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ABSTRACT: The earlier suggested definition, ““a solid is a
condensed phase at a temperature below its glass transi-
tion,” has developed into the key to the understanding of
macromolecular materials. Its importance and implications
for the understanding of not only polymers but all materials
are reviewed in this article. A macromolecular sample can
be a system consisting of a single amorphous phase or be a
molecularly coupled multiphase system of different degrees
of order and metastability in its subsystems. It is well known
that liquid crystals, plastic crystals, and conformationally
disordered crystals are still ordered above the glass transi-
tion, but recently even the monoclinic crystals of poly  (oxy-
ethylene) have been shown to have an additional glass transi-
tion below the melting temperature. This supports the infer-
ence that in the delineation of the solid state, the glass
transitions take preference to melting transitions. The main
tools for recognizing the different equilibrium and nonequili-
brium phases are differential scanning calorimetry and tem-

perature-modulated differential scanning calorimetry. Such
calorimetry yields quantitative heat capacities to be inter-
preted in terms of molecular motion and latent heats. Sepa-
rated into reversible and irreversible contributions, the en-
tropy changes connected to ordering and disordering can be
evaluated. The value of the recognition of phase transitions
lies in the fact that materials must be pliable for being manu-
factured into a final shape but often need high modulus and
strength in their applications. Near the glass transition, form-
ing is easy, whereas below the glass-transition temperature, a
high modulus is reached for properly oriented polymer mol-
ecules. By the identification of the glass transitions of materi-
als with different states of order, a better understanding of
the solid state of soft materials is reached. © 2007 Wiley Peri-
odicals, Inc.* ] Appl Polym Sci 105: 49-59, 2007
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INTRODUCTION
Macroscopic and microscopic description of materials

The macroscopic picture of materials is based on a
scale commensurate with the human senses. Its scien-
tific base developed over the last 200 years on experi-
mental knowledge, mainly gained from substances of
simple, small molecules. The early quantitative experi-
ments consisted of gravimetry, dilatometry, calorime-
try, and mechanical analyses, the core techniques of
thermal analysis.! The first major theoretical tool was
equilibrium thermodynamics, which reached its final
form and central place in applications early in the 20th
century. By now, its link to the thermodynamics of ir-
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reversible processes is also well established® and will
be of importance in this review of the interplay
between the glass transition, melting transition, and
solidity of ordered materials.

With the increasing understanding of macromole-
cules during the 20th century, the systems of interest
were increasingly removed from equilibrium, and
thermodynamics fell into disuse in favor of concen-
trating on the newly emerging microscopic under-
standing of molecular structure and motion. Although
the microscopic structural model of materials could
easily be bridged to their macroscopic appearance, the
link of the microscopic molecular motion to the ther-
mal properties caused difficulties, particularly in the
field of macromolecules. Although the structure
model involves a factor of 10° in the translation of the
molecular sizes in the nanometer scale to the lower
limit of the macroscopically recognizable micrometer,
a factor of 10° is needed to go from the timescale of
atomic motion in picosecond or faster ranges to the
humanly recognizable milliseconds. To understand
the macroscopic thermal and mechanical response of
a material is thus much more difficult, and the realiza-
tion of the connection is the goal of 21st century ther-
mal analysis.? To fully judge a material, it is necessary
to know both the structure and thermal properties, as
illustrated in this article.
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Figure 1 Schematic of the types of phases and possible
transitions between the phases. The trends in the properties
and the changes in the heat capacity at the glass transition
and entropy contributions to the changes in the disorder are
also listed. The shaded boxes represent the classical phases.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Phase structure of polymeric materials

The common semicrystalline polymers have a multi-
phase structure with boundaries that are frequently
crossed by the macromolecules. A phase, as com-
monly assumed, consists of a homogeneous, macro-
scopic volume of matter separated by well-defined
surfaces of negligible influence on the overall phase
properties." Domains in a sample that differ in the
composition or physical state are considered different
phases. When the size of a macroscopic phase is
decreased to a microphase, for example, in colloids,
the surface becomes nonnegligible. Further decreases
in the size to nanophases yields properties that are dif-
ferent from those of the bulk phase in many aspects.*
Finally, when atomic dimensions are reached, the
phase concept has no value because of the loss of
homogeneity.

