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Abstract The thermodynamic description of polymeric systems is summarized based
on 50 years of gathering experimental information with adiabatic, differential-
scanning, and temperature-modulated calorimetry. This experience has led to a de-
scription of macro- to micro- to nano-phases with macromolecules able to traverse
the phase boundaries and decouple at the surfaces, resulting in different thermody-
namic properties for the separated parts of the molecule. A typical thermodynamic
characterization of semicystalline polymers is that of a globally metastable system
with locally reversible processes. Unique phenomena in polymers include the ability
of semicrystalline polymers to undergo cold crystallization and molecular nucleation,
possess thermally generated point defects and rigid-amorphous fractions, and have
amorphous to mesophasic to crystalline macroconformations with glass, ordering,
and disordering transitions in all three structures. To describe such multifaceted sys-
tems, special combinations of equilibrium, and irreversible thermodynamics as well
as statistical and quantum mechanics are necessary. Only then is it possible to han-
dle violations of phase rules, changes of properties when approaching nanophase
dimensions, local reversibility, and enthalpy relaxation. The enthalpy relaxation in
polymers originates in the cooperativeness of conformational motion and the interfer-
ences of processes of different time scales. The experiments to identify the effects of
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the different molecular motions from typical vibrational time scales of picoseconds
to cooperative, large-amplitude rearrangements of up to megaseconds span heating
rates of thousands of K-s~! with superfast chip calorimeters to many hours for slow,
quasi-isothermal analysis by temperature-modulated differential scanning calorime-
try (TMDSC). Selected examples of this far-reaching thermal characterization will be
presented.

Keywords Calorimetry - Glass transition - Melting/crystallization - Microphase -
Nanophase - Phase - Phase transition - Reversible decoupling - Superfast calorimetry

1 Introduction

More than 2,000 years ago the simple theory of matter from a human, macroscopic
point of view consisted of four elements (fire, air, water, and earth) and two pairs of
qualities (hot/cold and wet/dry). This scheme represents at the same time the basis
of thermal analysis as expressed in today’s logo of the International Confederation
for Thermal Analysis and Calorimerty (ICTAC) [1]. Similarly, the linear and flexible
macromolecules, commonly called polymers, are the most basic materials of life and of
central importance for the understanding of nature as well as modern materials science
[2]. While atoms and molecules were proven about 200 years ago to be the elemental
particles of the macroscopically recognized matter [3] and their size and properties
were well established during the last 100 years, the linear and flexible macromolecules
were safely identified only 90 years ago [4]. Heat, the fourth “element” of antiquity
was identified about 100 years ago as the energy of molecular motion [5]. This led
to the development of “thermodynamics,” a general theory for the description of all
matter, energy, and the phase-structure [6].

Figure 1 summarizes the three size ranges of the thermodynamic phases. The
macrophases represent the phases already described by Dalton in the form of his
fluid (gaseous), liquid, and solid “bodies” [3]. Colloids, the first microphases, were
discovered some 150 years ago [7], and the nanophases, the topic of this article, became
“cutting-edge” research only some 20 years ago. This large spread of the milestones
leading to the understanding of nanophases of polymers left many common expres-
sions in science without a precise, operational definition [8]. In the field of polymer
science, this led to many errors when one wanted to model these last recognized types
of molecules on the earlier described small or large, but largely rigid molecules. The
latter two types of molecules were the basic materials of the chemistry of the first half
of the 20th century.

Figure 2 displays the types of phases recognized, including the mesophases with
“intermediate” order in their structure [9]. In the development of the scheme of Fig. 2,
structure and molecular motion were necessary to be considered for full description
of both structure and properties. A solid, usually shows vibrational motion only, all
other phases have added large-amplitude motion, where the large-amplitude motions
consist of internal rotation, i.e., conformational motion, rotation, and translation.
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Macro-, Micro-, and Nano-phases

Traditionally the phases consist of homogeneous, macroscopic
volumes of matter, separated by well-defined surfaces of negligible
influence on the phase properties, as was described already by
J. W. Gibbs, American Journal of Science, Ser. 3, 16; 441 (1878)

Macrophases: Bulk phase: The surface may play a
G=H-TS role in setting the morphology if

above 1,000 nm the phase is mobile.

