material can be the size limiting factor (if
is sufficiently small, the hexagonal polymorph becomes the there is not enough material a droplet or a crystal simply
stable one, an important connection between phase size angannot grow larger). The newly forming phase remains
phase structure. An additional point arising from these small and the surfaces therefore have a consequential effect
computations is that even crystals which are sufficiently on the stability. Therefore, the minimization of the surf&ce
large to exhibit the face centered cubic lattice should (for the given small amount of material available) serves as
possess an outer shell of finite thickness with a hexagonalthe driving force to optimize the shape of the phase domain
structure. Note that in the infinite size, this hexagonal regarding its thermodynamic stability. In the case of a
structure is deemed to be metastable. At the time of simple, free (unsupported) liquid, such a shape is a sphere,
preparing this review, there exists no experimental verifica- while in a crystal, the shape is the Wulff surface. All other
tion of this phenomenon. What more, rather surprisingly, shapes of the phase domain correspond to metastable states.
there is no indication of any realization of the sweeping This is particularly pertinent for the crystal case where the
impact that this would have on the whole subject of crystal habits (shapes) may be determined by the kinetics of crystal
growth. Namely, if the above is true it would follow that growth rather than by the ultimate thermodynamic stability.
during crystal evolution, the growth front is in the form of a Other situations occur where small phase sizes can be
different polymorph. Hence, the crystal would grow via a found to arise in systems with specific inherent constraints.
phase (structure) that is different from the one within the For example, there are block copolymers where the
crystal interior. If the above computational results on chemically distinct blocks within the chains segregate
closely packed spherical systems proves to be transferablanto separate (liquid) phases. These will intrinsically
to the lamellar crystals of polymers, the consequences thisbe microphases since the phase size is limited by the
would have for our picture of chain-folded polymer crystal molecular connectivity. Complex and varied microphase
growth requires no elaboration. morphologies can be obtained by the minimization of the

Overall, for a metastable state to decompose towards anoverall surface F. These morghologies are thus true
equilibrium state, anucleation (which can be both  equilibrium phase structurts™® (in contrast to the
homogeneousr heterogeneoysprocess must take place. morphologies we are dealing with in the rest of this
Here again the kinetic rate at which critical sizes of nuclei review) and hence they are of no further concern here.
are formed is entirely dependent upon the height ofRhe In what follows we shall be concerned with situations
barrier which is determined by how deep the system is where there is an adequate reservoir of material, and no
within the metastable regiomAT). This process involves  specific internal constraints are present so that there is no
localized fluctuations with large amplitude. On the other intrinsic obstacle to the attainment of a macroscopic phase
hand, in cases where the decomposition towards andomain, thus, the usual phase diagrams are applicable. In
equilibrium state is by the spinodal mechanism, there is practice, nevertheless phase domains often remain small. In
no F barrier involved. Here the equilibrium state sponta- as far as the stability is affected by their small size, such
neously grows through long-wavelength (even macro- systems are to be classified as metastable. In fact, we may
scopic) fluctuations of small amplitude. state that the existence of a consequent morphology is a
manifestation of metastability, hence the use of ‘morpho-
logical metastability’ in our terminology. This morpho-
CIRCUMSTANTIAL METASTABLE STATES logical metastability may have an increasing influence on
Another class of metastability, which we have named the stability of the whole system as its scale falls into
‘circumstantial, represents any state that has failed to attain increasingly microscopic dimensions as is the case with
its ultimate stability and may be arrested in one of multiple polymers.
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Polymers provide a rich field for examples of morpho- primary crystal growth takes place along lateral directions
logical metastability. Liquid—liquid (L—L) phase separation with constant thickness (hence fold length), where the
in polymer solutions or blends does not proceed to its statelamellar thickness is determined by the prevailiag.
of ultimate stability (such as the formation of two layers, as This thickness is in the 10-50 nm range, and can be
does water and oil), but instead gives rise to varied experimentally determinéd23 The small thickness of the
arrangements of phase morphologies. These morphologiedamellae lowers the crystal stability, thereby depressing the
essentially fall into two classes according to the phase melting (or dissolution in the case of a solution crystal-
separation mechanisms of either nucleation or spinodallization) T and thus, in this sense the crystals are
decomposition. In the case that the polymer is crystallizable, ‘morphologically metastable’. The meltin§f depression
additional crystal morphology may arise within the phase associated with the crystal size can be expressed quantita-
morphology created by the L—L phase separation. Accord- tively through the Gibbs—Thomson relatfGnwhich, as
ingly, there may be a hierarchy of morphologies, with a applied to polymer crystals in the Hoffman—Weeks

corresponding hierarchy of metastabilities. formulatior?®, is
Inthe case of L—L phase separation, a special point which T —19(1_ 20, )
needs to be made is the role of vitrification. A glass is usually m='m ¢AH

in a non-equilibrium state, and hence is metastable. This . . ) .
metastability can be on two levels. First, there are materials Where Tm is the melting point of the crystal of thickness
which are capable of crystallizing but have failed to do so ¢; Tm iS the meltingT of the ultimately stable crystal
because of lack of mobility and thus remain in the glassy state. (i-€. for £ — =), AH is the heat of fusion, and. is the
Such a glass is evidently metastable with respect to theSurfaceF of the basal or fold-containing plane of the
crystals. Secondly, there are materials which are intrinsically lamella (the effect of other side surfaces being considered
uncrystallizable. Such a glass is also metastable, even ifin this€dligible). It turns out that equation (1) is usually closely
case only with respect to the liquid due to the excess volumeobeyed. This means not only that it can serve to assess
usually associated with the glassy state. This makes such £'ystal thickness, but also that such crystals can serve as
glass metastable, moving toward its state of ultimate stability Models for verifying the validity of the Gibbs—Thomson
only very slowly. A more conspicuous manifestation of relation, which is of muchllmportance in the wider sphere
metastability associated with the glass state arises wherff condensed matter physics. _
vitrification interrupts a phase transition, thus ‘locking in’ the ~ 1h€ important issue is the reason for the formation of
morphology that is prevailing at that stage. The phase small phase size. This can include mutual impingement,
transition in question can be L-L phase separation or e_xt_e_rnal_ constraints, interruption of phase formation (say by
crystallization, with the locked-in morphology corresponding Vitrification of the melt), or simply very slow phase growth.
to phase and crystal morphology, respectively. Experimental !N the case of chain-folded lamellar crystals in polymers
examples will be used as illustrations in subsequent sectionshowever, there is an explicit kinetic barrier at a particular

Regarding the crystalline state, thermoplastic polymers, AT, and therefore a corresponding constant lamellar
even chemically uniform homopolymers, are never fully thickness is favoured for lateral growth. In general, this
crystalline, and in global terms they are characterized by ankinetically optimized thickness is defined through the
amorphous—crystalline ratio (termectrystallinity). This nucleation barrier involved in t_he course of lateral cr_ystal
experimental fact on its own signifies the concept of the 9rowth. In other words, each thickness could be considered
metastable state. Note that an equilibrium crystalline @ @ distinct metastable structure: a morphological
state below the crystal melting corresponds to 100% Polymorph'’. In this sense we suggest that this thickness
crystallinity. However, in reality, these polymers have determined ‘morphological metastability’ could be regarded
stopped crystallizing before reaching 100% crystallinity. @S the firstlevel of such metastability. This approach may be
There is no single local barrier which is responsible for this Particularly pertinent to the chain-folded crystallization of
stoppage, it is rather a range of factors, essentially kinetic, |0ng uniform oligomers, which only fold very few times and
which prevent the macromolecules from becoming fully Where the value of is quantized. This implies thatis a
incorporated into the crystals. The root of these factors lies Small integer fraction of the chain length, suggesting that
in the long chain nature of the molecules. In structural IS notacontinuous function &T but varies in steps, making
terms, the so-called amorphous content comprises a range of’€ corresponding crystals differ largely in thickness
states from localized fully amorphous domains to the (éxamples of such systems will be presented later).
surface regions of the small crystals with intermediate

stages which can be characterized as strained amorphou?NTERLlNKAGE OF THE TWO CATEGORIES OF

and rigid amorphous.
The above-mentioned metastable states cannot be readil);vI ETASTABLE STATES

formalized or even defined in a unified manner. Never- In most of the practical cases of polymer crystals, classical
theless, there is one distinct and definitive structural feature and circumstantial metastable states are, of course, inter-
which can be more precisely treated: the chain-folded linked. Within the lamellar crystals, structures can be
lamellar crystal. This approach is not only important for the defined following crystallographic rules based on lattice
case of crystalline polymers, but also offers an opportunity symmetries. Thus, for a given polymer a range of
for a quantitative discussion of size-induced metastability in polymorphs is possible in the conventional sense [say in
service of a more general understanding of the phasepolyethylene (PE) orthorhombic, triclinic and hexagonal
behaviour in matter. crystal structures]. As described previously, in general all
As is well known, the basic crystal units in a flexible but one polymorph corresponds to metastable states.
chain polymer are lamellae containing the chains in a However, each crystal structure can be associated with
folded conformation with the lamellar thicknesd gequal different lamellar thicknesses as determined byAfleWe
or related to the fold length (for a recent review see can thus have hierarchy of metastabilities, which are formed
referencé®). In an isothermal crystallization process, the by interlinking one class of metastability related to the
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Figure 5 Temperatureversusreciprocal size ¥, phase stability diagram obtained by plotting fhef intersection of Gibb$= versussize construction

displaying the cross over of the phase stability with decreasing size. The S-phase melting is presented as a solid line, the M-phase meltingris atoken

the S— M transformation is a dotted line. The intersection of the phase lines defines a triple point Q, where all three phases (the melt, S and M) can coexist as
stable phases. The different hatching, heavy for stable and light for metastable, denote the phase regimes where the S- and M-phases canstalsieaither a
metastable phade