In case a phase is not in equilibrium, the concepts of
irreversible thermodynamics must be followed for the
description of the sample.” In semicrystalline poly-
mers, the different phases are to be considered sub-
systems of an overall system that is always far from
equilibrium. The macromolecules are sufficiently long
to participate in more than one of these subsystems and
will decouple at the interface while still transferring
stress to affect the properties of the adjacent phases.

A summary of possible phases was developed some
25 years ago.” In its development, both the molecular
structure and mobility were considered. A schematic
representation is reproduced in Figure 1. The four
classical phases are gas, liquid, crystal, and glass. The
gas is the only dilute phase. Its structure and molecu-
lar motion are well described by the ideal gas law.'
All other phases in Figure 1 are condensed phases,
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with their molecules in direct contact and their
motions variously restricted. Intermediate in order
between the liquid and crystal are the mesophases,
which retain some of the large-amplitude motion of
the liquid. Liquid crystals (LCs) are positionally
largely disordered, but they have a small amount of
orientational order in one or two directions of space.
Plastic crystals, in contrast, have full positional order,
usually described by a cubic or hexagonal lattice, but
are orientationally mobile; that is, their close-to-spher-
ical molecules rotate. Conformationally disordered
(condis) crystals display internal rotations about spe-
cific covalent bonds but are otherwise orientational-
ly and positionally ordered.® Note that all these
mesophases show large-amplitude motion in addi-
tion to the always present small-amplitude, vibrational
motion.

Typical thermodynamic parameters describing the
differences between the phases are listed in Figure 1
near the lines indicating the glass and first-order tran-
sitions. The values are derived from the Advance
Thermal Analysis System (ATHAS) Data Bank.” For
polymers, the conformational disorder is most promi-
nent. The number of mobile units (), also called the
number of mobile beads, allows estimates of both the
change in the heat capacity at the glass transition and
the entropy of disordering on melting. It is shown in
this article that the change in the heat capacity during
first-order transitions is the macroscopic indicator of
the change in the large-amplitude motion and plays a
major role in understanding the mechanical properties
and the proper interpretation of thermal analyses.

Link of the heat capacity to the molecular motion
and thermodynamic functions

The three integral thermodynamic functions are the
enthalpy (H), entropy (S), and free enthalpy (G), and
they are evaluated from calorimetric measurements of
the heat capacity (C,) and latent heat. At a low temper-
ature, adiabatic calorimetry is used, and at higher tem-
peratures, differential scanning calorimetry (DSC) is
used. The latent heats, which for polymers often can-
not be measured under equilibrium conditions, must
be separated from the thermal effects due to the heat
capacity for evaluation (baseline method)." Finally,
modulated-temperature differential scanning calorim-
etry (TMDSC) has been developed over the last 15
years. It involves the superposition of a small, periodic
temperature change on the temperature profile of the
measurement. By the deconvolution of the total and
reversing responses to the modulation, it is possible to
evaluate the reversibility of the system and to com-
pute irreversible processes and reversible changes
within the phase structures." With TMDSC, a direct
measurement is possible to identify arrested equili-
bria, which are common in linear macromolecules.®
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Figure 2 Experimental and calculated heat capacity contri-
butions for polyethylene. The upper curve shows a plot of
the vibrational densities of state.” The equilibrium melting
temperature is 414.6 K, and the entropy of fusion is 10.5 J
K 'mol™7 [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

