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Abstract 

The basic step of crystallization of linear macromolecules is conformational ordering. If 
the ordering is completed during crystallization, the entropy of fusion is a measure of the 
gain of conformational disorder on melting. In this lecture the possibility is discussed 
that in some cases conformational order changes below the glass or disordering 
transitions (Tg and Td, respectively). Changes in conformational order below Tg were 
observed for some flexible macromolecules without side-chains, like polyethylene. 
Changes below Td are found among main-chain liquid-crystalline polymers, conformqa$ton- 
ally disordered (condis) crystals, and related small-molecule model-compounds;-? 4" e E 1 \I ED 
Introduction: The First Order Phase Transitions and Glass Transitions 

From time-to-time it is necessary to review old concepts that developed over the yeQ.8-T 1 
The first-order phase transitions and glass transitions in polymers are such old concepts. 
In the treatise by Stuart the problems of polymer transitions were first clearly stated some 
40 years ago.' Since then, considerable progress has been made, particularly after it was 
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Figure 1 A classification of the condensed phases. 

shown that the equilibrium 
state of crystalline macro- 
molecules can sometimes 
be reached experimentally, 
and often are accessible by 
extrapolation.2 By now 
close to 200 polymers and 
polymer-related materials 
have been described in 
their equilibrium state, 
with data collected in the 
ATHAS data bank? A 
summary of equilibrium 
transitions is given in Fig. 1 
for the classical condensed 
phases and the six possible 
mesophases and glasses. 
Expexted entraps of transi- 
tion and changes of heat 

capacity at the glass transitions are also given. They are derived from a large volume of 
experimental data.2i3 For each mobile unit (bead) in a crystal, one expects 7-12 J/(K 
mol) conformational entropy of fusion distributed over one or more disordering 
transitions. In the amorphous phase, one finds 11 J/(K mol) change in heat capacity per 
similar bead at the glass transition. Translational and orientational contributions are 
counted per molecule and are, thus, negligible for macromolecules. 
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Part I: Glass Transitions and Melting Transitions 

A common operational definition of the glass transition temperature, TP requires to 
reach 50% vitrification or devitrification." The experiment involves the measurement of 
an extensive property that changes proportionally to the progress of the transition. The ~. 

glass transition is most 
easily determined using 
thermal analysis (as for 
example differential scan- 
ning calorimetry, DSC, or 
dilatometry). Many glass 
transition temperatures 
have been measured? 
Figure 2 illustrates the 
quantitative assessment of 
a glass transition for a 
typical polymer, measured 
by DSC? The point of half 
of the transition is at Tg. 
For full characterization, 
Tb and T,, as well as Tl 
and T2 are also of impor- 
tance. The change of the 

Characteristics of the Glass Transition 
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Tgure 2 Typical glass transition as measured by DSC. 
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heat capacity at Tp' ACp, is 
the measure of how much of the sample has participated in the transition. Finally, all 
five data must be recorded at a fixed cooling rate, 4.6 Some typical values of Tg are listed 
in the figure. The ranges T2 - Tl and T, - Tb are usually about 5 and 15 K, respectively. 

Below Tl the heat capacity 
of the glass is normally 
quite close to that of the 
crystal, consisting entirely 
of contributions from the 
vibrations, as documented 
in the ATHAS data bank? 
Conformational disorder is 
frozen-in below T,. Above 
Tl it increases, reaching 
ultimately the increase 
characteristic for the liquid, 
[Cp( conformational)/TldT. 

I 

Figure 3 Heat capacity of amorphous polyethylene 

Some polymers, 
such as polyethylene, do 
not follow the "normal" 
behavior, as shown in Fig. 
3. They begin their large- 

amplitude motion that produces conformational disorder far below Tg (i.e. T,  moves to 
a much lower temperature). The motion that is possible below Tg is a local trans-gauche 
interchange that is also (or even better) detectable by dynamic mechanical analysis' as 
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sub-glass transitions or by solid state NMR via relaxation times or changes in chemical 
shift? The difference in energy between the two rotational isomers causes the broad 
increase in heat capacity 
beyond that of the crystal 
shown in Fig. 3. A similar 
increase in heat capacity of 
the crystals starts at about 
room temperature and has 
also been linked to the 
trans-gauche interchanges. 
The crystals reach a total 
concentration of 1-3% 
gauche-bonds at the melt- 
ing transition? Figure 4 
illustrates this increase in 
heat capacity of the crystals 
beyond that due only to 
the vibrational contribu- 
tions (skeletal and group 
vibrations). Not only is 
this increase in C,, typical 
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Figure 4 Heat capacity of crystalline polyethylene. 

for polyethylene, afi paraffins show the same effect." Sufficiently long sequences of CH,- 
groups in other flexible polymers are, furthermore, able to show similar disorder. 

