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Abstract

The statement: “A solid is a condensed phase at a temperature below its glass transition”, is an operational definition. It leads to the corollary that
for crystals to be solid, they must be below their glass transition. In this paper evidence for the usefulness of this definition is presented. It is based on
the measurement of the glass transition of crystals in the presence of melting and crystallization. The experimental tool is temperature-modulated
differential scanning calorimetry, TMDSC, which enables the measurement of heat capacity in the presence of irreversible latent heat of melting
and crystallization. Not only is the expected change of the heat capacity during the first-order phase transition identified, but it was also discovered
that in some flexible polymer crystals the glass transition of the crystal can occur at a lower temperature than the order/disorder process without
a change in crystal structure. Typical examples for such behavior are seen in poly(oxyethylene), poly(oxytetramethylene), aliphatic nylons, and
most likely also in polyesters, polyurethanes, and polymers with other functional groups, separated by longer CH,-sequences. Such order/disorder
transitions above the vitrification to a solid are well-known for the mesophases described as liquid crystals, plastic crystals, and condis crystals of

small and large molecules, attesting for the universality of the operational definition.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The possibility of the glass transition being a property of a
crystal emerged when looking for an operational definition of
the type proposed by Bridgman [1] to distinguish a solid from a
liquid. Certainly, there has been considerable confusion on this
topic, which led in the past to the belief that only crystals are
true solids and glasses are supercooled liquids. This belief is
even at the present not fully abandoned. Naturally, both, glasses
and crystals are quite solid at sufficiently low temperature. But
while glasses always retain high, TPa s-level viscosities (1013 P)
up to the glass transition temperature, 7y, where they turn liquid,
crystals vary widely in mechanical properties. Some may have
viscosities typically seen only in liquids. The dictionary defi-
nition of a solid goes back to the 15th century and its modern
wording is [2]: “a substance that does not flow perceptibly under
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moderate stress, has a definite capacity for resisting forces (as
compression or tension) which tend to deform it, and under ordi-
nary conditions retains a definite size and shape.” This statement
of common experience is not suitable as an operational defini-
tion because of a missing precise operation (experiment) [1].
New, thermal-analysis-based definitions evolved when trying
to introduce the concepts of molecules and solids on teach-
ing and writing about macromolecular physics [3], introductory
chemistry [4], and thermal analysis [5]. In Fig. 1, an up-to-date
summary of these efforts is given [6].

For glasses, it is no problem to use the glass transition temper-
ature, Ty, as the operation to distinguish a solid from a liquid.
The glass transition is defined for this purpose at the point of
half-vitrification when measured by the increase in heat capac-
ity, ACp. The heat capacity is a fixed material property, and the
dependence of T on the time-scale of the operation and its irre-
versible nature is by now well understood, although a detailed
mathematical description has yet to be found [7].

For crystals, one is tempted to use the melting transition to
separate the solid state from the mobile state. It will be shown in
the body of the paper that this does not cover all situations.
The two parts of the statement at the bottom of Fig. 1 can
resolve this difficulty: (A) “The glass transition is a solidifica-
tion without change in molecular order” or entropy. This is the
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Fig. 1. Operational definitions based on thermal analysis [5].

generally accepted description of the glass transition measur-
able by thermal analysis. (B) “The crystallization and melting
involve a change in order” (entropy) “which may cause a glass
transition”. A glass transition, being caused by the ordering on
crystallization is the novel, but obvious, suggestion at the core of
the present paper. This description retains that crystallization is a
first-order transition [8], linked to the change in entropy (order),
measurable as a latent heat. It also suggests that the ordering,
frequently connected to an increase in packing-fraction of the
constituent molecules, does not always have to force a glass
transition, i.e., cause a change to the solid state. At temperatures
sufficiently below the phase transitions, so that all secondary
relaxations due to localized, large-amplitude motions in small
spatial ranges of the glass and crystals have become negligible,
all solids have usually close to the same heat capacity. The jump
of the heat capacity at the melting transition, thus, must be that of
a glass transition, making the new formulation reasonable, use-
ful, measurable, and all-inclusive: “A solid is a condensed phase
atatemperature below its glass transition.” The possible changes
in heat capacity and in entropy (latent heat) in going from the
solid to the mobile state are easily determined quantitatively
by thermal analysis, the operation needed for the definitions.
Even mesophases, the intermediate phases between liquid and
crystal, usually separated into liquid crystals, plastic crystals,
and conformationally disordered (condis) crystals, can easily be
included in this basic scheme of phases and transitions [6,9].

