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ABSTRACT Nonisothermal and isothermal kinetic studies of copolyesters with different 1,4-dihydroxybenzoic 
acid (HBA) and 2,6-dihydroxynaphthoic acid (HNA) compositions were carried out by differential scanning 
calorimetry (DSC). Different transition behavior is observed in the nonisothermal experiments among those 
copolymers, and it is strongly dependent on crystallization conditions (cooling rate) and chemical structure 
of their counits. It has been observed that crystals of macromolecules have a tendency to reject noncrystallizable 
counits. In isothermal experiments, two types of transition processes have been distinguished for the copolymers 
of 75/25 and 30/70 (HBA/HNA): a fast process which is characterized as solidification and a slow process 
which is close to a normal crystallization process of the polymers. The transitions may be described as a “condis” 
crystal transition from a nematic liquid. Microscopic structural formation has been discussed. The metastability 
and annealing effect of the crystals are analyzed. Thermodynamic data of the two copolymers (75/25,30/70) 
at metastable equilibrium have also been estimated. The Avrami treatment still holds for the slow process, 
but with low values of the Avrami parameter, n. An explanation has been attempted. 

Introduction 
Macromolecular crystallization behavior has been ex- 

tensively studied during the last 30 yeah1 For many 
crystallizations of flexible, linear macromolecules from a 
melt, heterogeneous nucleation is found, followed by 
spherulitic, chain-folded crystal growth. The macroscopic, 
overall crystallization process can be described by an Av- 
rami equation? 

with n = 3. Vc is the volume-fraction crystallinity, K is 
a temperature-dependent nucleation, and t represents 
time. In the case of time-dependent nucleation, n is 
usually equal to four. For two-dimensional morphologies 
n decreases by one. Quite often, one also observes frac- 
tional exponents or two sequential expressions like eq 1 
with different values of n due to secondary crystallization 
or crystal perfection. Typical examples for the Avrami 
kinetics are polyethylene (PE),’y3 poly(ethy1ene tere- 
phthalate) (PET),’t4 and poly(ary1 ether ether k e t ~ n e ) . ~  A 
survey of over 50 polymers has shown that all of their 
Avrami crystallization kinetics have values of n above two, 
except for crystallization of fibrous and drawn samples 
which usually have lower exponents in the Avrami equa- 
tion. Even in flexible random copolymers, e.g., ethylene 
terephthalate and ethylene sebacate (80/20 in molar ratio), 
the Avrami parameter n was found to be close to three.l 
However, without parallel knowledge of the microscopic, 
independently proven mechanism, the macroscopic, ex- 
perimentally derived Avrami equation and Avrami pa- 
rameters are only a convenient means to represent em- 
pirical data of crystallization. 

A microscopic mechanism of polymer crystal growth was 
proposed shortly after the discovery of chain-folded 
crystals.6 Practically all present efforts to describe the 
crystal growth are based on the activated state theory 
making use of surface free energy as the main hindering 
effect. Additional progress has been made based on mo- 
lecular segregation’ and continuous crystal growth related 
to morphological changes of growing crystal surfaces.8 

For the discussion of crystallization of flexible random 
copolymers, it  is of basic importance to find degree of 
isomorphism possible between various repeating units. If 
copolymers consist of crystallizable A and noncrystallizable 
B units, the nature of the crystalline state must lie between 
two extremes: the crystalline phase is composed entirely 
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of A units, and is in metastable equilibrium, with a mixed 
amorphous phase of A units and noncrystallizable B 
counits (comonomer exclusion); and the crystalline phase 
is a solid solution of A and B units, the B counits produce 
defects in the crystalline A lattice and both crystalline and 
amorphous phases have the same composition (uniform 
comonomer inclusion). A theory of flexible random co- 
polymer crystallization has been developed for the de- 
pression of melting point,*12 the kinetics of crystalliza- 
tion,l*12 and the amount of noncrystallizable counit that 
is incorporated into the crystalline phase.l’ Qualitatively, 
the faster the crystal growth rate, the greater is the in- 
clusion of B counits. However, some experimental results 
disagree with such a theoretical predi~ti0n.l~ 