Microphases: Small phase with strong surface

effects: Thought 150 years ago to

- [o]
ar= (ZSTm)/(AhfS’e) be the "fourth state of matter."

Lower limit of the usefulness of a
Nanophases: thermodynamic phase description:
1.0 to 50 nm The homogeneity is limited by the
atomic and molecular structure.

Fig. 1 Three size-ranges of the thermodynamic phases (G, H, and TS are the usual thermodynamic energy
functions; AT, which expresses the lowering of the equilibrium melting temperature of a large crystal, T},
is given by the Gibbs-Thomson equation, involving the specific surface free energy o, the specific heat of
fusion Ah £ the density p, and the lamellar thickness ¢).

2 Instrumentation

Quantitative measurements of heat began in the 18th century. Adiabatic calorimetry
with today’s precision began with Nernst’s calorimeter [10]. In adiabatic calorimetry,
a sample is heated in an adiabatic enclosure and the resulting change in temperature,
AT, is measured. The heat absorbed can then be equated to the heat capacity, C),,
multiplied with AT'. At the same time, heating and cooling curves were quantified to
ultimately measure heat by differential thermal analysis (DTA) [11] using Newton’s
law of heating. With later automatic recording and control of temperature and temper-
ature differences, this DTA led to differential scanning calorimetry (DSC) [12], and
ultimately to temperature-modulated DSC (TMDSC) [13]. Adiabatic calorimetry and
DSC yield thermodynamic functions when equilibrium is assured; polymeric systems,
however, are often not even close to equilibrium, so that TMDSC is needed to check on
the reversibility of phase transitions. Figure 3 finally illustrates the latest development
in electronic chip calorimetry which can follow nonequilibrium processes with rates
approaching 106 K-s~! [14]. As seen from the sample masses analyzed in Fig. 3, the
increasingly faster heating rated are possible by correspondingly decreased masses.
This decrease in mass is necessary to keep the temperature gradient created during the
external heating or cooling within acceptable error limits [2]. The schematic of the
chip calorimeter illustrates the exceedingly small sample speck of about 10 um diam-
eter. Needles to say, all of the types of calorimetry depend on precise measurement
and error correction.

3 Results and Discussion

Figure 4 illustrates the relationships between glass, melt, and crystal, commonly seen
in semicrystalline macromolecules. At a given temperature, the lowest free enthalpy,
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Fig. 3 Crystallization of polyethylene, PE, by cooling from the melt as determined by standard DSC,
fast DSC, and electronic chip calorimetry which can follow nonequilibrium processes with rates to 100
K-min~! [14]

G, represents equilibrium. From this free-enthalpy scheme and the summary of phases
in Fig. 2, one can easily identify all glasses by the change in heat capacity at the glass
transition temperature, Ty, which changes the curvature of G and, at the same time,
marks the solidification of the liquid.! Crystals and the mesophases at the bottom of
Fig. 2 have varying degrees of order and, thus, also different solidity. All mesophases
have glass transitions [9], and it was shown that crystallization does not always increase

! Glass transitions are also called “brittle points” to mark a transition from the liquid to the solid state;
furthermore, polymers reach a high viscosity of ~10!2 Pa-s at Tg.
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Fig. 4 Equilibrium and nonequilibrium for glassy, molten, and crystalline phases

T, to coincide with T, i.e., crystals may have a separate glass transition. In the
monoclinic crystals of the poly(oxyethylene)s, T; occurs almost 20K below Ty, [15].