2. Characterization of a solid by its molecular motion
and heat capacity

The first successful link of the macroscopic heat capacity
of crystals to the microscopic molecular vibrations was given
by Einstein [10]. The modeling involved the representation of
the vibrational spectrum by a single frequency, the Einstein fre-
guency, ve. Thissimplification is particularly suitable for metals,
which approach a spherical force-field about each atom because
of their high coordination number of 12. For the lowest temper-
atures where only small frequencies are excited, a better theory
was developed by Debye [11]. He modeled the heat capacity
with a three-dimensional continuum with a cut-off at the Debye
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Fig. 2. Frequency distributions: (A) Einstein approximation; (B) Debye approx-
imation; (C) normal-mode calculation [5].

frequency, vp, where the number of frequencies reaches the
number of degrees of freedom. Fig. 2A and B illustrates the
Einstein and Debye approximation, respectively, of the distri-
bution of frequencies in diamond. Fig. 2C illustrates a normal-
mode calculation of the full spectrum for the same crystal [12].
Although all three distributions look largely different, the figure
clearly indicates the nature of the low-temperature and high-
frequency approximations. The temperatures, ®, correspond
to the characteristic Einstein and Debye frequencies [© = hvik,
where  is Planck’s constant and k is Boltzmann’s constant, with
hlk=4.8 x 1011 K s]. They indicate the temperatures where the
heat capacity reaches about 90% of its maximum value. Nei-
ther of the two approximations covers the heat capacity at all
temperatures. A better model would treat the C—C-stretching
vibrations as a group vibration with an approximate Einstein fre-
quency of about 3.8 x 10~ Hz, and the bending vibrations as
a three-dimensional Debye continuum with an additional [box-
averaged] frequency between 2 and 4 x 10%3 Hz.

For flexible, linear macromolecules with much less symmet-
ric force-fields, the description of the heat capacity in terms
of a simple Debye or Einstein approximation of the molecu-
lar vibration spectrum is not possible [5]. Within the frame of
the advanced thermal analysis system, ATHAS [13,14], it was
found that the heat capacity contributions of the molecular vibra-
tions of polymers is better assessed by separating the frequency
spectrum into group and skeletal vibrations. The group vibra-
tions are separated into approximate Einstein frequencies and,
if needed, box distributions of a constant density of states over
limited frequency ranges, as illustrated at the top of Fig. 3 for
polyethylene. For the same chemical structures, these group fre-
quencies change little from polymer to polymer, and even to
analogous, small molecules. The group vibrations are available
from Raman and infrared spectra without reference to calorime-
try. In the case of polyethylene, the group vibrations consist
of the C—C-stretching vibration, close to 4 x 10 Hz, similar
to the diamond in Fig. 2, and the seven C—H-bending and -
stretching vibrations, leaving two skeletal vibrations to cover
intra- and inter-molecular motions. These skeletal frequencies
are available only by fitting experimental low-temperature heat



130 B. Wunderlich / Thermochimica Acta 446 (2006) 128—134

Heat Capacity of Solid Polyethylene

o + Skeletal+ -group S—
=8 |brat[ons ox C Steton, 1 vibrations C-C-stretch
= fB ) & C-H bend (2)

s (4)
o] 0 3 4 5 6 7 8xiol3

Frequency v/Hz
60 = : : I
Cp due to large- amplitude motion

40 experimental
heat capacity
]

skeletal
vibrations |

Heat Capacity / [J/{ K mol)]
W
(=]

0 200 400 600
Temperature / K

Fig. 3. Link between the frequency spectrum and heat capacity of crystalline
polyethylene. The equilibrium melting temperature is 414.6 K, the entropy of
fusion 10.5JK~* mol~1 [5].

capacities to a combination of one- and three-dimensional Debye
functions, represented by @ and @3, respectively [15,16].