The link of the experimental heat capacity of poly-
ethylene to an appropriate vibrational spectrum from
a normal mode analysis” is illustrated in Figure 2. The
low-temperature heat capacity is fitted to one- and
three-dimensional Debye functions'® to model the
skeletal vibrations.'""'* The result is an approximation
of the lower group of frequencies, representing the
intermolecular vibrations, and a group resulting
mainly from the torsional and transverse backbone
modes of vibration. The group vibrations at distinctly
higher frequencies are then approximated by Einstein
functions'® and box distributions.'* The curve for the
total C,, includes the conversion from the heat capacity
at a constant volume to a constant pressure and repre-
sents the vibrational contribution to the heat capacity.
It can be used as a baseline to observe the beginning
large-amplitude motion, which consists in macromo-
lecules mainly of conformational motion, whereas
small molecules may exhibit mainly translational
motion and rotations of the whole molecule. Note that
C,, and with it H, are rather insensitive to equilibrium.
Above 50 K, the crystals and glass have close to the
same heat capacity. Below 50 K, the glass has a higher
heat capacity because of its lower acoustic vibration
frequencies, but the absolute value of C, in this tem-
perature range is so low that H is little affected by this
difference. The structure of the supercooled liquid
gets arrested at the glass transition while changing to
a solid. Microscopically, the large-amplitude motion
stops, and its kinetic and potential energy contribu-
tions change to those of the corresponding vibrations.
For polymers, these are the corresponding torsional
vibrations. The external contribution to C,, calculated
from expansivity and compressibility, changes from
the larger value of the liquid to the smaller one of the
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solid. For polyethylene, all these quantities are suffi-
ciently well known from the measurement of the ther-
mal parameters and calculation of the molecular
motion to evaluate even the equilibrium-related quan-
tities S and G down to the absolute zero of tempera-
ture. This can be done not only for the equilibrium
crystal but also for the glass and the supercooled lig-
uid (assuming that for the supercooled liquid the
arrest of equilibrium can be avoided to 0 K).'* The en-
tropy of the crystals at 0 Kis 0] K! molfl, set by the
third law. The glass has an experimental value of
+2.59 J K~' mol . The supercooled liquid is extrapo-
lated to +0.41 J K mol'. As expected, there is no in-
dication of the Kauzmann paradox'® (an unreasonable
negative entropy). The respective values for G are H,’,
H,° + 2.5 kJ/mol, and H,’ + 2.1 kJ/mol, where H,® is
the enthalpy of the crystal at 0 K. For comparison, the
heat of fusion is 4.11 kJ/mol at the equilibrium melt-
ing temperature of 414.6 K.

A more detailed view of the complete set of motions
within a crystallized macromolecule can be obtained
from molecular dynamics simulation by a supercom-
puter, as summarized in Figure 3.'° Besides the fast
vibrational motion, represented by the displacements
noticeable at A, B, and C, there is a slower defect gen-
eration in the form of gauche conformations within
the crystals. The time interval presented in Figure 3
shows the change from a polyethylene chain placed in
an ideal relationship to the crystal lattice at time zero
through the random generation of the three modes of
vibration by the addition of the proper amount of
kinetic energy to reach 320 K. In the later stages, the
figure represents the process of a phonon collision,
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Figure 3 Supercomputer simulation of a chain end inside a
polyethylene crystal as a function of time: (A) transverse
vibration, (B) torsional vibration, and (C) longitudinal vibra-
tion. The collision of the three phonons is marked by the
shaded area. The kink defect 2gt consists of a gauche-trans-
gauche sequence and has an average lifetime of the order of
magnitude of 1 ps.'® [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Figure 4 Experimental gauche concentrations in paraffins
and concentrations calculated by supercomputer simulation,
both as a function of the temperature, as presented ear-
lier."*™'® [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

which generates an isolated defect of higher potential
energy, consisting of two gauche conformations and
one trans conformation (2g1). This defect consists of a
180° rotation of the chain, as can be seen at the bottom
of the drawing, in which the final bond points to the
right instead of to the left as in the earlier stages of the
modulation.

The average number of gauche conformations as a
function of time is given in Figure 4. It is generated by
simulations similar to those in Figure 3 and compared
with experiments of infrared analyses with paraf-
fins.'®'® In Figure 5, the heat capacity effect of such
defects is demonstrated for the case of glassy and crys-
talline polyethylene. The large-amplitude motion in
the defect formation and collapse is contained locally
and in polyethylene does not cause a change into a
phase of a different structure. The glass transition and
melting transition, which require cooperative defect
formation, occur at a distinctly higher temperature.
The sequence of Figures 2-5 illustrates the link of the
macroscopic C, to its molecular motion, a link that
also is at the root of the differences between the phases
in Figure 1 and the definition of solids and liquids to
be discussed.

DEFINITION OF SOLIDS AND LIQUIDS

Concentrating on the condensed phases in Figure 1,
one can see that it is not easy to find a sharp delinea-
tion of liquid and solid phases. In fact, there has never
been a satisfying scientific definition of the word solid
based on structure alone. The dictionary definition of
the noun solid" goes back to the 15th century, and its
modern wording is as follows: ““a substance that does
not flow perceptibly under moderate stress, has a defi-
nite capacity for resisting forces (as compression or
tension) which tend to deform it, and under ordinary
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conditions retains a definite size and shape.” This
statement of common experience is not suitable as an
operational definition of the type proposed by Bridg-
man.” In an operational definition, a precise opera-
tion (experiment) is to be specified to answer the ques-
tion about the subject to be defined. In the dictionary
definition, there are no quantitative limits given to
make it scientifically acceptable for the terms: im-
perceptible flow, moderate stress, definite capacity for
resistance, forces that tend to deform, and definite
shape.