lattice (classical metastability) with another related to the specificT will appear first in the course of isothermal crystal
limited thickness (morphological metastability). Rather growth at thafl. This smallest stable size is also the critical
intriguingly, chain folded lamellae of polymers and uniform nucleus when approached from the viewpoint of kinetics. In
oligomers in particular, straddle the boundary of these two turn, this critical nucleus represents tRdarrier for crystal
categories of metastability. (or, in general, phase) growth: the smaller it is the faster the
The above discussion implies that each crystallographic phase evolution. As stated in the preceding section, existing
polymorph, as associated with the lattice symmetry, can betreatments of metastability, including attempts to explain
in the form of small crystals (as in the present case of the Ostwald stage rule, invoke the smaller barrier size and
lamellae). Therefore, each polymorph has its own size thus lead to faster rates as the reason for the prominence of
dependence according to equation (1). This size dependencenetastable phase variants in phase transformations. We now
may be different for each polymorph, as determined by the see that due to the concept of stability inversion with size,
parameterss, and AH. Specifically, T,, will be a linear the higher stability of the metastable phase (as referred to
function of 1# (see Figure 5 with Ty as an intercept infinite size) in the case of small enough crystals and the

along the abscissa, and a slope Bf(cJAH). If two faster rate of formation of this phase are interlinked. In fact,
different polymorphs are possible (one stable and the otherthe two conceptions are equivalent, they are merely
metastable), then, in view of the fact th@lfmea < (T2)st approached from two different viewpoints. Accordingly, a

theT,, versusl/¢ lines can cross over under a condition that phase evolves preferentially in its metastable form not
(0/AH)meta < (0dAH)gt, which is a frequently obeyed because of some inherent preference for metastability
inequality. In other words, we can have a conceptually (Ostwald’s implication) but because at its inception the
important and, to our knowledge, not previously recognized metastable phase (due to its small size) had been the stable
situation where the stabilitiésvert with size. This suggests  one, and at the same time (again, by virtue of its small size)
that a metastable phase defined by the classical metastabléne rate determining factor. It is then a question of whether
state can become the stable one when its phase dimensionsuch a phase will stay in the same form throughout its
are small enough, and conversely, a conventionally stablecontinuing growth. If so, the Ostwald stage rule will seem to
phase can become metastable when it is sufficiently small.be obeyed. Alternatively, it may transform into its state of
This description can be understood from the construction of ultimate stability, in which case the memory of the transient

Figure 5 This possibility, i.e stability inversionwith size, initial phase will be lost.
as recently recognized, may have potential consequences for Another generality refers to triple points in phase
polymer crystallizatiofy*®:2¢ diagrams when they are present, such as a triple point in a

If we consider the connection between thermodynamics T-P ensemble (see below iRigure 6 for PE) which, for
(i.e. stability) and kinetics (i.e. rates) which emerges from sufficiently small phase dimensions, can become phase size
size dependenc€&jgure 4may provide further information.  dependent. This size dependent extension of the triple point
TheT,, versusl/¢ lines inFigure 5represent the minimum into a ‘triple line’ was first treated by Defagt al®’ in the
phase size that is stable at eaEhThis implies that the  case of a vapor—liquid—solid equilibrium. This treatment
polymorph which is stable down to the smallest size at a was also taken up in one of our laboratofied system
consisting of the isotropic melt and two crystal structures
t Generally speaking, the equilibrium transitidig) s, differs only slightly (for example, the qrthorhomblc and hexagonal structures of
from the (%) mewin terms of absolutds in Kelvin. PE) can be considered a truly three-component system.
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Studies on this system revealed an unforeseen singularity in r
the resulting expression for the size dependence of the triple L

point, indicating that the inclusion of size as a variable can 250k liquid " hexagonal
have an even more profound effect than expected. This is

potentially pertinent to phase behaviour in the widest i _
generality. However, the physical meaning of this singular- - 0 e"fj;‘f;‘?;‘“
ity has not yet been assessed, an issue that needs addressing. i \| "

Finally, the small phase size can also be a consequence of
external constraints. The combination of reduced size and
altered surface conditions may lead to a shift in phase
stability that could result in an apparently metastable phase,
as compared to conventional unconstrained macroscopic
size. The wordapparentlymeans that just as in the case of
purely size-induced stability shift, this phase is actually 70—t
stable under the conditions of the external constraint, with Pressure (kbar)
the important difference that the constraints can usually be ) ] )
expressed in terms of thermodynamic variables and, henceFigure 6 P-T phase diagram of PE displaying the appearance of a

. éﬁ‘.nth nstraint n ’ne_xagonal phase beyonq the triple point (@f)o (TS are the melting
can be treated by true phase (_jl_agr_ _e constraints ca . points of the orthorhombic (0) and hexagonah] phases andl, theo— h
be small cracks, gaps, or cavities in solids (the long studied transition, all pertaining to infinite phase size (After Bassett and Turner,
classical case of capillary condensation is one exaffjple 19749
In polymer systems they can be the boundaries of
microphases, e.g. phases which arise in block copolymersatomic positions but, in a restricted way, also represent
through localized liquid—liquid phase separation, where the different states of matter. Namely, in tlestructure the
material constituting the microphase is capable of further chains are in a crystal register, while thestructure is a
phase transformations such as crystallization or mesophasénesophase with large molecular mobility along the chain
formation. These processes then have to take place withindirection. As a consequence of this distinction,dfphase is
the preexisting confined microphase. Attention has recently the representative structure of folded chains, while tihe
been directed to this potentially important situaffton  phase embodies extended chain crystals. In the former case,
Another interesting example of constraints arises with the crystals are growing only laterally with a fixesT
polymer—clay composites. Here, polymers are intercalated determined, while in the latter, the crystals also continue
between thin flakes of clay where the thickness of the growing in the thickness direction (‘thickening growth’) and
resulting layers can be in the range of a few nanometers.are terminated only by crystal impingem&nt
There is a report on nylon—clay composites where the nylon ~ Originally, thehsphase was recognized in experiments at
is in a metastable crystal forfh While the authors of this  high hydrostaticP*% The resultingT-P phase diagram is
report did not address it from the point of view of shown in Figure 6 Initially, it was found that the
thermodynamic stability, we tend to interpret such observa- characteristic extended chain crystal morphoffggrose
tions as a consequence of a constrained size-induced shift irupon crystallization in the newly recognizeld phase
thermodynamic stability. In fact, because the clay layer regimé? However, it was subsequently observed that
separation is controllable, such systems should lend crystals can also start growth in thephase also below the
themselves to a systematic exploration of the phenomenon'triple point’ (Tg), i.e. in the o phase region where the
of size-induced stability inversion and also to the controlled resulting h phase would thus be metastable Later
production of metastable crystal polymorphs. studie§™*° revealed that, slightly below the triple point,

It is apparent from the above descriptions that the crystallization always started in the metastaflghase and
phenomenon of metastability is much more complex, and proceeded in both the lateral and the thickness directions
by the same token, much richer in variety than it may appear until anh — o transformation took place. In other words, a
at first sight. This is our first attempt to place this entire subject solid state transformation takes place from the less stable
in focus. Since the appropriate vocabulary is lacking to phase,h, into the phase which possesses the ultimate
adequately describe the phenomena involved, newly proposedstability, o (Figure 6). At the same time, it was observed that
nomenclature, and the use of presently unavoidable, self-crystal growth along both the thickness and the lateral
contradictory terms such as ‘stable metastable’ and ‘meta-direction stopped after the— o transformation.
stable stable’ are utilized. In this way, hopefully the subtly =~ Figure 7 and Figure 8 are illustrations of the above
multifaceted diversity of the conceptual issues which are assertions from observations afi-situ polarized light
expressed by the nomenclature and definitions can then bemicroscopy (PLM). At this level of magnification only the
translated by the reader into the correspondingly variegatedlateral dimensions can be quantitatively measured while
effects and structures which arise in actual systems, and ofidentifications of theo and h phases have been based on
which a few examples will be given. optical criteria combined with the results of-situ wide
angle X-ray diffraction (WAXD) experiments. Both
POLYETHYLENE CRYSTALLIZATION: AN i';']%”re 7 and F'-g“'lre ?hShOW- qatf‘ po'msfa”d (;"S”ha'
EXAMPLE OF PHASE INVERSION WITH SIZE ges, respectively. The original untransformed phase

(h), which is seen in the growth stage, begins to melt when
To recapitulate the relevant background, PE can existis raised to above the initial crystallization(T). On the
as two crystal polymorphs in terms of conventionally other hand, the transformed phas®, (vhich has stopped
defined crystal structure: the orthorhombig) @nd the growing, remains unmelted. Thus, even without any
hexagonallf) phases (ignoring, for the present purposes, the reference to particular structures, this is self-contained
mechanically-induced triclinic polymorph). These two evidence for the fact that the phase which starts and keeps
crystal forms not only differ in terms of symmetry and growing is less stable, and hence is metastable compared to

210F

solid

Melting peak temperature (°C)
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Figure 7

In-situ optical observation of length (a) of two crystals against crystallization tinfe &t 3.2 kbar. Temperature is varied during growth as

indicated. After 26 min, crystal 1 (originally inphase) transforms to tlephase and stops growing, while growth of untransformed crystal 2 continueshn the
phase. After30 min, the temperature is raised and crystal b (thase) stays unmelted while crystal 2 (thghase) is slowly decreasing in size. Then, 28 min later,
the temperature is lowered again, back nearly to where it was before. CrystalZpfiase) resumes its growth, while crystal 1 (@hshase) remains arrestéd

the phase which has ceased to grow due to a transformation. The conception of stability inversion, which has been
In other words, crystallization only proceeds in the metastable expressed ifrigure 5 becomes readily applicable to PE if
state (at least on the time scale of observation). In fact, asthe phases to be referred to as stable (S) and metastable (M)
described in the previous sections on metastable sEitpse are taken, respectively, as tbendh phases. The stability
7 and Figure 8 provide documentation that compared with determining dimensiofi is taken as the lamellar thickness.
the ultimately stableo phase, the metastable phad® (  Figure 9illustrates isothermal crystal growth in terms of a
possesses higher stability at its initially small size and also phase stability diagram with notation appropriate to PE.
grows at a faster rate. This higher growth rate is the kinetic First, one should note the fact that stability inversion with
counterpart of the higher stability. Therefore, this observation size applies only below the cross-ovierT (a ‘triple point’
certainly accounts for the Ostwald Stage Rule, and above all,temperature). Abové, the ultimately stable phase, which
comprises the phase stability inversion effect itself. is theo phase in PE, appears and grows in the conventional
These PE results are unambiguously documented for theway. However, belowl o, the phase which evolves first for
phase growth along the lateral direction. They can equally PE is the stablé phase due to its small size (note that the
be applied to growth in the thickness direction through phase is metastable when it is of infinite size). This small

gquantitative measurements in transmission electron micro-

scopy (TEM) even if the PLM images have made this
already qualitatively apparent. The explanation of this
thickening growth behavior requires the introduction of size
(€) as a stability controlling factor which has appeared in the
previous Sections. We shall now apply this principle to the
special case of PE%.