The lower half of Fig. 3 illustrates the contributions of the
skeletal and group vibrations to the heat capacity of polyethylene
at constant volume, Cy. Above room temperature, the differ-
ence between Cp and Cy needs to be calculated or estimated
in order to compare the calculated vibrational contributions
with the experimental Cp [17,18]. Up to 200K, practically
all heat capacity contributions are due to the skeletal vibra-
tions. At higher temperatures, increasing amounts arise from the
group vibrations, but even at the 600 K, where decomposition
occurs, the limiting Cp of 9 x R=74.8J K1 mol~? has not been
attained.

Except for temperatures below about 50 K, the calculated heat
capacities apply to crystalline and glassy polyethylene. The ®-
temperature for the intermolecular vibrations of the glass [©3]
is 80 K, while for the crystal in Fig. 3, it is 158 K. Both solids
have the same intramolecular ®; of 519 K.

3. Polyethylene, an example of conformational motion
in the solid state

It can be seen from Fig. 3, that when approaching the melting
temperature at 414.6 K, the experimental heat capacity devi-
ates from the vibrational contributions. It was suggested earlier
that this increase is either a small amount of melting, or the
beginning of local, large-amplitude motions [19]. The former
has recently been linked to the reversing melting of crystalline
polyethylene [20]. The latter were identified in more detail when
it became possible to simulate sufficiently large polyethylene
crystals by molecular dynamics simulation [21]. Fig. 4 illustrates
the changes of the conformation of a single chain inside a crystal
starting with the ideal all-frans conformation at time zero. The
basic C—C-bending vibrations that make up the skeletal heat
capacity, the transverse, torsional, and longitudinal vibrations
develop immediately after the beginning of the simulation. A
collision of phonons of these three vibration types are shown to
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Fig. 4. Formation of a 291 kink within a computer-simulated polyethylene
crystal of nine chains of 100 CHz-groups each [21]. Displayed is the lower
portion of the inner chain. The vibrations are: A, transverse; B, torsional; C,
longitudinal.

yield a kink defect after about 1.0 ps (1 x 10~12s). This defect
consists of two gauche conformations which keep the chain par-
allel, but shorten and twist the chain, as indicated.

The number of gauche conformations, as found in simula-
tions of three cooling runs are shown in Fig. 5 [21], together with
measurements of gauche conformations by infrared analysis
of paraffins. Both methods yield analogous results, and supply
proof that the increase in heat capacity beyond the vibrational
contribution is due to large-amplitude motion, as is needed to
introduce the kink defects. The life-time of a gauche conforma-
tionis inthe picosecond range, allowing, despite the low concen-
tration, each bond to go through billions of gauche—trans conver-
sions per second [22]. A similar increase in heat capacity is seen
atthe beginning of the glass transition [13]. For both solids, these
large-amplitude motions at low temperature are mainly local-
ized and involve only short segments of the molecules. These
large-amplitude motions involve increasingly larger segments
and become cooperative and slow as one approaches the transi-
tions, to speed up again when reaching the mobile phase where
cooperative conformational motion becomes facile.
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Fig. 5. Gauche concentrations as function of temperature as presented in [22].
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4. Poly(oxyethylene), an example of a crystal with a
glass transition

With the development of temperature-modulated differential
scanning calorimetry, TMDSC, it became possible to reverse
the temperature-change during a single run [23]. The modula-
tion is either itself sinusoidal, or it is analyzed in terms of its
harmonics. The reversing heat-flow-rate response to the temper-
ature modulation is then deconvoluted by subtracting the sliding
average over one modulation period, (&(z)), from the instan-
taneous heat-flow rate, @(¢). This analysis yields the pseudo-
isothermal response to the modulation [24]. For reversible pro-
cesses, the measured heat capacity derived from the amplitude of
the pseudo-isothermal response, A, and (&(r)) are identical if
(@(7)), which arises from the underlying, linear increase in tem-
perature is stationary (i.e., within the error limit its value changes
linearly over one modulation period). In case of the presence of
additional, irreversible thermal processes, the two quantities are
different. To eliminate any slow irreversible processes, which
distort the deconvolution of &(¢), a quasi-isothermal analysis
was developed [24]. In this case, the modulation is carried out
about a constant temperature, Tp, until all irreversible processes
are eliminated before data are taken [(®(z)) = 0]. After one such
run is completed, the temperature is raised or lowered to a new
level. A large number of such runs cover the whole temperature-
range of interest and are discussed next for the separation of
latent heat of melting and crystallization from the apparent heat
capacity to gain information about the glass transition in the
presence of melting or crystallization.