For a long time, it was assumed that only crystals
are true solids. Even at present, glasses are sometimes
called supercooled liquids, despite their easily proven
hardness. In fact, there are a number of mechanical
properties that have in the past been used to charac-
terize the glass-transition temperature (T,): at T, the
viscosity of polymers commonly reaches about 10" P
(which equals 1 TPa s); the polymers reach the brittle
point for fracture at Tg; and above T, threads can be
pulled from a viscous liquid (thread-pull tempera-
ture). Crystals at the melting temperature (T),), in con-
trast, vary widely in their mechanical properties.
Some crystals are much softer than glasses and flow
on the application of lower stresses. Just consider
perfluorocyclohexane, a perfect, face-centered cubic
(FCC) crystal. It cannot hold its shape, but it flows.?!
The trigonal polytetrafluoroethylene crystals increase
in shear viscosity with temperature, and on disorder-
ing, given a high enough molar mass, the melt has an
even higher shear viscosity.” Checking the behavior
of the condensed phases in Figure 1, we find that the
solidity increases from liquid to mesophases to crys-
tals, but a specific boundary cannot easily be identi-
fied with the degree of order. This also can be docu-
mented by the glasses of the mesophases, which are
placed at the top of the diagram between the classical
crystal and the classical (amorphous) glass. All meso-
phases become solid on vitrification without changing
their structure.

Glassy Polyethylene Crystalline Polyethylene
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Figure 5 C, contribution of gauche defects at temperatures
below T, and below T, of the crystals (cf. Fig. 2)." [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]



IDENTIFYING SOLID PHASES

cooling rale: g
glass transition | f—_-
oy temperature
=
'E Glass Malt
%
Q ACp
5 g ~ | -
3 e I
T T
Th T Ta Te

Tempe ratu re —

The seven characteristic parameters of the glass transition

A 50|ld ls a condensed phase at a tem perature
~'below the glass transition.
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ing and its defining parameters [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

For glasses, there is little problem with using T, as
the operational definition to distinguish a solid from a
liquid. Indeed, the mechanical properties change at
T,, from those of a hard and usually brittle solid to
liquid-like properties, as pointed out previously. On
cooling through the glass transition, the structure of
the material does not change, but the cooperative,
large-amplitude molecular motion stops, causing a
change in Cp, which for flexible molecules usually is a
decrease. When measured by the heat capacity at a
specified cooling rate, the glass transition is defined at
the point of half-vitrification. Such an experiment is
shown in Figure 6.

As listed in Figure 1, the change in C, at T, is similar
for flexible molecules when they are approximated as
strings of beads. The dependence of T, on the time-
scale of the operation and its irreversible nature is by
now well understood, although a definitive theory
with a simple mathematical description has yet to be
found."* For a full discussion of the glass transition,
it is necessary to consider all seven listed parameters
and to remember its kinetic origin. For example, the
glass-transition range from T; to T, may be as little as
5-10 K for homopolymers, but it increases as much as
10-fold or more in phases with interfaces across which
stress is transferred, as by the partially decoupled tie
molecules. The change in T, by a change in the fre-
quency of measurement by 1 decade is similarly 5-10
K, increasing with increasing frequency. This would
lower T, measured in the timescale of 1 h by 30-60 K
when we wait 1 century. The question to be addressed
now is whether this definition can be expanded to all
solids, as implied by the boxed text in Figure 6.

In a heating experiment with crystalline materials, one
is tempted to separate the solid state from the liquid state
by the melting transition. A melting transition is usually
treated as an equilibrium, first-order transition,?* which
is characterized by a change in the slope of G; that is, it

53

shows a change in the entropy in the macroscopic, ther-
modynamic description, and microscopically, there is an
increase in disorder. The change in the slope of G at the
equilibrium transition temperature is equal to a latent
heat divided by the temperature, with the latent heat
being measurable by thermal analysis. Figure 7 displays
a typical melting experiment by DSC. As in Figure 6,
care must be taken that the common instrument lags of
the DSC instrument are properly eliminated by calibra-
tion. For sharp-melting, one-component equilibrium
crystals, the extrapolation of the peak temperature to the
baseline of the solid heat capacity eliminates the instru-
ment lag and gives a good measure of T,,. The marked
peak area is the latent heat and must be obtained from
the integral of the heat flow rate over a properly cor-
rected baseline."