¥ By a number of indicators, lateral and thickening growths are interrelated,
and this requires further exploration. In referefice scheme was presented
which allows for growth of an isolated lamella by one of two possibilities:
lateral and thickening growth cease simultaneousigyre 7andFigure 8),

or lateral growth continues with constant thickness (usual crystallization).

size is the kinetically defined critical nucleus. As thghase
grows along the thickness direction, it passes into the regime
of theo phase, gaining ultimate stability upon attaining the
size ¢, (the thickness at which thk — o transformation
occurs). It is dependent upon the kinetics of the solid state
transformation. Two alternatives arise to be recapitulated.
First, there is no solid state transformation on the
experimental time scale and the end result is a macroscopic
metastable crystal. Although this is possibly an explanation
(or perhaps everthe explanation) of the existence of
metastable polymorphs in most simple substances, it
certainly does not happen in PE: all existing experience

In the latter case, this is determined by the crystal geometry, specifically by t€aches that thi phase Cahnm be ‘quenched in’, and the
the wedge angle at the growth front. We have also observations phase always transforms into tbephase. Secondly, when

(unpublished) that, in & and P region which is somewhat lower than
that pertaining td=igure 7andFigure 8 a lateral crystal growth continues
after cessation of the thickening growth (following the- o transforma-

growing past the sizé,, solid state transformation leading
to the phase of ultimate stability does set in. Therefore, one

tion) through branching of the lamellae. Finally, recent measurements of €XPects that all traces of past growth history become

the ratio of lateral to thickening growth rates suggest that most of the
incremental material constituting thickening growth enters through the
lateral faces of the crystal. This provides an explicit connection between
lateral and thickening growth (Hikosaka, M., Amano, K., Rastogi, S. and
Keller, A., Proc. Int. Polymer Sci. Symp. for Prof. T. Kawei’s 70th Birthday
ed. A. Shagi and N. Okui, 1994, pp. 45-50). In the case that the flat-on
lamellae impinge as a result of thickening growth while still in khghase,

the stage ofh — o transformation will not be reached and the whole
lamellar stack (with the exception of the two outermost layers) will con-
tinue to grow laterally in thé phase®. All these are clearly important new

phenomena in polymer crystal growth, which, however, cannot be pursued

further within the framework of this review.

obliterated, leaving no memory of the fact that the starting
phase is different from the final phase. However, this last
statement, while true for most crystals, does not apply to
polymers such as PE. Namely, on tine» o transformation,
thickening growth stops and theprevailing at the stage of
the transformation becomes ‘locked in’ as a permanent
feature of the morphology.
The above, when it applies, has two wider ranging

consequences. One is that we have a morphological
indicator of the genesis of the crystal marking the size
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Figure 8 Optical micrographs as viewed between crossed polars displaying growth and melting behaviour of ciysta?s&g kbar. (a), (b), (c), (d), show
the growth of crystals at a fixell corresponding to thaT of 7°C for 62, 70, 95, and 101 min, respectively. (e), g) show the meltifgarf/stals on raising the
T, to (AT), = 2°C. Crystals marked— are inh phases whereas crystals are ino phase. Scale bar is 50n°
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Figure 9 Phase (crystal) growth asTaversusreciprocal size, ¥, phase stability diagram, as figure 5 (—) Stable-phase demarcation lines, (- — —)

metastable phase demarcation lines.\ Pointing towards ¥ = 0 denotes isothermal growth pathways at the selected (crystallization) tempergjutes

such pathways are indicated, one above and one below the triple-point temp€rgi({fe) » and {T¢) g which are representative of the growth regimes A and

B, respectively)£ refers to the sizes of limiting stability (critical nuclei) of the respective phases. Schematic molecular illustrations are given of growth
pathways for chain-folded polymer crystallization in (i) regimp A, and gii) regi[ne B. Here (i) corresponds to the traditionally envisaged madb of/gich

is exclusively lateral at a fixed, kinetically determined thicknggsvheret > {5, , butitis now confined to region A, (i) corresponds to simultaneous growth
both in the lateral and the thickness directions (thickening growth); the latter is terminated by tkinsformation somewhere along the arroyiri.the C

stability regime. The necessity of this mode arises in the newly recognized region B

where it had changed structure, providing evidence that it (or prevalent) only in one of the two phases, i.e. inhihase
had started growth in a structure that is different from the (as defined on the level of the traditional crystal structure) is
final one. The second consequence of particular importanceself-terminating which thus determines the phase structure on
for polymers is that it provides an explanation for the the larger dimensional level of the lamellar thickness.
limited finite lamellar thickness of chain-folded polymer At this stage the question as to the relationshipigtire 5
crystals. This will be clear from the sketches (ii) under (andFigure 9 to Figure 6 the trueT andP phase diagram,
region B inFigure 9. We emphasize that this need not be the needs to be raised. In fadtjgure 6is a section at ¥/ =0
only explanation and need not exclude the presently held (i.e. ¢ = «) of ageneraP, T, and 1£ phase stability diagram
views embodied by the kinetic theory of chain folding as shown inFigure 1Q Alternative T versusl/¢ phase
indicated by the sketches (i) under region AFigure 9. In stability diagrams such as iRigure 5 and Figure 9 are
fact, the latter would apply, as before, s aboveT and sections ofFigure 10at P = constant, wher® < Pgq, Pq
our new picture based on the— o arrested thickening  being the triple poinP in the conventionaP and T phase
growth atTcs belowTq, the sketches (i), (i) irFigure 9 diagram ofFigure 6 Figure 10is in fact, the complete
having been drawn and placed accordingly. It can be shownrepresentation of phase stability with sizé) (on the
that the well documented AT dependence of follows condition that the inequalityot/AH) neta < (0d/AH)g is
from both mechanisms, and the two cannot be distinguishedobeyed]. We also see that the conventional triple point is
or tested on that basis alofie extending into a ‘triple line’, and that the remarks on the
As has been described in the previous Section, chain-unexpected singularities (arising from certain parameters)
folded crystal lamellae of limited thickness are metastable made in the previous Section apply.
because of their small size in the thickness direction Issues discussed above clearly call for experimental
irrespective of the stability or metastability of the crystal evidence.Figure 7 and Figure 8 are two examples of the
structure contained in their interior. We draw attention again extensive experimental material, parts of which are
to the metastability hierarchy concept developed in the still unpublished. This material all relates to observations
previous section. The present example is an illustration to of the formation and melting of crystals by PLM,
show the intricate interplay between the stability—metast- occasionally by WAXD, allin-situ, and by TEM. In the
ability characteristics on the different dimensional levels of later case, the samples were quenched ffgeind removed
structures in a way that is characteristic to PE and similar from the crystallizatior while within theo phase region of
polymers. Namely, the interaction between the two different the P-T phase diagram fof =  (i.e. Figure 6) to whichP
structure levels (traditional crystal structure and lamellar = constant and < Pq (the pressure at the triple point)
thickness characteristics) takes up a uniquely specific form. sections irFigure 1Q such ag-igure SandFigure 9apply.
When theh structure is stable (‘stable’ for that sizé), the Even whenP < Pg the experimental results which are
crystal thickening growth will counteract the effect of size- available are still at elevateR. Clearly, extending such
determined stability until such growth ceases altogether as awork to approach atmospheiffowould be desirable in order
result of theh — o transformation which takes place asthe  to link up with the whole extensive body of work on the
regime is entered. Hence, the thickening growth, possible crystallization of bulk PE.
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re-enter it again on further raising d&f, which, unless
the WAXD recording is sufficiently rapid, will remain
unrecognized. In the works just indicaféd by using
synchrotronin-situ WAXD, it has become possible to
control and follow this increase ifito a certain extent. In
fact, it has been shown that whérincreases thé region
could be exited (i.e. we have dm — o transformation
when moving horizontally ifrigure 9 and re-entered again
(the o — h transformation when moving vertically in
Figure 9 on continuing or renewed heating as longfas
remained smaller, hence crystals thinner tiign

Finally, we return to the wider perspectives indicated in
the sections. By our terminology everything considered in
the present section would count as ‘stable’. Nevertheless, by
rigorous thermodynamic definition referring to infinite size
the h phase observed & and T below theTh-To-Ty (T
v represents the transition temperature at whichhthe o
transformation occurs) line iRigure 6 (hence, for 1 = 0
in Figure 10 would be classified as metastable, and so
would be the full observational material referred to in the
present section underlining the problem of terminology
Figure 10 Combined three-dimensional-P — 1/ phase stability — which arises in the description and even in the definition of

diagram for a situation wheftigure 5 Figure 6 and Figure 9 would metastability. Nevertheless, there are regions within the
apply separately. The notation is potentially applicable to polyethylene !