Fig. 6 illustrates the apparent heat capacity of a crystalline,
low-molar-mass poly(oxyethylene), PEO, determined by stan-
dard DSC and quasi-isothermal TMDSC [25]. At the chosen
magnification, the melting of the PEO crystals seems fully irre-
versible. The latent heat contribution to the apparent heat capac-
ity, however, is rather large, so that finer details need a much
expanded scale, as shown in Fig. 7. Surprisingly the reversible
heat capacity of Fig. 7 is much larger than the calculated vibra-
tional contribution, evaluated as for polyethylene in Fig. 3. In
fact, it approaches the level of the liquid heat capacity before the
major irreversible melting starts.

DSC and Quasi-Isothermal TMDSC
Proves Irreversibility of Polymer Melting
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Fig. 6. Melting of POE of a molar mass of about 5000, illustrating almost com-
plete irreversibility of melting [25].
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Fig. 7. Enlarged plot of the heat capacity, separated from the irreversible latent
heat for the POE of Fig. 6 [25].

These early observations needed a more detailed analysis.
Fig. 8 summarizes the data for PEO8000, a fraction of a molar
mass of 8000 Da [26]. Quite clearly, the reversible heat capacity
reaches the level of maximum conformational motion as repre-
sented by liquid PEO before major irreversible melting began.
The small excess beyond the heat capacity of the liquid is a
remaining reversing melting which disappears with time. At
334.1 K it settles somewhat below the heat capacity of the liquid,
but far above the expected, vibrational Cp. Note, the equilibrium
melting temperature of PEO8000 is 337.45 K [27]. Fig. 9 depicts
the results of an extended study of quasi-isothermal TMDSC
of the melting of PEQOs of a wide range of molar masses. The
samples range from extended-chain crystals (up to 5000 Da), to
sharply folded crystals (up to 20,000 Da), to chain-folded crys-
tals of higher molar masses.

The samples in Fig. 9 are analyzed after a quasi-isothermal
series on cooling to achieve a maximum amount of annealing.
Furthermore, the heat capacities are corrected for 100% crys-
tallinity, computed from the measured heat of fusion, so that a
comparison between samples of different crystallinities is pos-
sible. First, the increase of the heat capacity moves to higher
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Fig. 9. Reversing melting of POE crystals with a wide range of molar masses
[26].

temperature with molar mass and reaches a high-molar-mass
limit at about 20,000 Da, as one sees for glass and melting
transitions. Next, beyond 20,000 Da, Cp, again increases at low
temperature, but develops a reversible melting peak in the tem-
perature range of irreversible melting, as has been seen for many
flexible macromolecules and was explained as a surface melting
of decoupled chain segments [28].

The effect of molar mass on Cj, is also seen by analysis on
cooling. Crystallization then occurs with the usual supercooling
dueto nucleation [3,29]. On completion of crystallization, the Cp,
matches the heating trace. Combining all these heat capacities,
one can derive the approximate excess Cp for high-molar mass,
as illustrated in Fig. 10. The heat capacity due to vibrational
and conformational motion is represented by the black line. It
has the shape expected for a glass transition, broadened by the
presence of crystallinity. The transition reaches its completion
before major melting is occurring, i.e., there is a temperature
range of a crystal above its glass transition. The crystal shows
no change in structure in this temperature range, except for a
small increase in lattice spacing.
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Fig. 10. Reversing melting of high-molar-mass, folded-chain crystals of POE,
separated from the glass transition caused by the complete unfreezing of con-
formational motion below Ty, [26].
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Fig. 11. Standard DSC of the liquid-crystal-forming OOBPD. The vibrational
heat capacity of the solid is calculated as for polyethylene shown in Fig. 3. It
is reached only below the glass transition of the condis crystal. Note also the
change in order outside the transition peaks in the nematic LC-phase [31].