If the melting covers a broader temperature range
(>1 K), the peak temperature (corrected for the instru-
ment lag) is a measure for the temperature of the max-
imum rate of melting (at the given heating rate), and
the equilibrium melting temperature is not available
from the extrapolation to the baseline of the solid heat
capacity but must be evaluated by separate experi-
ments and, if needed, by extrapolation. In such cases
of broad melting ranges, common for macromole-
cules, one can usually design the experiment such that
the heating rate remains constant throughout the melt-
ing. Then, the curve in Figure 7 can be treated as an
apparent heat capacity, which gives the latent heat on
subtraction of the indicated baseline of the properly
apportioned heat capacities of the solid and liquid.
With care, the necessary extrapolations of the latent
heat with the temperature and crystallinity to the
equilibrium melting temperature still yield good
approximations of the entropy changes. For full char-
acterization of such a broad melting peak, all seven
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The seven characteristic parameters of the melting transition

On ordering, the glass transition shifis to higher temperature, so that
after crystallization, glass transition and melting can, but do not have
to, occur simultaneously. i.e., for crystals T,, may be equal to Tg.

Figure 7 Schematic of the melting trans1t10n analyzed on
heating and its defining parameters.' [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 8 Melting of POE documenting a glass transition of the crystals below T,,*** (A) standard DSC and quasi-isothermal
TMDSC of extended-chain crystals of POE with a molar mass fraction of about 5000 Da; (B) enlargement of the TMDSC of the same
sample shown in part A, illustrating a high C,; (C) the same sample shown in part B, but with an 8000-Da fraction and mainly a
once folded morphology; and (D) separation of the thermodynamic C, and reversible melting for high-molar-mass POE, showing
the melting and glass transitions calculated for 100% crystallinity. The crystallinity of the 200,00- and 900,000-Da samples was 70
and 67%, respectively. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

characteristic parameters in Figure 7 should be speci-
fied, and for very broad melting ranges (>10 K), the
changes in the involved functions of H and C, with
the temperature must be considered.

The ordering on cooling through first-order transi-
tions is frequently connected to an increase in the
packing fraction of the constituent molecules, which,
in turn, can increase T,. If this increase in T, reaches
T,, of the crystal, the disordering and transition to the
solid state occur simultaneously, as was assumed in
the drawing of Figure 7. In fact, this often observed
case is at the root of the confusion of the definition of
solids. Melting transitions may consist of both a disor-
dering and a glass transition, and the kinetics of the
glass transition is then determined by the melting rate.
The heat capacity changes from the level of the C, of
the solid to that of the liquid, as is also shown in Fig-
ure 6 for a glass transition. The disordering transitions
of mesophases usually change the heat capacities only
a little, as can be seen in Figure 10(A,B) (shown later).

Journal of Applied Polymer Science DOI 10.1002/app

Their glass transition is at a much lower temperature
than the disordering transition.

With modern TMDSC, the thermodynamic heat
capacity can be separated from the latent heat effects.
For nonequilibrium transitions, there is no response
from the latent heat to the reversing temperature.”
Any interfering slow changes in the crystalline order
can be avoided with quasi-isothermal measurements
in which the sample is modulated about a constant
base temperature until it has reached a steady state or
equilibrium.** Any remaining reversible ordering
transition also can be eliminated by an increase in the
modulation frequency so that the phase transition
contributes negligibly to the calorimeter response.””
Many examples of such TMDSC experiments have
been reviewed and have contributed to a better under-
standing of the overlapping of glass and ordering
transitions.”® Next, a number of sample thermal analy-
ses will be reviewed to illustrate the importance of the
separate discussion of glass and melting transitions.
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EXAMPLES OF GLASS AND ORDERING
TRANSITIONS