(that is, S and M inFigure 5 correspond here to and h phases). The phase stability dlagrams_ Wh'_Ch are metaSta_ble by any
continuous shaded region (a volume in three-dimensional space) is a regioncriterion. These are defined in the legend Kifure 5
where the intermediate phase (het® is stable, connecting the  (regions S and M there) with corresponding surfaces in the
e B e o i P e e s o anew ree-dmensional extension Rigure 10 (ot drawn in
g’iple I%ne, which defines the bgun%ary below which thehase can (or there). Such phase regions are trL‘le meFaSj[able in the sense
cannot) exist that they cannot be regarded as ‘stable’ with the demarca-
tion between what is stable or metastable being merely
shifted by size consideration or by externally imposed
A somewhat different yet related approach aimed to constraints. This has been the case in all the foregoing in this
provide support for the above evolved picture is to establish section and some other sections of this review. The
the existence of a stablephase region in & — 1/¢ section distinction (i.e. between merely shifted stability—metast-
of a P-T — 1/{ phase stability diagram such askigure 5 ability boundaries and ‘true’ metastability) has, to our
and Figure 9 This is best done by heating pre-existing knowledge, not been purposefully recognized in the past.
crystals of specified thicknesst)( and following their We certainly accept that phases which are truly
behaviour as a function of by WAXD. It will be clear metastable without subject to external constraints and are
that for € < €, the initial o crystal on raisingT should of infinite (i.e. macroscopic) size do exist (such are, e.g. all
transform into arh phase before melting. On the other hand, conventional polymorphs) and without which Ostwald’s
whent > £, theo crystals should pass directly into the melt stage rule would never have been formulated. Yet, as we
without any intervenindy phase. Even if such experiments have shown it is possible to consider such metastable phases
have not yet reached down to atmosphBrehey indeed as arising through a size-induced shift of stability in the
have already produced the above-described results over anitial stages of their evolution, as opposed to having
wide P range withinP < Pg*". On this basis alone, the some intrinsic preference to metastability. Without the
reality of phase stability diagrams (such Eigure 5 and recognition of such possibilities the role and importance of a
Figure 9 and the existence of size induced phase inversion truly metastable phase, as unrelated to any shift in stability
has been demonstrated. criteria due to whatever cause and at whatever stage of the
One of the experimental problems which complicates the phase evolution, cannot be assessed or even adequately
experimental observations, but at the same time providesdiscussed. It is hoped that by at least raising these issues a
further support to the whole picture, is thatloes not stay  step in this direction has been made.
constant in the course of the heating experiments but
increases. In fact, it is being found that such an increase set
in, or at least greatly accelerates, on entering the newaﬁNlTlAL TRANSIENT STATES IN POLYMER
identified h regiorf”. On the one hand, this is fully ~CRYSTALLIZATION
consistent with the expected high chain mobility in the  Model systems for polymer crystallization are strictly
phase which induces (or promotes) lamellar thickening uniform oligomers of increasing chain lengths. Such
through chain refolding envisaged via sliding diffusin  systems should make it possible to establish a continuity
(note that this corresponds to a secondary crystallization between the crystallization of simple chains such as
process, which is a perfection of the crystal already formed, conventionaln-alkanes and true high polymers such as
in contrast to the previously considered thickening growth PE. Specifically, at what length do the chains start folding
involving the addition of new material to the growing and in what manner? Such work, which in principle is the
crystal). Such crystal thickening will move the experimental obvious starting point of polymer crystallization studies,
pathway from the initially chosef < €y towardsf = o, was in practice, restricted by availability of suitable
particularly, once thé regime is entered. Whefibecomes materials. Those available in uniform lengths were not
larger than{, we are out of thish region, and will not long enough to fold, and those which did show folding were
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far too long for this purpose and highly polydisperse. A
suitable compromise, however, was found in the 1960s in
the form of anionically polymerized low molecular weight
(LMW) poly(ethylene oxide) (PEO) which could be
obtained in the desired chain length range with sufficiently
low degree of polydispersity to display at least the main
features of truly monodisperse materials. Even though the
monodispersar-alkanes are available today through step-
by-step organic synthesis, the results obtained on PEO still
continuously serve as a mutually reinforcing example in this
study. The specific efforts to be quoted here will first be on
PEO, to be followed by one feature of relevance for the
subject of then-alkanes.

The most notable feature observed on PEO of
MWs ranging from 2000-10 000 was that of integral
chain folding (IF). Accordingly, the lamellar thickness
(hence fold length), was not a continuous function of
AT, such as with the usual high MW polymers, but
varied stepwise, specifically increasing with decreasing
AT and/or subsequent annealing, where the steps
corresponded to the extended, once-folded, twice-folded
etc. chain lengths. These results were first obtained by
SAXS experiment®™% and subsequently by PLM and
TEM. The latter two results further displayed some
remarkable effects relating to morphology, crystal growth
and crystal stabilitf? =8 With the advent of the strictly
uniform n-alkanes the IF behaviour became again appar-
ent’®, where it could be unambiguously related to the now
precisely known chain length. In addition, it was found that
in the course of crystal evolution the IF crystal state was
preceded by crystal thicknesses which were intermediate
between those for the discrete IF crystal values. Therefore,
these correspond to non-integral folded chain (NIF) crystals.
The nearest IF thickness is finally attained through
isothermal thickening or rather remarkably, thinning in
isothermally conducted experiments. These latter results
relating to NIF structures could then also be identified in the
work on narrow LMW PEO with the effect including the
subsequent thickening and thinning being examined. The
works to be quoted here specifically are those on PEO. We

now ask whether the chain molecules have been organiza-

tionally associated with each other, forming an IF chain
conformation during crystallization, or whether they are
‘blind’ to the presence of other chains until their neighbor-
ing segments have crystallized. In the former case, the IF
crystal forms directly from the melt. Otherwise, a NIF
crystal appears as an initimansientstate.

Our investigation involved several steps. The first step
was to experimentally identify thexistenceof NIF crystals
in PEO fractions via real-time synchrotron SAXS. Over a
wide range of undercooling, NIF crystals formed initially,
and then were transformed into IF crystals. Although the
NIF crystal is thermodynamically less stable, kinetically it
grows fastet® >’ Compared to the IF crystals, the NIF
crystals are morphologically metastablgure 11 shows
the formation of NIF crystals in a PEO fraction with M#/
3000 crystallized at 48 as an example. It is clear that the
NIF crystal having a fold length of about 13.6 nm appears
first, which is in between the fold lengths of extended chain
crystals [IFO = 0)] (19.3 nm) and once-folded crystals
[IF(n = 1)] (10.0 nm). The fold length of the NIF crystals is
found to be crystallizationT dependent, similar to the
observed changes of fold length in polymer crystals
(Figure 12 % It is interesting to find that botthickening
[NIF (IF(n = 0) crystals] andthinning [NIF (IF(n = 1)
crystals] processes occur at constentluring the NI IF
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Figure 11 Set of Lorenz-correcteth-situ synchrotron SAXS data for a
LMW PEO fraction with MW= 3000 at aT . of 43C for different time&*
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Figure 12 Set of NIF and IF crystal fold lengths at differefts for a
LMW PEO fraction with MW= 3000**

crystal transformation. More importantly, these processes
continue to occur long after the overall crystallization
reaches completion**>>%=>7 The existence of the NIF
crystals as well as these isothermal transformations have
also been independently proven by Raman longitudinal
acoustic mode experimen’iéj‘el.

It is known that the size of crystals (such as lameflgis
critically associated with the crystal thermodynamic
stability, and may obey equation (1). As a result, the
thickening process is thermodynamically justified since the
crystals are annealed into a more stable form. However,
the thinning process in LMW PEO fractions is an issue
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which needs to be further discussed, similar to the case ofof LMW PEO fractions, we have designed two-arm

the n-alkane§*®® When we think of thermodynamic and

PEO chain molecules with different arm lengths using

morphological criteria for these processes, one expects thatl,4-benzenedicarbonyl dichloride as a coupling afeRor

if the Gibbs free energies of these crystals follow G(NH)
G(IF,n=1i + 1) > G(IF, n = i) and their fold lengths are
[(IF, n=1) > I(NIF) > I(IF, n=1i + 1), both thickening and
thinning can take place [in the caseiet 0 and 1 it implies
that there are IF(= 0) and IF6 = 1) crystals]. On the other
hand, if G(IF,n =i + 1) > G(NIF) > G(IF, n = i) and their
fold lengths aré(IF, n=1) > I(NIF) > I(IF, n=1 + 1), we
return to the common case of polymer lamellar crystals in

each molecule, both arms have equal lengths of M2800

or 5500. Compared to linear PEO fractions with similar
molecular lengths, the two-arm PEOs can be viewed as
linear chains with a well-defined phenylene defect at the
center of the molecule. The crystallization behaviour of the
PEOs is monitored via WAXD, SAXS and DSC. Over a
wide AT range, the two-arm PEO molecules do not appear
to recognize the defects at the center of the chains during

which the thinning process is forbidden. The explanation of the initial stage of crystallization. During this stage of

the highest Gibb§& for NIF crystals is due to the inclusion
of chain end defects within the crystals and the rough fold

crystallization, they form NIF crystals having a fold length
longer than the arm length. The defects are recognized only

surfaces. Both factors destabilize the crystals and increaseafter the initial crystallization and gradually migrate to the

the GibbsF of the system. Therefore, the NIF crystal is the

lamellar surface through an apparent thinning process. This

least stable crystal among these three states even though ithinning process involves a transformation of the NIF

possesses a fold length which is thicker than that of an IF(
=i+ 1) crystaf®. As aresult, it can be understood that Ehe
barrier to the formation of the NIF crystals must be the

crystals to crystals with two kinds of overall conformations
for the two-arm PEOs, i.e. overall once-folded and extended
chain conformations. The crystals containing these two

lowest among these three crystals and therefore, the LMW overall conformations may also possess different stabilities.
PEO molecules are trapped in this metastable state after theThe crystallization kinetics of the two-arm PEOs are

molecules overcome the NIF barrier. TwoF pathways
exist for the NIF crystals to relax towards lowErstates:
one is the IFG = 1) crystal and another is the & 0)

significantly slower than those of the linear PEO molecules
having a length equivalent to a single arm as well as a
combined length of two arms.

crystal. The latter is the ultimate stable state among these To end this section, a further effect is to be referred to first
three crystals. Furthermore, NIF crystals can also be foundobserved in a conspicuous form with the uniform

in the cases in which the fold numbers exceed®dne
The study of the MW dependenceof NIF crystal

alkane§?® subsequently identified with the near mono-
disperse LMW PEO and currently acquiring wider general-

formation in these PEOs (MW: 3000—20 000) has indicated ity as will be referred to again in a subsequent section. The

that with increasing MW, the transformation of the N#-

effect in question concerns the rate of crystallization, both

IF crystals is increasingly hampered by a decrease in thenucleation and crystal growth, individually and in combina-

thermodynamic driving force between the initial NIF and
the final IF crystals and an increase in the barrier to
molecular motion. At sufficiently long chain lengths, the
metastable NIF crystals may be permanently retaihed
polymers, the fold length shows a linear relationship with
reciprocal undercooling as predicted by nucleation
theory’*®° This could be consistent with the NIF
state corresponding to a givexil with the retention of a
well-defined morphological metastability. It must be
stated, however, that this possibility cannot be readily
distinguished from a situation involving IF in the case of

tion. Instead of the customary smooth exponential increase
with AT, the rates display a maximum followed by a sharp
minimum asT, is lowered, the minimum being in thé
range where the once-folded chain crystallization (in the
NIF form) takes over from the extended chain crystal-
lization. This is being interpreted as a mutually interfering
crystallization between the two crystal forms, the stable
extended chain and the metastable once-folded chain
crystallization. Since quite recently such a minimum was
also seen at the crystallizatioh boundary between the
once-folded chain and twice-folded chain regichsvhere

long chains since it would give only very small incremental now both forms are metastable with respect to the extended
thickness changes imparting the impression that the fold chain crystals, and the twice-folded form being metastable
length is a continuous function &T. with respect to the once-folded one.