Figure 5 displays details about the glass transition of amorphous and semicrystalline
poly(ethylene terephthalate), PET [16]. The TMDSC is performed quasi-isothermally,
i.e., by modulation about the indicated temperatures. A broadening of the transition
on crystallization is clearly seen and indicates coupling of different parts of the same
molecule across the phase boundary. Typical polymer molecules are of micrometer
lengths and can easily bridge crystal phases through the amorphous phase. Of special
interest is also the observation that the crystalline and amorphous fractions do not
represent the complete sample. There is a third fraction which is noncrystalline, but
does not participate in the glass transition. This rigid-amorphous fraction, RAF, was
first quantitatively assessed by DSC for poly(oxymethylene) [17].

To continue the discussion of the phase transitions, one needs to recognize that
in Fig. 4 all phases with free enthalpies vertically above those of the equilibrium
melt or crystal are arrested equilibria and can only be analyzed using irreversible
thermodynamics. First, one notes that there are two phase changes with zero-entropy
production: at equilibrium, and where a metastable crystal changes to a melt with the
same metastability. In the following equation for the melting of lamellar crystals (also
listed in the figure):

20d 2modl
4G = Agrdm, + 2ZMe  TMIE
14 o2

where d; G is the free enthalpy production (linked in the closed system considered to
the entropy production A; S, as shown in the bottom equation of the figure); Agr is the
specific free-enthalpy change on fusion; o is the specific surface free energy; £ is the

2 In the case that the crystal is solid, melting absorbs not only the latent heat of fusion, characteristic of a
first-order transition, but, in addition, the heat capacity changes from the value characteristic of a solid to
that of a liquid, as in a glass transition.
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Fig. 5 Glass transitions of poly(ethylene terephthalates) (PET) of different thermal histories and crys-
tallinities

lamellar thickness of the crystal; dm . is the change in crystal mass; and p is the density
[2]. The experimental determination of the zero-entropy production requires the wide
range of heating rates illustrated in Fig. 3. Of the four downward arrows in Fig. 4
two indicate melting with superheating and two crystallization with supercooling, i.e.,
they mark permitted transitions with an entropy production.

The question of the dividing line between the micro- and nano-phases is resolved
with the help of Fig. 6. Small spheres of polystyrene were analyzed by DSC [18].
The broadening of the glass transition by ~50K is interpreted as caused by increased
mobility at the surface. By matching the heat capacities, the surface layer is about
5nm thick, which in turn, suggests that a sphere with a radius of 5nm would only be
surface material and contains no bulk phase. The RAF in the semicrystalline polymers
similarly must then be identified as a nanophase of properties different from the bulk-
amorphous phase. These experiments support the summary of Fig. 1: macrophases
have only negligible surface effects and are usually limited in size to dimensions larger
than one micrometer. Microphases are affected in their properties by the surface, as
indicated by the Gibbs-Thomson equation for the melting of thin, lamellar crystals
which can be derived from the above equation by assuming no change in d¢ before
melting and d; G = 0. Microphases still have a bulk phase in the center of their volume.
The nanophases, finally, contain no bulk phase at all. The surface may cause a decrease
in Ty (when the mobility increases at the interface) or an increase in T (when there is
a stress transfer at the interface, as in the RAF). The upper limit of size of a nanophase,
thus, is different for the different phase structures.

A comparison of standard calorimetry and TMDSC of the melting of polymers with
extended-chain structure is shown in Fig. 7 for the example of a poly(oxyethylene).
Quasi-isothermal TMDSC reveals that there is no reversible latent heat corresponding
to the heat of fusion measured by standard DSC, even in the presence of crystal
nuclei [19]. This is expected from the need of macromolecules to undergo molecular
nucleation, proven earlier by the rejection of species shorter than the crystal-growing
species at temperatures below their melting temperature [20].
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Fig. 7 Melting analysis by DSC and TMDSC which proves irreversible melting

Figure 8 illustrates the limit of reversible melting and crystallization of flexible
paraffins and poly(ethylene)s. A distinct limit in length exists for the need to nucleate
the molecule for crystallization [21]. The figure shows that this limit is much less than
the beginning of large-scale chain folding which occurs when the number of backbone
atoms, x, is about 250 [22].