Poly(oxyethylene) (POE): example of a crystal with a
glass transition

POE, summarized in Figure §, is next to polyethylene
the most studied linear macromolecule. Figure 8(A)
illustrates the apparent heat capacity of a crystalline,
low-molar-mass POE, which was determined by
standard DSC and quasi-isothermal TMDSC.** At the
chosen magnification, the melting of the POE crystals
seems fully irreversible, as expected for macromole-
cules. The melting peak appears only in the standard
DSC. The quasi-isothermal TMDSC shows only the
response due to the heat capacity. In the quasi-isother-
mal TMDSC, the melting is observed during the initial
raising of the base temperature when the experiment
is started. Data are collected usually after 10 min of
modulation. By then, all irreversible melting and pos-
sible recrystallization or annealing have ceased. The
latent heat contribution to the apparent heat capacity
of standard DSC, however, is rather large, so that a
much expanded scale for TMDSC, as shown in Figure
8(B), is needed to see the change in C, in the melting
range. Surprisingly, the measured reversible heat
capacity is larger than the calculated vibrational con-
tribution, as evaluated for polyethylene in Figure 3. In
fact, it approaches the level of the liquid before the
major irreversible melting starts. This behavior
appears to signal a broad glass transition.

A more detailed look was taken at a larger number
of POE fractions and whole samples with molar
masses up to 900,000 Da.*” Figure 8(C) shows that at a
molar mass of 8000, at which crystals are mainly
folded sharply once but the crystallinity is still very
high, the reversing latent heat is small and mainly due
to a slow reorganization to better crystals. After more
than 10 h of quasi-isothermal experimentation, the re-
versible C, is close to that of the liquid. This high heat
capacity is much more than expected from the crystal
already melted, as indicated by the calculated vibra-
tional baseline marked in the figure. Even the defect
contributions in the crystals, as seen for the equally
mobile polyethylene in Figure 5, are not able to
explain the liquid-like C, before significant melting.

At a higher molar mass, POE changes to a typical
semicrystalline polymer and shows increasing small
amounts of reversible melting, as seen for many mac-
romolecules.”® Figure 8(D) displays the apparent,
reversible C, after correction to 100% crystallinity.*
Clearly there is a Tg at 324 K, preceding the end of
melting by almost’ 20 K. Separate X-ray data on
the same samples indicated no change in the crystal
structure before melting and no significant change in
the size of the coherently scattering crystal domains
but a distinct break in the expansivity of the unit cell
volume at the glass transition,! as is normally seen in
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the expansivity from a solid to a liquid." This behavior
is that of a glass transition of a crystal. Additional
glass-transition-like behavior of POE crystals is the
change of its T, with the molar mass, as seen from a
comparison of F1gure 8(D) and Figure 8(B), in which
the T, of POE5000 seems to be 270 K. This compares
with the T, of fully amorphous POE of 206 K. 7

Effect of crystals on the glass transition of
neighboring noncrystalline phases

Because even within the confines of a crystal it may be
possible to show a glass transition, the coupling
between crystals and the surrounding phases in semi-
crystalline polymers needs to be investigated. In
particular, because the amorphous and crystalline
phases approach nanophase sizes, their properties are
expected to change from the bulk properties." Figure
9(A) illustrates the calorimetry of the phase transitions
in melt-crystallized poly(butylene terephthalate)
(PBT).?* The initial glass transition at 314 K covers
only 42.4% of the sample. With a crystallinity of
36.3%, this leaves 21.3% of the noncrystalline material
unaccounted for. This part of the sample is considered
a rigid-amorphous fraction (RAF)> and has been
linked to the stress transmitted across the crystal-to-
amorphous interface. From the analysis of the thermo-
dynamic C, calculated as in Figure 2 for polyethylene,
one can judge the glass transition of the RAF to occur
between 360 and 400 K at a T, of 375 K. The typical
equation for the evaluation of C, from crystallinity,
and vice versa, is listed in the figure and can naturally
only be used down to 400 K, the upper limit of the T,
of the RAF. In accord with this interpretation, a more
precise latent heat can be calculated from the DSC
trace, and the reversing melting can be calculated
from the quasi-isothermal TMDSC. Below 360 K, the
thermal characterization requires us to consider the
RAF as a second solid phase that is present in addition
to the crystals. Its higher glass transition justifies this
identification as a new nanophase.* Below about 300 K,
the mobile-amorphous phase also is solid.