5. Other crystals and mesophases

A similar observation as seen in POE was also made when
looking at poly(oxytetramethylene), POTM [29]. As for POEs,
the POTM oligomer shows no reversible melting on quasi-
isothermal TMDSC. The excess heat capacity reveals that the
glasstransition is practically completed when reaching the major
irreversible melting peak at 300 K.

The separations of ordering and glass transitions is even
more common for mesophases [30]. On cooling from the liquid,
one finds first one or more first-order transitions, which pro-
duce increasing perfection of the molecular packing. The large-
amplitude motion, characteristic for the mesophases, freezes at
a separate glass transition when further ordering to a crystal
is not possible. Fig. 11 illustrates the transitions in the small
molecule OOBPD [31]. On cooling, at first, a nematic liquid
crystal appears (LC). The structure of the nematic phase has
only a minor amount of one-dimensional, orientational order,
allowing almost free translational, liquid-like motion. On fur-
ther cooling, several smectic liquid crystals result, before the K1
to K3 phases are formed. The K phases were originally thought
to be crystalline, but it could more recently be proven to still
have many of the parafinic C—C-bonds free to undergo confor-
mational, large-amplitude motion, i.e., they are condis crystals
[32]. After formation of K3, sufficient large-amplitude motion
is possible to yield the liquid heat capacity. Only further lower-
ing of the temperature results in a solid CD glass after the glass
transition.

Fig. 12 shows a similar behavior for a partially condis-
crystalline polymer. Again, the freezing to the CD glass occurs
below the ordering transition and is then followed by the glass
transition of the remaining amorphous polymer [33]. Both,
Figs. 11 and 12 are similar to the PEO and POTM. Moreover,
aliphatic nylons have been studied by DSC, X-ray, and neutron
scattering. The apparent heat capacity also increases for these
polymers before melting, and the conformational motion reaches
the level of the liquid below the melting temperature [34,35].
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Glass Transition of Condis Crystals
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Fig. 12. Apparent heat capacity of MBPE-9, a partially ordered polymer with
43% condis phase showing its glass transition (which may be coupled to 17%
rigid-amorphous phase) and a separate amorphous glass transition [33].

Similar mobility also is known for polyesters, polyurethanes,
and polymers of other functional groups separated by longer
CH3-sequences.

6. Conclusions

The glass transition is introduced in Fig. 1 as the central pro-
cess for the solid-liquid transition, and thermal analysis is the
best-suited experiment to define the solid state, as is required for
an operational definition [1]. Accepting this premise, one finds
that the condensed states can be defined according to order and
mobility. The thermodynamic description of the solid state can
be based largely on the effect of the molecular vibrational spec-
trum on the heat capacity as outlined in Figs. 2 and 3. For flexible
molecules, conformational motion, based largely on intramolec-
ular hindered rotation, can begin gradually at temperatures
approaching the solid-to-mobile-phase transition, detailed by the
example of polyethylene in Figs. 3-5. A new research project on
the apparent heat capacity of poly(oxyethylene), using mainly
TMDSC, has led to the discovery that such conformational
motion can reach the level of full excitation as found in the liquid
state. This work is documented with Figs. 6-10 [26]. One con-
cludes, that the glass transition and the ordering transitions may
be separated without obvious changes in the crystal structure.
Finally, Figs. 11 and 12 are used to show the similarity of the
glass transitions of crystals to the glass transitions in mesophases
to the corresponding mesophase glasses. The importance of this
clarification of the solid-to-mobile-phase transition lies in the
expected unique properties of crystals above their glass tran-
sition. The mobile conformational defects should cause easy
deformation [21]. The polymeric crystals above their glass tran-
sition then should be able to anneal more easily, may be drawn
to higher extension ratios, and lose much of the tensile modulus.
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