Other large-amplitude motions below the glass or disordering transitions have 
been discovered with dynamic mechanical or dielectric measurements: as well as solid 
state NMR? Of these, the jump-like changes in conformation between two positions of 
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Fipre 5 Jump motion about the six-fold axis in benzene. 

identical symmetry are of 
particular interest since 
they do not add to the 
increase in entropy, as 
shown in Fig. 5 where it is 
seen from the decrease in 
NMR second moment, G2, 
that jump motion begins at 
about 100 K, without any 
effect on the heat capacity. 
This jump motion is also 
common in p-phenylene 
groups of polymer back- 
bones and often initiated 
far below their transition 
regions. A more detailed 
discussion with appropriate 
references is given in two 
recent reviews of meso- 

phase transitions" and conformational disorder.12 Large-amplitude motions in the solid 
state is central for the understanding of deformation mechanisms, as was shown in the 
last few years using molecular dynamics simulations of crystals with up to 30,000 at~ms.'~ 



Part 2: Partially Ordered Samples 

Turning now to partially ordered samples, one can see 011 the basis of Fig. 1 that for one- 
component macromolecules there are three ways in which partial order can be achieved: 

(1) The sample crystallizes or orders only partially and becomes semicrystalline 
(microphase-separated). To stop crystallization and yield a metastable state, the 
amorphous phase must be constrained. Although structure-insensitive properties of 
semicrystalline samples can often be described by a two-phase model, there are many 
cases where at least two non-crystalline structures are present (three- or multiple-phase 
model). One is close to the standard amorphous phase in mobility and disorder, and the 
other is less mobile (rigid amorphous fraction14), and in case of oriented samples, it may 
also have increased order (oriented intermediate phases). Figure 6 shows the need to 
introduce rigid amorphous' 
material (13%) in poly(oxy- 
methylene) to match the 
measured heat capacity. 
When the restraint is lost, 
due to a glass transition or 
a disordering transition, the 
rigid phases transform into 
one of the stable phases. 

(2) The sample is a 
mesophase, and thus not 
fully ordered (see Fig.1). 
Plastic crystaP are of 
little interest to macromol- 
ecules since the need to 
have a close-to-spherical 
mesogen, is a condition not 
satisfied by macromole- 
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?@re 7 Glass transition of the condis phase of OOBPD. 

cules. Liquid crystals have 
only about 10% of the total 
orientational order possible 
(see Fig.l), otherwise they 
are amorphous liquids?1*12 
Typical for polymorphic 
liquid crystals is some 
continuous ordering that 
occurs between transition 
regions. Figure 7 shows, 
for example, that OOBPD, 
a model compound for the 
main-chain liquid crystals, 
has some entropy increase 
between the transition to 
the nematic phase at about 
475 K and isotropization at 
504 K.17*18 On cooling, 



liquid crystals become often condis crystals, as is also seen in the example of OOBPD. 
Summing all transition entraps, one finds that for OOBPD only about 50% of the 
expected total entropy is gained via the transition endotherms. At the beginning of the 
first disordering transition, at 375 K, OOBPD is, thus, 50% disordered and still has the 
heat capacity of a liquid! At lower temperatures Cp decreases gradually to reach the 
vibrational value at about 230 K. The remaining disorder ( d )  could be shown by solid 
state NMR to reside in specific bonds of the two flexible end-groups beyond the aryl 
groups (Ar) of the mesogen (Ar-d-t-d-d-t-d-t-d-d). The bonds marked t represent 
crystallized trans conformations. Since at 230 K the remaining conformational entropy 
matches the conformational entropy of the same number of CH,-groups in amorphous 
polyethylene ["3 J/(K mol)], the decrease in Cp between 375 and 230 K is best described 
as a glass transition (condis crystal to a CD glass, see Fig. 1). 

(3) The sample is only partially crystalline, as in case (l), and, in addition not fully 
ordered in the crystalline regions, as in case (2). This situation is prevalent in condis 
crystals of macromolecules, as illustrated in Fig. 8. This polymer shows at the lowest 
temperature a broadened glass transition, indicative of some rigid amorphous material 
as in case (l), followed by  
the broad glass transition 
due to the condis phase 
(shaded area).'9 Parallel 
experiments of solid state 
13NMR identified, as in 
OOBPD, every CH,-group 
that was crystalline (t), in 
the mesophase, and the 
fraction that remained 
amorphous, supporting the 
thermal analysis?' The 
conformation is in this case 

(compare to OOBPD). On 
cooling from the melt only 
CH,-groups participate in 
the initial formation of the 
partially crystalline meso- 
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Fijpre 8 Double glass transition in MBPE-9. 

phase (monotropic high-temperature condis crystal). The mobile aromatic group orders 
at a lower temperature (larger supercooling). On heating only a single disordering 
transition occurs, as is shown in Fig. 8. Another example of such partially ordered 
macromolecule is poly( oxy- 1,4-phenyleneoxyxylyleneoxy- 1,4-oxyundecame t hylene) (HPX- 
C11). In its mesophase states it could be shown by solid state NMR to have in the low- 
temperature polymorph the following conformation in the flexible sequence: Ar-d-d-t-d-t- 
t-t-t-t-t-d-t-d-d-Ar, and for a high-temperature polymorph Ar-d-d-t-d-d-d-t-t-d-d-d-t-d-d- 
Ar?' In each case the disordered sequences must be restricted to overall conformations 
that keep the molecules largely parallel. These special polymers point to a possible 
nanophase separation in some polymers with long sequences of geometrically and/or 
energetically dissimilar nature. This new class of linear macromolecules needs to be 
recognized and analyzed to find its place for applications. 



Conclusions 

Conformational, large-amplitude motion may exist already, in addition to vibrational 
motion, at temperatures below the glass transition or the lowest first-order disordering 
transition. This conformational motion causes gradual changes in conformational 
disorder (entropy) outside the transition regions. In the case of more than one 
disordering steps with transition endotherms, additional disordering can occur between 
the transition temperatures and is indicated by a higher heat capacity. 
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