This three-phase structure is also expected to apply
to quenched samples of PBT of only about 10% crys-
tallinity, as shown in Figure 9(B) and its insert. In this
sample, irreversible cold crystallization on heating
starts in the glass-transition region of the mobile—
amorphous fraction, and the glass transition of the
RAF produced on cold crystallization overlaps the be-
ginning of melting. This sample can be analyzed only
with the apparent heat capacity, as measured by DSC
and TMDSC and written at the top of Figure 9(B) with
separate input about the changes in the C, of the two
amorphous phases in their glass-transition regions.
The analysis in the presence of RAF is a major compli-
cation from the simpler case illustrated in Figure 7.
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Figure 9 Analysis by DSC and TMDSC of the transitions in (A,B) PBT, with a glass transition of the RAF below the melting
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the online issue, which is available at www.interscience.wiley.com.]

Only with an understanding of the solid and liquid
states with their structure and the molecular motion is
one able to design optimum materials.

Although PBT is an example for a semicrystalline
material with a T, of the RAF below T,,, polyethylene
is an example that shows only a broadening of the
glass transition of the mobile-amorphous fraction and
no separate transition of a rigid-amorphous phase.
Although calorimetry cannot identify a separate third
phase with a distinct glass transition, electron micros-
copy could identify an interface between the crystal-
line and amorphous phases with limited mobility,** as
one would expect because of the stress transfer across
the crystal surface. Also, an analysis of the highly
stretched, gel-spun polyethylene fibers shows a mo-
bile crystalline phase with a contribution to the latent
heat on melting of the overall structure, but it also con-
tributes prominently to the broadened glass transi-
tion.

In Figure 9(C,D), the behavior of poly(oxy-2,6-di-
methyl-1,4-phenylene) (PPO) is presented. In this case
of stiffer polymer chains, T, of the RAF is moved
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beyond T,,. The center graph of Figure 8(C) illustrates
that there is no glass transition at all below the melting
peak of an approximately 30% crystalline PPO.*® On
annealing below T,,, however, the sample develops a
glass transition but also reduces its crystallinity, as
seen in the two sets of annealing experiments, one at
496 K and the other at 502 K, both below the major
melting peak in the center. The solution of this riddle
of how melting could occur below T, is given in Fi§-
ure 9(D), in which TMDSC is added to the analysis. 7
At first, there is no reversible melting in the semicrys-
talline polymer (filled circles). Second, the quenched
amorphous polymer has a lower T, than the observed
T,,. Third, the quasi-isothermal data of the semicrys-
talline PPO show a T, that is also below the T,, seen
with standard DSC but, upon the measurement of the
crystallinity, decreases in parallel with an increase in
the melted PPO. This means that the melting is gov-
erned by the kinetics of the glass transition of the
RAF. The glassy RAF phase hinders the melting of the
crystals until it reaches enough mobility for the given
timescale of the experiment. Without being coupled to
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com.]

the enclosing, glassy RAF, the PPO crystals would
melt below 500 K at a much faster rate and probably
also show some reversible melting. This example
shows that it is possible to change not only the kinetics
of the glass transition on crystallization or melting but
also the kinetics of melting on devitrification of the
glass. All these observations can now be easily
explained by the realization of the interplay between
glass and melting transitions.

Glass transitions of mesophases

The separations of ordering and glass transitions,
which has been discovered only recently for crystals,
is common for mesophases.” On cooling from the lig-
uid, one finds one or more first-order transitions that
produce increasing perfection of the molecular pack-
ing. The large-amplitude motion, characteristic for the

mesophases, freezes at a separate glass transition at a
lower temperature whenever further ordering to a
crystal is not possible or sufficiently slow. Figure
10(A) illustrates the transitions in the small molecule
N,N'-bis(4-n-octyloxybenzal)-1,4-phenylenediamine
(OOBPD).* On cooling, at first, a nematic LC appears.
This ordering transition is fully reversible when stud-
ied by TMDSC. The structure of the nematic phase has
only a minor amount of one-dimensional, orienta-
tional order, allowing almost free translational, liquid-
like motion. On further cooling, several smectic LCs
with some two-dimensional order result before the
K1-K3 phases are formed. The K phases were origi-
nally thought to be crystalline, but it was more
recently proven that in these phases many of the par-
affinic C—C bonds are free to undergo conforma-
tional, large-amplitude motion; that is, they are condis
crystals.® After the formation of K3, sufficient large-
amplitude motion is still possible to yield a C, that is
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close to that of the liquid. Only further lowering of the
temperature results in a solid CD glass, as indicated in
Figure 10(A). The appearance of the glass transition is
quite similar to that of POE in Figure 8(D).