Since these LMW PEOs possess —OH end groups,
hydrogegzbonding has been found in both the solid and
the melt<. It has been speculated that the hydrogen
bonding may play an important role in the IF crystal CONNECTIONS WITH MORPHOLOGICAL
formatio’®~’7 However, other end groups were also METASTABILITY
introduced into low MW PEOs, and IF crystals were A number of polymers exhibit different crystalline
still observed in many cases. We have systematically polymorphs. At a giverT andP only one of the polymorphs
investigated theend group effecbn the formation of NIF should be stable under equilibrium considerations (crystals
crystals and found that regardless of the type of end with infinite size), and the rest of them are metastable in the
group, NIF crystals exist in LMW PEO fractions. Further- classical sense. In reality, however, multiple polymorphs
more, the NIF crystals exist for a longer period of time as the may appear under the sarfieand P due to rates of crystal
end group size increases (from —O¢k —OC(CH); formation and crystal sizes. Frequently, the metastable
to —OCgHs)*>°". This suggests that a sliding motion of the polymorphs can transform under proper thermal treatment
chain molecules along theaxis in the crystals may occur conditions to more stable polymorphs. This may occur as a
during and after crystallization. Larger end groups may result of enhanced molecular mobility. In this section, we
hamper this kind of sliding motion, particularly in the solid shall concentrate on the interlinks between classical
state. This means that the existence of the metastable state ipolymorph metastability and size-dependent morphological
prolonged and thus the transient state can be readilymetastability. Examples of polymorphs in polymer crystals

CLASSICAL CRYSTALLINE POLYMORPHS AND

observed even in conventional experiments.
In order to study theeffect of defectsat the center
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hexagonalg forms), syndiotactic polypropylene (s-PP, the
high T orthorhombic, the lowT orthorhombic and the
triclinic phases)transpoly-1,4-butadiene (the monoclinic
and the hexagonal phases) and many others.

The first example is s-PP crystallized at high tem-
peratures, in which only size-dependent metastability is
exhibited, while no polymorphs are seen. Over the past ten
years, it has been found that the s-PP crystal structure with ==
all chiral chain packing which was reported in the 1960s =
(cell 1)® cannot be found in melt-grown lamellar crystals
based on ED observations by Lovinger and Lotz. Instead, a
fully anti-chiral chain packing model has been proposed,
and the unit cell dimensions ara = 1.450 nm,b =
1.120 nm, andc = 0.740 nm (cell 111}*78% However, in
s-PP WAXD fiber patterns, the cell | structure can still be
recognizel® (other polymorphs are also observed in s-PP
samples, see for example a recent redf@wit is known that
at high crystallizationTs (low undercoolings), cell 1l
crystals grow in s-PP samples. We have carried out a ]
systematic study on the structure and morphology of highly § &
faceted, regular, lath-like lamellar single crystals of s-PP
fractions through TEM, atomic force microscopy (AFM)
and ED’. Single crystals of s-PP larger than one
micrometer in size can be grown from the melt in thin (%
films. Although ED results obtained from the s-PP single i
crystals indicate the existence of the proposed unit cell IlI, ;
the s-PP fractions can grow lamellar single crystals with two
micro-sectorsas shown inFigure 13 The A sectors are
along the long axis (thb-axis) and the B sectors are along
the short axis (the-axis). Generally, at each crystallization
T only one fold length can be found in lamellar crystals. =
Therefore, one way to observe the micro-sectors is to
implement a method of PE decoration by which low MW PE |
crystals are oriented along the fold directith® These
micro-sectorized s-PP lamellar single crystals possess two' "
different fold lengths with a ratio of around $2which can )
be observed directly by AFM as shown irigure 14
However, within one lamellar single crystal grown at a
constantAT, the two micro-sectors should exhibit different
metastabilities. AEE

ED experiments have shown that tbexis (molecular (a)
axis) of the s-PP single crystal is perpendicular to the
substrate, and the crystal unit cell in both sectors are the
same. The reason for this unexpected experimental
observation of different fold lengths in these two sectors
may be due to different fold surface free energies. The PE
decoration method has been used to identify the chain 3 L
folding direction§8° In the A sectors, the chain folding is
found to be parallel to the 010 direction. In the B sectors,
little preferred orientation can be found. This is the same as
in the case of non-sectorized s-PP single cry&taBrom
deformation of s-PP single crystals on a poly(ethylene
teraphthelate) film, micro-fibrillar structures can be
observed in the cracks of the single crystals along both the
a- and b-axes after deformation (seEigure 15. This
indicates that the folding direction in the B sectors may
either be along the (110) planes or a combination of the
(100) and (010) planes. Zigzag-shaped edges on the
deformed single crystals along theaxis are also observed
and the sliding planes can be identified as the (110) pf4nes
This supports chain folding along the (110) planes. 0 1 1 1 1 1 1 1

The thermal stability of the crystals in these two sectors 02 00 02 04 06 08 10 12 14
can be examined by melting the sector A crystals and .
retaining the sector B crystals. This can be realized using a® Distance (m)

temperature gradient metho'd on the thin film samples. It is rigure 14 AFM micrograph of (a) sectorized s-PP single crystals and (b)
indeed found that the melting temperatures of these two a thickness profile of the single crystal along the solid linEigure 1447

Figure 13 A lamellar single crystal of s-PP with sectorizaffén

N

Z Data (nm)
[\*)
L

—
]
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sectors are a few degree aparThis indicates that at a fixed  0.606 nm, ana = 1.008 nm Figure 16g. Arguments were
AT, two different morphological metastable states are concentrated on the questions of the structural symmetry
formed. However, it is still surprising that the different and unit cell dimensions of form Il. Based on the same
folding directions in the s-PP sectorized single crystal can WAXD fibre pattern, two different symmetries and unit cell
cause such a drastic change of the fold lengths and thereforedimensions were determined: one was a one-chain orthor-
different metastabilities. Therefore, we find a kind of hombic unit cell witha= 0.786 nmp = 0.575 nm, and =
‘morphological polymorphism’ which possess the same 1.016 nni*°>4(Figure 168, and the other was a two-chain
lattice structure but different chain folding direction and orthorhombic unit cell witha = 0.417 nm,b = 1.134 nm,
thus, different folded surface=. This provides clear  andc=1.008 nni?(Figure 169. This occurred because the
experimental evidence for the discussion in the previous PEKK(T) WAXD fibre pattern showed too few reflection
Section. spots and therefore did not provide unique lattice symmetry
The second example presenting the interlinks between theand structure. The different symmetries of the two-chain
classical and morphological metastability is the case of and one-chain orthorhombic unit cells led to different
poly(ether ketone ketone)s (PEKKSs), which are high reciprocal lattices and, therefore, were distinguished by ED
performance engineering materials. One member of this experiments on lamellar single crystalsdure 17aandb).
family is a PEKK with allpara-linkages [PEKK(T)] which After extensive effort, both form | and Il lamellar single
has the following chemical structure: crystals of PEKK(T) have been obtained from the rfrelt
Figure 18ashows the morphology and ED pattern of the
o form | single crystals. The controversy surrounding the form
%@704@7@4@_4‘ I structure has been eliminated via ED experimeRig\re
18 b) in which the major crystalline planes were assigned. In
this figure, the lamellar single crystal morphology is
also included. Both forms | and Il thus possess the
Previous work has shown that PEKK(T) has two PbcnD2s space group in which the systematic absence
polymorphs with different crystal structures (forms | of the reflections occur ahkO) with h + k = odd, (&I) with
and 11°=°* The form | structure was determined to have k = odd and (0l) with | = odd. For polymorphs and
a two-chain orthorhombic lattice with = 0.769 nm,b = metastability respective of other members of this family see
reference¥ 8
It is generally agreed that the form Il phase forms only at
relatively lowTs (highATs) with limited molecular mobility
and is metastable with respect to the form | phase which
forms at highTs (low ATs) and relatively high molecular
mobility. Both forms should possess their own lamellar
thickness dependence witkilT and one form grows at the
expense of the other. The formation mechanism of form II,
which seems to compete with form [, is not completely
clear. However, one may expect that in the [6wegion, the
nucleation barrier of form Il is lower than that of form I,
while the opposite holds in the highregion. Although the
exactTy versus Wrelationships have not been established,
it is certain that the critical nuclear size of form Il is smaller
than that of form | and form Il grows faster at higii's than
do the form | crystals. Since form Il also possesses the
orthorhombic lattice and molecular mobility in this phase is
limited, the solid state transformation from form Il to form |
Figure 15 TEM micrograph of two deformed s-PP single crystals along d0o€s not occur at least in the experimental time scale.
both thea- andb-axe§” Hence, form Il can be observed as a polymorph even though

(a) (b) (©)
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Figure 16 PEKK(T) crystal structures of (a) form I, (b) form Il proposed®h®*°4 and (c) form Il in®?
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Figure 17 Predicted [001] zone ED patterns for (a) two-chain and (b) one-
chain orthorhombic form Il structur

it is a metastable crystal form. This system thus provides an
example of the interlinks between crystal polymorphs
(classical metastability) and crystal size (morphological
metastability).

MONOTROPIC PHASE BEHAVIOUR

Two classes of phase transformation behaviours can be
observed when more than one ordered phase exists in a
system:enantiotropicand monotropic Phenomenologically,
the former represents a situation where both phases can b
seen during cooling and heating, while the latter shows that
two phase transformations are found during cooling and
only the stable one can be observed upon heating. For a
polymer system which contains both crystal and mesophase, 020
such as a liquid crystalline phase, an enantiotropic liquid
crystalline phase possesses thermodynamic stabilityTin a
region between thd,, and the isotropizationl (T;). A
monotropic phase, however, is metastable throughout the
entireT range. Experimentally, it is only possible to observe
the monotropic behaviour on cooling provided that the
crystallization process ibypassedy undercooling due to
the kinetically controlled nucleation process. It should be
noted that this observation is only possible within the limits
of metastability of this phase. The recognition of
monotropic phases can be traced as far back as®1877
From a thermodynamic point of view, one can readily
understand the monotropic phase through a plot df thighe
different phasesersus Tas shown irFigure 19aandb®.