The complete irreversibility of melting of polymers, suggested in Fig. 8, was shown
to be limited to crystals of extended-chain and sharply-folded molecules. With quasi-
isothermal TMDSC, it was discovered that a sizeable reversible melting exists in
poly(ethylene terephthalate) [23]. By now, many other polymers are shown to have
the same melting behavior [24]. These experiments point to a globally metastable
structure for these semicrystalline polymers with some decoupled chain segments
which melt locally in a reversible manner. The likely site of the reversible melting
is at the growth front, established by the irreversible crystallization. The reversible
melting is first seen at low temperature where it usually has high specific reversibility.
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Fig. 9 Poly(butytlene terephthalate) analyzed by DSC and TMDSC

The specific reversibility drops to a much lower level when the irreversible melting-
peak temperature is reached. The specific reversibility is the percentage of reversible
melting, measured by quasi-isothermal TMDSC, relative to the total melting, measured
by standard DSC, both over the same, narrow temperature range [25]. Total reversible
melting, which is obtained by integration of the specific reversibility over the complete
melting range, may reach 5-20% for homopolymers and 30-50% for copolymers.
Less perfect crystallization with lower crystallinity usually leads to higher amounts of
reversible melting.

Figure 9 summarizes a full analysis of the thermal behavior of a semicrystalline
poly(butylene terephthalate) [26]. First, the heat capacities of the limiting states have to
be determined as baselines for the quantitative analysis. Next, the two glass transitions
must be evaluated to know the liquid amorphous, marked as (l.am.) in Fig. 9 and rigid
amorphous fraction marked as (RAF) in Fig. 9. In the shown case the sample was
cooled slowly for crystallization, so that the two glass transitions are well separated.
Finally, the full DSC curves can be reproduced above 7;(RAF) using the following
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Fig. 10 Three glass transitions
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equation (also indicated in the figure):
Cp = we(T) Cp(solid) + (1 — we)(T)  Cp(liquid),

where C,, represents the overall heat capacity and w,, the weight fraction of crys-
tallinity. All quantities should be inserted with their proper temperature dependence.
Quickly cooled samples can be analyzed analogosly with the known 7 (RAF). Super-
fast chip calorimetry can be used to check the limits of metastability [27].

Figure 10, finally, illustrates the changes which were found for the indicated multi-
block copolymer MBPE-9, consisting of a rigid and a flexible segment [28,29]. In
this case three glass transitions can be observed, one for the condis mesophase (see
Fig. 2), one for the bulk-amorphous phase, and the intermediate one for the RAF.

4 Conclusions

On cooling from the melt, macromolecules are usually arrested in metastable states.
Frequently even homopolymers separate into multi-phase structures which may have
nanometer dimensions. In order to present a consistent picture of the calorimetric
properties, it is necessary to extend the common description based on equilibrium
thermodynamics to nonequilibrium states and their transition. A list of all types of
phases in Fig. 2 is based on both structure and molecular motion, and permits easy
separation into one dilute, mobile phase (the gas), four condensed solid phases (the
glasses), and a group of five condensed phases of different mobility. It is important
to recognize that in this description the glass transition and not the ordering is the
key to the change of a mobile phase to a solid. Each phase may have three distinct
sizes, as summarized in Fig. 1. With these basic descriptions, it is shown in Fig.
4 that the free-enthalpy diagram for a glass, melt, and crystal can be used to link
the stability of equilibrium and nonequilibrium phases. Consisting of ordered and
amorphous phases, both the glass transition, measured by determining the change in
heat capacity, and the first-order transitions, judged by finding the entropy changes,
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are accessible through thermal analysis with techniques which range from slow to
superfast, as seen from Fig. 3. Figures 4-10, finally, illustrate some of the experiments
clarifying the broadening of the glass transition due to stress transfer through the
point of decoupling of molecules that traverse the crystal/amorphous interface, the
evaluation of the RAF and its glass transition, the reversible and irreversible melting
of crystals, and the possible multiple glass transitions.
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