Figure 10(B) illustrates the glass transition of an-
other LC-forming small molecule, p-butyl-p’-methox-
yazoxybenzene (BMAB).* This LC can be quenched
to a liquid-crystalline, solid glass (see the LC glass in
Fig. 1). Its crystallization is sufficiently slow that on
quenching only about 20% of the crystals grow before
LC glass formation stops the large-amplitude molecu-
lar motion necessary for crystallization. On heating,
the glass transition produces the metastable, super-
cooled LC at T,. On further heating, the liquid-crystal-
line phase becomes unstable and cold-crystallizes at
the crystallization temperature (T.) to a crystalline
solid, which then, at the disordering transition tem-
perature (T;), changes to the stable liquid-crystalline
phase, which has a final disordering transition to the
isotropic liquid at the isotropization temperature (T7).
Note that the three close-to-liquid phases at about 220,
340, and 370 K have a higher linear heat-flow-rate
baseline than the two solid phases at 190 and 280 K.
Also, the crystallization and melting peaks are much
larger than the isotropization peak, as expected from
the small amount of order present in an LC.

The next two examples are of linear, flexible macro-
molecules. Figure 10(C) presents the DSC analysis of
condis crystals of poly[oxy(3-methyl-1,4-phenylene)-
ethylene-1,4-phenyleneoxynonamethylene]  (MBPE-
9),40 which is to be compared with the small molecule
OOBPD in Figure 10(A). Below the order—disorder
transition of the condis crystalline phase, it has a tran-
sition range showing overlapping glass transitions for
43% condis crystals, 17% rigid—-amorphous phase, and
40% mobile—amorphous phase. In Figure 10(D), liquid-
crystalline poly(oxy-2,2'-dimethylazoxybenzene-4,4'-
dioxydodecanoyl) (DDA-12)*! illustrates a behavior
similar to that of the small molecule BMAB. The only
difference is the lower heat of ordering and disorder-
ing, which is the result of only partial crystallinity in
the semicrystalline polymer. The entropy of isotrop-
ization of the polymer, in turn, is larger for the poly-
meric LC, suggesting the effect of the need to parallel-
ize the continuing polymer chains.

CONCLUSIONS

A review of the macroscopic, thermodynamic descrip-
tions of all types of phases is given in Figure 1, includ-
ing equilibrium and nonequilibrium phases. At the
top, the figure summarizes five phases that are solids
of increasing degrees of order from the amorphous
glass to the crystal. The next four phases are increas-
ingly liquid and also increasingly more disordered.
Finally, the bottom phase is a dilute phase, a gas. A
complete description of these phases and their dif-
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ferent properties must make use of the molecular
structure and motion. The link of the microscopic
description to the thermodynamics is given by the en-
tropy, which specifies the degree of disorder, and the
heat capacity, which is governed by the molecular
motion. Although in the solid state vibrational motion
is dominant, the increasing liquidity is caused by co-
operative, large-amplitude motions seen as transla-
tion, rotation, and conformational, internal rotation.
Their connection to the heat capacity is illustrated in
Figures 2-5. The types of thermal transition between
the phases, which may be in equilibrium or arrested
on cooling, are shown in Figures 6 and 7. The more
subtle glass transition is linked to the freezing and
unfreezing of the cooperative large-amplitude motion
and can be used in an operational definition of the
solid state. The first-order transitions, which are often
closer to equilibrium, are linked to ordering and disor-
dering and can be used to determine the entropy ei-
ther directly or by extrapolation. Figures 8-10 illus-
trate the interrelationships between the two types of
transitions. The glass transition can occur independ-
ently and links then phases of identical entropy
(order), it can overlap or occur simultaneously with
first-order transitions, and it can also be influenced by
interactions across the phase boundaries. In all cases,
the glass transition is the key to identify the solid
below T,. The prior assumption that the much more
conspicuous crystal-to-melt, first-order transition also
defines the solid state is not a tenable operational defi-
nition. Only if a glass transition occurs simultaneously
with the first-order transition is it also a solid-liquid
transition.
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