In small molecule liquid crystals, a few samples have
been reported which show monotropic behaviBtt©?
When the mesogenic groups of these liquid crystals were
used to synthesize polymers with methylene units connect-
ing these mesogenic groups, the monotropic liquid
crystalline behaviour may be retained. One example is
1-(4-alkylphenyl)-2-(4-cyanophenyl) ethdf& and its
polymer analogue, synthesized from a coupling of
1-(4-hydroxyphenyl)-2-(2-methyl-4-hydroxyphenyl)ethane
and odd-numberedy,»-dibromoalkanes (MBPEJ>~10%
both of which show monotropic nematic (N) liquid
crystalline behaviour. . : .

It is particularly challenging to identify the monotropic g?,%r?;n% (E)Ef}éﬁmpgmgle crystal marphologies and ED patiems of (a)
phase. For a monotropic liquid crystalline phase, DSC and
WAXD experiments using different cooling rates must be
conducted in order to judge the nature of the transition crystalline phase stability, and therefore, a decrease in the
(equilibrium versus kinetically controlled process). transitionT which may be mainly caused by an increase in
Specifically, the reason for the appearance of monotropic the Sterm of the liquid crystal phase.
liquid crystalline behaviour is most likely due to the Monotropic liquid crystal behaviour also provides a
decrease in rigidity, linearity, symmetry and aspect ratio of practical opportunity for a study of crystallization behaviour
the mesogenic groups. This leads to a reduction of the liquid from both the isotropic melt and the liquid crystal states. As
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Figure 20 Overall crystallization rates for PEIM(= 11)"

Liquid
liquid crystalline transitionT and T4 The liquid crystal
formation kinetics are substantially slowed down due to
hampered molecular motion. Times for 50% liquid crystal-
linity development in this polymer are in a range between a
few minutes to an hour, which can be experimentally
detected®”.

In Figure 4 the phase formation rates for both
crystallization and liquid crystallinity from the isotropic
melt are illustratel Under the condition that the crystal
structures formed from the liquid crystalline phase and
crystallized directly from the melt are the same (in some
cases they are not), it can be understood that in region lil,
crystallization from the liquid crystalline state is actually a
(b) T T two-step phase transformation process from the isotropic

! " melt to the crystalline state: a transition from the isotropic
Figure 19 Thermodynamic GibbE changes for different phases with melt to the liquid crystalline phase followed by a transition
(a) enantiotropic and (b) monotropic behavidiiPs from the liquid crystalline phase to the crystal phase. Since

the monotropic liquid crystalline state is a metastable phase

described inFigure 4, three phase transition rates may be over the entirel region, it serves as an intermediate step in
considered: a crystallization rate from the isotropic melt, a the crystallization process. One may predict that the
liquid crystal formation rate from the isotropic melt, and a crystallization rate from the liquid crystalline state should
crystallization rate from the liquid crystal state. Three be faster than the rate of crystallization from the melt. This
kinetic regions for these phase transformation rates can beis indeed the case for a series of PEH# 13114 As an
identified as shown ifigure 4: crystallization directly from example,Figure 20 shows the overall crystallization rates
the isotropic melt (region 1), crystallization from the liquid over the entire range df.s for PEIM( = 11). The existence
crystalline phase in which the liquid crystal formation rate is of a pre-ordered phase (here, aluid crystalline phase)
much faster than that of crystallization (region 1ll), and a significantly enhances the crystallization rate in region Ill.
crystallization rate which has the same order of magnitude Region 1l in Figure 4 is particularly interesting and
as that of the liquid crystal phase (region Il). Crystallization deserves further discussion since in this region both
from the isotropic melt in region | is a nucleation-controlled crystallization and liquid crystal phase formation rates
proces$®®197 On the other hand, liquid crystal formations from the isotropic melt have the same order of magnitude.
from the isotropic melt are near equilibrium transitions, and As shown inFigure 4, generally, the overall crystallization
therefore, the transition kinetics are fast and difficult to trace rate below T.,)meta WoOuUld be an additive function of the
experimentally®®~1'2 However, our recent kinetic study of rates of the two individual processes, i.e. ‘stable’ and
a series of liquid crystalline poly(ester imide)s synthesized ‘metastable’. In region |Il, the two rates are broadly
from N-[4-(chloroformyl)phenyl]-4-(chloroformyl)phthali- ~ comparable, with the metastable form taking over in
mide and different diols containing 4 to 12 methylene units region Ill. However, there is an increasing amount of
[PEIM(n)]*°7 113114 shows that the low ordered smectic evidence of a situation where in the vicinity &) mewthe
phase formation may also be nucleation-controlled. Further- two processes can hamper each other. The rate minimum
more, when the monotropic liquid crystal transitidnis in the oligomers referred to earlier, displayed at the
close to its glass transitiom (Tg) such as in the case of temperature near the stability boundary of the extended,
PEIM(n = 7) which exhibits a 11C difference between the  once-folded states etc. were the first observations of such a
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case. Since then, similar situations have been recognized in 200
bicomponent systems comprising ‘buried’ phases, usually
associated with the physical gelation phenomenon (see
below). Namely, when passing below the phase line

corresponding to the phase of ultimate stability, the rates
of crystallization first go through a maximum decreasing

until a virtual cessation of the process on further decrease of

150

the T, shooting up rapidly again as the stability limit of the g
next stable ‘buried’ phase is reached and traversed. It seems g
to follow that such an initial hampering process betweenthe § 100
formation of phases of different stabilities could be of wider g
generality inviting further attention. &

SURFACE STABILIZED METASTABLE PHASES 504

Since the first discovery of the liquid crystalline phase over
one hundred years ago, the classification of distinct liquid
crystalline phases in small-molecule liquid crystals has been ol o
well established based on the types of order (long range, 5 7 9 11 13 15 17 19
quasi-long range, and short range) riolecular orienta-
tional, positionalandbond orientationalorder in different
liquid crystalline phasé$®~* Although some studies have  Figure 21 Phase diagrams of TRPE& odd)?
shown that R, Sc, or higher ordered smectic phases may
also be observed in polymér§='?3 traditionally, one
hesitates when considering the existence of highly orderedmetastable and it is ‘buried’ beneath thg (Figure 21) in
smectic and smectic crystal phases due to the difference innormal conditions. However, in the case of a thin film, the
connectivity between polymers and small-molecule liquid confined geometrical environment may provide additional
crystals. Despite this difference, we can show that highly stability to the SG phase and thus, this phase becomes
ordered smectic phases may also be found in main-chainobservable. The detailed structure and morphology of
liquid crystalline polymers in a series of polyethers TPPf = 7) thin films has been studied by ED and TEM
synthesized from 1-(4-hydroxy-biphenyl)-2-(4-hydroxy- experiments on three different types of substrates. These
phenyl)propane ané,w-dibromoalkanes which are abbre- include silane grafted, amorphous carbon coated and clean
viated as TPPs. The generalized chemical structure of TPPglass surfaces. The developmentoimeotropianolecular
ist24 alignment in monodomainshas been obtained by using
substrates with silane grafted and amorphous carbon coated

surfaces. Both surfaces can also induce structural ordering
° in TPPf = 7) to form an orthorhombic lateral packing
o O~ (CHan which does not exist in the bulk and fibre samples of
3

the material in TPR( = 7), and has only appeared in

Phase diagrams of high MW TRP& odd)s regarding  TPPh = 11). This phase has been identified as a;SC
their thermal transitions are shown Ifigure 21, as an phase. It has been found that the monodomain mor-
examplé®>~27 The transitionTs in these phase diagrams phology of the highly ordered smectic crystal phases
correspond to near thermodynamic equilibrium since in this with homeotropic molecular alignment depends strongly on
series of polymers these phase transitions show litile the structural symmetry. These results are showrigure
(and superheating) dependence during cooling (and heatingR2aandb. It is evident that for a hexagonal lateral packing,
experiments. the monodomain shows a circular shape while for an

It is important to note that the concept of metastability orthorhombic packing the shape becomes an elongated
can also be used to explain the phases and phase transitioellipsoid->*. On the other hand, the clean glass surface does
behaviour inthin films of these polymers on surfaces not induce orthorhombic packing and only polydomain
with different chemical and physical environments. The structures can be found in which an in-plam@mogeneous
definition of a thin film is one in which the film thicknessis alignment of the chain directors exists. Mechanically
on the same order of magnitude as the molecular dimensionsheared thin films on glass surfaces show uniaxial homo-
(say, ranging between 10 nm and 100 nm). Thin film geneous molecular alignment.
induced phase stability was first reported in the 1980s in a This study indicates that the constraints of size and
few small liquid crystalline moleculé$®**? Previously,  dimensionality, such as in the case of thin fims on a
this phenomenon had not been found in the case of liquid substrate on polymer systems may effectively shift the
crystalline polymers. In our laboratory, a thin film surface phase stability boundary so as to stabilize a phase which
induced new phase stability and ordering in TPPs can be otherwise would be metastable phase in bulk samples. Thus,
found. This phase is metastable and cannot be seen in thdor small film thickness, both free surfaces and interfaces,
bulk samples. become increasingly important in the determination of the

TPPh = 7) bulk and fibre samples show three liquid thermodynamic stability of the system as a whole.
crystalline phases: the N phase and highly ordereargl
smectic crystal G (Sg) phases (both of which possess a
hexagonal lateral packing Iatti€€§. No SG,; phase is found TWO-FLUID SEPARATION AND VITRIFICATION
(which has an orthorhombic lateral packing lattice). The In this section, we introduce vitrification as an agency for
SCy phase in TPR( = 7) bulk samples may thus be creating metastability, not only through the glass usually

No. of Methylene Units (n)
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Figure 22 Monodomain morphologies and ED patterns of TiPR(7)
with (a) a hexagonal lateral packing and (b) an orthorhombic lateral
packing®!

being metastable in itself, but through interrupting other

Concentration of Polymer, X,
Figure 23 UCT type of quuid—liqg;d phase separation phase diagram

with the addition of vitrification Ty)

A typical UCT phase diagram is shown schematically
in Figure 232 Upon decreasing, we reach the UCT
point, defined by a criticall (T;) and concentration_).
Here, we shall pay no attention to the various fundamentally
important features concerning behaviour in the region of the
critical point already indicated, but rather pass on to the
situation arising as we further decreaseAs the two-fluid
separation sets in, the system divides into two distinct
phases with concentrations defined by the end points of ‘tie
lines’ based on the ‘lever rule’ corresponding to each chosen
T. One phase is more dilute in solute (i.e. dissolved
polymer), the other in solvent, with the concentrations
becoming increasingly more disparate as we move to lower
Ts. In this case, just as with the vapour—liquid system of
Figure 2, we can define within the phase line (the ‘binodal’
representing the condition of coexistence between the two
phases) a spinodal line which is the ultimate thermodynamic
limit of the stability for the homogeneous solution. The
region between the two lines is the site of potential
metastability where phase separation has to proceed by
passing through a nucleation barrier. At the spinodal line,
however, spontaneous barrier-free density fluctuation waves
take over the generation of phase separation.

The morphology of the phase separation corresponding
to the ultimate stability should be, as indicated previously, a
two-layered liquid no matter which phase separation
mechanism occurs. However, the morphologies arising on
the way towards ultimate stability are basically different
according to whether the phase separation is via the
nucleation or spinodal mechanism: droplets for the former
and a kind of bicontinuous network for the latter. There is an
abundance of morphological variants even within each of
the two classes, which depend on how far the still disperse
but already compositionally phase segregated system has
‘ripened’ at the stage of inspection. Concentration is clearly
a prime determining factor of the phase morphology, first
because it determines whether we are in the nucleated or in
the spinodal region, and secondly, within each given region
it will crucially affect the sizes, shapes and mutual

phase transformations, in the present example L—L phasearrangement of the phases in their transient stage of the
separation. For illustrative purposes, we restrict ourselves tosegregation into two layers. The latter is most easily seen in
the L—L phase separation of a bicomponent polymer—solventthe case of the nucleation process: for systems with a low

system displaying an upper critical transition (UCT).
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be in the form of droplets suspended within a continuous experimentally through the demonstration of ‘composi-
solvent-rich matrix while there will be a matrix inversion for  tional ageing’ effects®**® However, both are only rather
systems possessing a high concentration of solute and acursory overviews. Further in-depth study on this important
bicontinuous geometry in systems between these twosubject is clearly invited, especially to exploit the newly
extremes. opened opportunity of having gained access to the
At this point, we need to recall that in this approximation intermediate stages of phase segregation in terms of
we are dealing with two distinct processes: the establish- composition along a given tie line through the agency of
ment of an equilibrium partition between the two liquids vitrification.
within the two phases and the evolution of the phase Connectivity is one feature of two-fluid segregated
morphology. The first is defined by the phase diagram as in morphologies where one of the phases (the one which
Figure 23 and hence, by thermodynamics, and the secondpossesses a higher polymer concentration) deserves a
by the kinetics of the process. Clearly these two processesseparate discussion. If the vitrified phase becomes con-
cannot be independent of each other. This leads to issueected throughout the macroscopic sample volume, the
which, to our knowledge, have not been fully addressed and solution converts into a gel. In fact, it is through the topic of
hence we are not in a position to discuss. Nevertheless, it isphysical gelation that the entire subject area which makes up
usually true that partitioning is completed early on while the this section has come into recent prominence, specifically,

morphology is still in a stage of evolution. This means that
compositionally we are already in equilibrium, while
morphologically the system is still in a metastable state
and can be said to be in the process of ‘ripening’. As we will
discuss below, even equilibrium partitioning can be
thwarted through the influence of vitrification. This may
create a further class of multiple metastability, i.e. a
morphological, and what we may terncdmpositionél
metastability. Both, while highly distinct, fall within the
category of circumstantial metastability.

In a single component fluid system, vitrification occurs at
the Tg. In a fully miscible bicomponent system, such as a
polymer and solvent, thely of the polymer becomes
depressed on addition of the solvent (diluent) following the
T, line in Figure 23 As seen, thidl§ versusconcentration
line intersects the binodal at a point BP (Berghmans’ Point,

through the observation that a solution of a-PS can set as
a gel upon cooling®™®**{Figure 24. Originally the
connectivity required for gelation was considered as being
provided by chain molecules which need to be long enough
to become incorporated into more than one vitrified polymer
rich particle (spherical latex). The long solvated chain
portions form ‘rubbery’ bridges between these particles.
Through experiments with closely monodisperse a-PS, the
molecular weight requirement for establishing connectivity
(hence to form a gel) could be established and was found to
follow the anticipated scaling relatié?**¢ Such gels have

a ‘wobbly’ consistency in keeping with the usual concept of
a gel. However, in addition to such solvated chain
connectivity, overall connectivity can also establish itself
through the continuity of the glassy phase. In this case the
‘gel’ (retaining the term for such a system) will be stiff,

named after Berghmans, whose works have brought thisrobust, and glass-like, as in the rather self-evident case

issue to the forefront?. As previously described, if we
cool the system below the critical point, two-fluid separation

where phase continuity arises through the high concen-
tration of polymer (the case of matrix inversion). The gel

will progressively proceed as defined by the tie lines at each will also be fragile in the case where the phase continuity

T. However, when the tie line defining BP is reached, the

arises through spinodal decomposition, particularly at low

polymer-rich phase (and only this phase) vitrifies. This has concentrations where the morphology is a fine, continuous
several important consequences which we shall proceed toglassy lacework. In fact, under such conditions gelation

describe.

First, the phase morphology prevailing at the stage
of vitrification will become preserved, representing a
morphologically metastable state. The nature of the
morphology will depend on the cooling rate and the initial
concentration of the solution (the latter of course within the

can serve to identify the spinodal line in the phase
diagrant3t132:13% gpecifically, the two kinds of gel,
‘wobbly’ and ‘stiff’, could be distinguished through their
dramatic differences in mechanical properties which, when
followed as a function of concentration at a partictlfacan

in itself serve to delineate the spinodal g% (which

span of the tie line). These parameters will determine which otherwise could also be derived theoretic&if.

is the disperse and which is the matrix phase, and second, Just like all the morphologies described here, those
whether we are in the nucleated or spinodal region. A full leading to connectivity, and therefore gels, correspond to
range of morphologies can be experimentally observed andmetastable states. In fact, all physical gels formed by
systematically producéd* 3¢ As a second important chemically uniform homopolymers and arising through a
consequence, at and below the corresponding to BP notphase transition, whether crystallization or two-fluid
only the morphological development is arrested but all separation, are necessarily in a metastable state where
further compositional change ceases. The most directsome agency must act to arrest the phase transformation
experimental evidence of the latter is the observation that from going to completion. More precisely, these gels are ata
along the BP tie line theT, becomes invariant with  stage of bicontinuous connectivity. In the present and
concentration, as first demonstrated in Berghmans'’ labora-conceptually simplest case, this is vitrification.

tory*33. Figure 24 shows this effect as obtained from
a_monlcally polymerlzed atactic polystyrene (a—PS), which is HIERARCHY OF METASTABILITIES: AN EXAMPLE
virtually monodisperse. This has allowed certain further IN GELATION AND CRYSTALLIZATION

conclusions to be reached (see below). The invariance of the

T, is a consequence of the fact that it is not only the The possibility of hierarchies of metastability in
morphology which becomes ‘locked in’ when going below polymers has already been mentioned before, and has
BP (in terms ofT), but also all further compositional been practically featured in some of the previous discussion.
change. For this reason, the above indicated compositionalln the present section we shall cite some specific cases of
metastability sets in. This last issue has been addressedhis hierarchy. In continuity with the preceding section on
theoretically in both a diagrammatic fof{ and the influence of vitrification, these will be taken from the
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Figure 24 (a) Phase diagram of the a-polystyreng(M 2.75X 10°)/cyclohexanol system depicted in relation to the glass transition curve (the broken line is
a theoretical extrapolation). (b) Enlarged detail of (a) about the commensurate point (including the spinoidal line ‘d&sfted-)

area of two component systems, specifically polymer positions, but rather they represent distinct states
solutions (all corresponding to classical metastability and which have basic influence on material behaviour.
in the sense of traditional thermodynamics), without taking Furthermore, instead of or in addition to such
note of the influence of size and external constraints. polymorphs, metastability can also correspond to two-fluid
When the polymer—solvent systems in question are separation. Finally, any or all of the corresponding phase
capable of crystallizing, it is this crystalline state in the transitions can be intercepted by vitrification. In what
appropriate crystal structure, which is the state of ultimate follows we shall discuss the situation of a ‘buried’ L—L
stability at the appropriately lowered temperature phase separation to be followed by one where another
(disregarding, for the present purpose, the different levels crystal phase intervenes between the most stable crystal and
of stability within a given crystalline system such as the the L—L phase lines.
chain-folded state with different fold lengths, etc.). In view of the complexity of real situations, some features
Metastable states arise because of the hidk that are of metastable L—L phase separation are peripheral for our
often required for this crystal formation to take place at purposes, we shall resort to a schematization of these
practicable rates. In the course of tli§ change stability concepts with reference to an actual case provitfed
regime of other metastable states (by definition) may be Figure 25schematically represents a liquid—crystal (L—C)
reached. In view of previously given considerations (see e.g.phase diagram. The upper line corresponds to the stable
Figure 4), once formed, these metastable phases will evolve L—C phase line beneath which lies a deeply ‘buried’ L—-L
faster than the ultimate stable phase and hence will phase line of UCT character. For crystallization to occur,
dominate the phase transition. high ATs are required. It is therefore possible that the L—L
The hierarchy of metastabilities arises due to the phase line which is ‘buried’ beneath the L-C line can be
possibility of several different metastable states lying reached before a liquid to crystal transformation can take
successively ‘buried’ beneath the state of ultimate stability place. This figure shows such a situation for tWbvalues.
in the phase diagram. These successive states can bé&or the smalleAT, AT,, crystallization is expected to take
different structures within the crystal phase category. In place from the initial, completely mixed solution, provided
the following cases, they are not simply polymorphs sufficient time is allowed for this process. However, at the
which differ merely in terms of unit cells and atomic larger AT, AT, two-fluid separation will occur first.
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Figure 25 Schematic L-C phase diagram for a fully miscible polymer
solution, also displaying metastable two-fluid separation (combined with . ; . .
vitrification) beneath the stable liquid—solid phase line. DependingDn 02 04 06 038
(or cooling rate), crystallization in the range 4T, or effects associated
with two-fluid separation in the range AT, will take place. Such Cp
situations have recently been realized with poly(phenylene ether) in
cyclohexanaf® Figure 26 Phase diagram of i—PS imansdecalin as an example of a

system displaying a further metastable phase (L—C* phase line) intervening
between the stable L—C and the metastable L—L phase lines. Each of these

Depending on how high we go iiT, we can have either a  can give rise to gels: the liquid to crystal transition (gel 1) when beyond a
situation where crystallization is occurring within the cgrtain concentrationcg)g?|; t_he liquid to liquid tra*nsition,_ _combination
concentrated phase (at B ifigure 259, or a situation ‘g’l"e':lr_'f;gnfﬁ%' zg)el"’l‘lr)"m?ﬁ C"ﬁ;’r'ggt%:sgigc;rﬁtil ¢, transition, profusely
where the concentrated phase vitrifies (as at the BP in
Figure 23. In the latter case, not only will the L-L
separation process become arrested, but also crystallization
will be prevented. WAXD whenever such patterns are obtainable. These

We can also consider the second crystallization mode of patterns indicate a highly extended chain conformation
alternative metastable crystal forms between the stable L—Cwhich may be identified as a 1helix**%. The resulting
and metastable L—-L phase lines. A whole range of morphology corresponds to a fibrilliar structtite We infer
polymer—solvent systems displaying such effects with that here the chains do not fold but are more or less
varying degrees of complexity is dealt with in a separate extended. As a consequence of this their association upon
article by Berghmans in this same istfe For now we crystallization is essentially interchain in nature. Therefore,
shall look at the system of isotactic polystyrene (i-PS) in this morphology favours the observed proclivity to form
trans-decalin*®. Historically, this system was the first to gels. The horizontal character of the L—C* Figure 26
display the basic features of the above referred second modesuggests some kind of complexing with the solv&ntThis
crystallization and in its simplest forff. seems to be a common feature of such a class of phenomena

In the phase diagram shown ligure 26 the uppermost and it also appears in similar other systems (see
phase line corresponds to the formation of chain folded referenc&*®. The stoichiometry of the crystal—solvate is
single crystals with the macromolecules in the long- notyet established and such complexing does not seem to be
established 3 helical structur&*® Such stable crystals associated with a specific solvent since the basic features of
(ignoring for the present that the chain-folded state is in this effect are displayed by a range of different solvents.
itself circumstantially metastable) precipitate on cooling Such crystal—solvate formation is a newly emerging subject
giving rise to a turbid suspension. If crystals form in which is important in itself, however, we do not give it
sufficient concentration, the system can become a further emphasis in the present survey on metastability.
molecularly connected gel (gel 1 Figure 26. However, Passing on to lower temperaturesHigure 26 we reach
when cooling is not sufficiently slow, the L—C* phase lineis the L—L separation line. This is manifest through turbidity
reached before the above mentioned crystallization has hadappearing in the initially transparent system. In contrast to
a chance to take place (where C* represents a new crystalthe turbidity due to the 3helix containing crystals which
form). Then, at or somewhat below the L—C* line, a appear beneath the LC line (after sufficiently long waiting
conspicuous new observation is evident: the whole systemtime), the appearance of this turbidity is instantaneous and
sets as a ftransparent gel very rapidly even at low reversible with temperature. Such features comply with
concentrations. It is for this reason that this subject has those of a L—L phase separation. Since the L—C* phase line
come to the forefront in connection with gelation studies. cannot be traversed without at least some degree of
For our present purposes, however, gelation is not the maintransformation occurring, the L-L phase separation is
point of emphasis, it merely serves as a simple indicator of ataking place within an already partially gelified system,
phase change having taken place far below the usual L—Ci.e. the chains or portions of chains which have not yet
phase line. taken part in the formation of the gel junctions (those

The nature of the above metastable state is still not fully corresponding to gel Il irFigure 26 are involved in the
resolved and is still subject of some arguments (see L-L phase separation at the correspondingly lower
referencé®d. It has the character of a crystal phase prone temperature. This picture is likely to be correct since it
to create connectivity, and hence is a source of gelation (gelcan be seen in experiments where the system is held for
Il in Figure 26. The crystalline nature is apparent from successively longer times in the temperature interval
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between the L—C* and L-L lines. While the strength of problem of making sure that helix formation actually
the L-L phase separation on subsequent cooling, asprecedes association (i.e. the gel state). This is still
assessed by DSC, was found to decrease progresproblematic due to the fact that once the helix has formed,
sively'*21%! the L—C* process consumed greater amounts association occurs very quickly. Even so, the above
of the material with increasing holding time. This left less possibility is likely and, if real, of such potential importance
and less polymer for the L-L phase separation on that it deserves to be discussed at this stage.
subsequent cooling. Finally, a comment on the relative rates of gel formation
On further cooling below the L—L line, the intersection and crystallization should be made. As already stated,
with the Tg line is eventually reached as revealed by the crystallization upon traversing the L—C phase line is very
invariance ofTy (as assessed by DSC). Here we almost slow. This is the general reason why the various buried
return to the situation on the intervention of vitrification. metastable states can be attained. However, there is more to
The difference from the previously discussed situation is it than merely the sufficiently fast cooling rate outpacing the
that in the present case the entire vitrifying system is in a increasing acceleration of the crystallization rate with
metastable state which is deeply ‘buried’ beneath both the increasingAT. It is found that the actual rate of the stable
L—C and L-C* phase lines. Also, the intersection of the 3; helix crystal formation does not keep on accelerating
binodal with theT line should lead to a gel, but this gel will  within the full T range between the L-C an L-C* lines, but
now be within a gel which had formed already when rather, after passing through a maximum, the rate goes to a
traversing the L—C* phase line. Itis, therefore, not expected minimum which reaches negligible values before the L-C*
to be apparent as gel formation itself but merely as a process takes off. Therefore, it seems that both processes
stiffening of the gel which is already present to begin with. hamper each other in th€ range where their ranges of
So far this phenomenon received a qualitative description, stability start overlapping. Such a possibility was mentioned
but quantification is still required. in connection with region Il irfFigure 4and has previously
Regarding the subject of gelatiofrigure 26 contains been supported by the observation of a pronounced
information on three different sources of gel formation, minimum in crystallization rates in the case of oligomers
either simultaneously or separately, in the same system. In(n-alkanes and PEO) at the transition region between once-
this figure, the turbid gel | corresponds to the formation of folded and extended chain crystallization. We now see the
molecular connectivity between suspended chain-folded same effect, i.e. a rate minimum in tbgerall transforma-
single crystals consisting of ;3helices formed from  tion process, in the discussed polymer—solvent system,
solutions of sufficiently high concentration, cyfgel, underpinning both the reality and generality of the under-
beneath the L—C phase line. The transparent gel Il lying considerations.
arises through the intrinsic gel-forming ability of extended
chain type of fibrous crystals consisting possibly of; 12
helices beneath the LC* phase line, and is the most
prominent of the three gelation processes. The third type CONCLUSION
of gel, gel Ill, is due to the interception of L—L phase In summary, we would like to emphasize that although our
separation by vitrification in the presence of sufficient understanding in this field is still limited, the concepts and
phase connectivity, the effect which has been discussedprinciples of metastable states and metastability are
separately in the previous section. important aspects in polymer phase behaviour. In addition
The complexity and richness in phase behaviour arising to classical metastability, we believe that circumstantial
from the range of possible metastabilities, even as confinedmetastability, including morphological, compositional and
to the category of classical metastability, is apparent from other types of metastability, are important, specifically in
the preceding discussions. It seems that, regarding systemgolymers. These types of metastability are based on the
such as that represented kiigure 26 we are still in the phase size and other kinetic factors. Several issues require
mapping process, only the first step towards reaching afurther consideration: first, we need to understand both the
comprehensive understanding. There are an increasingthermodynamic and kinetic limits of circumstantial metast-
number of indicators that, at sufficiently high degrees of ability in polymer systems in which the classical, sharp
AT and yet still at or above the L—C* line, the conformation conceptual boundary between thermodynamics and kinetics
of the random coil itself is undergoing a transformation may not apply. This requires fundamental theoretical
(most likely into a helix), and while still in isolation possibly  development. Second, both Monte Carlo simulations and
before the onset of crystallization into the new crystal form molecular dynamics may be helpful in providing computa-
represented by the L—C* phase line. Such changes havetional evidence to connecting microscopic processes with
been indicated in i-P$%, conclusively identified spectro-  different types of metastability. Third, we must quantita-
scopically in i-PMMA® and inferred in s-PS systéff. tively describe the metastable states and metastability in
This would mean that at sufficienfT, the helix (most likely polymer systems based on macroscopic experiments. This is
stabilized by association with solvent) is stable with respect perhaps not too difficult in determinations of crystal sizes
to the random coil, where both helix and coil are metastable and structures, but may be more complicated in other
with respect to the ultimately stable crystal represented by systems such as gels. Furthermore, it will be increasingly
the L-C phase line. Accordingly, it would be these newly hard to study systems which approach single molecular
formed helices which would produce gel (type gel Il) by sizes by using conventional experimental methods. Novel
association when traversing the L—C* phase line. Thus we developments in this aspect are necessary. This list is by no
would have a case where the two ingredients of crystal- means complete, but rather contains only a few selected
lization, adoption of a regular chain conformation and the issues. Even so, hopefully they should provide a common
fitting of these chains into a lattice, would occur background to illustrate polymer phase behaviour compris-
consecutively, opposed to simultaneously as is normally ing the metastable state and metastability while also raising
envisaged. Full confirmation of this concept is still needed. conceptual issues regarding the meaning and definition of
The remaining uncertainties at the moment lie in the metastability so far, to our knowledge, unaddressed.
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