Recently, it has been interesting to introduce transition 
studies of random copolymers with rigid chain molecules, 
which frequently display a nematic melt. Structural for- 
mation during such a transition is basically different from 
crystallization of flexible copolymers. Rigidity of the 
molecules leads to an impossibility of chain folding and 
an anisotropic molecular motion in the supercooled ne- 
matic melt. Mesophase transitions usually occur via ag- 
gregation of the rigid chain molecules. Special attention 
has been paid to a series of copolyesters with different 
1,4-dihydroxybenzoic acid (HBA) and 2,6-dihydroxy- 
naphthoic acid (HNA) compositions. The X-ray structures 
of the copolymers were reported by Blackwell et al. and 
Stamatoff.14 A high degree of axial orientation and 
three-dimensional order have been observed. The merid- 
ional maxima are aperiodic.14J7 The transition enthalpies 
and entropies of the copolymers were found to be sur- 
prisingly low.l5-l7 A recent report on one of the co- 
polymers, 58/42 (HBA/HNA), has claimed an unexpected 
high crystallinity (60% or even higher) and occurrence of 
cocrystallization of two repeating units in its crystals 
during the transition. A criticism has been made to the 
copolymer crystallization theory put forward by Sanchez 
and Eby for flexible macrom~lecules.~~ Special models 
have been developed also for the crystallization of those 
cop~lymers.’~J~ The basic crystal was suggested to be with 
rotational disorder due to conformational mobility, proven 
by mechanical and dielectric re1axati0n.l~ The morphology 
of the superimposed crystals was proposed to be based on 
a matching of order between adjacent molecules.18 

In this paper, as the first one in this series, nonisoth- 
ermal and isothermal transition kinetics of the copolyesters 
are reported in a calorimetric study. We may now extend 
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our knowledge to explain in more detail the mesophase 
transition behavior and structural formation of rigid 
macromolecules. 

Experimental Section 
The random copolymers used in this study are composed of 

HBA and HNA with molar ratios of 75/25, 58/42, and 30/70 
(HBA/HNA). The molar masses of the average repeating units 
can be calculated to be 132.5,144.1, and 170.2 g/mol, respectively. 
All samples were kindly supplied by the Celanese Research Co. 
The preparation of the copolymers is described in detail by Ca- 
lundann.20 The copolymers were characterized by Celanese 
through their inherent viscosities in pentafluorophenol at 333 K 
(7.8,5.1, and 9.2 dL/g, respectively). The chain length of similar 
molecules has been estimated to be about 140 repeating units.14 

The pelletized samples provided were pressed into films with 
about a 1-mm thickness at a temperature of 580 K. To avoid any 
influence of previous thermal history, every sample was used only 
once. 

Two instruments, a Du Pont thermal analyzer (990) coupled 
to a DSC cell and a Perkin-Elmer DSC2 connected to a newly 
established microlaboratory thermal analysis system on IBM PC 
computer, were used for scanning calorimetry. Both temperature 
and heat flow scales were calibrated with high-purity melting 
standards (naphthalene, benzoic acid, indium, lead, and tin) in 
a wide heating rate range (0.31-40 K/min). All thermal analyses 
were run under dried nitrogen. 

The nonisothermal crystallization samples were heated to above 
their metastable equilibrium melting temperature, Tdo (see below), 
and held for 15 min. Then, the samples were cooled to 320 K 
at different cooling rates. The DSC cooling traces were recorded. 
Heating experiments were then performed to Tdo. If a cooling 
rate of larger than 10 K/min had been used, the same heating 
rate must be used in order to avoid a possible annealing effect. 
The isothermal crystallization samples were held for 15 min above 
Tdo as before. They were cooled to the predetermined crystal- 
lization temperature, T,, as quickly as possible, and kept there 
for different fixed time periods, t,. The samples then were heated 
again to Tdo with (-10 K/min) or without cooling, and the DSC 
heating traces were recorded. If measurements of heat capacities 
were necessary, such as in the nonisothermal crystallizations, the 
base line of both empty pans and a standard sample for heat 
capacity, sapphire, were also performed. 

The sample-weights were controlled in a range of 15-20 mg. 
All pan weights were within a deviation of k0.002 mg. The 
standard heating rate is 10 K/min, unless otherwise specified. 

In this paper, peak temperatures for both heating and cooling 
traces were used. The width of transition peaks for the noni- 
sothermal experiments was defined as a temperature difference 
at half-peak height, AT,( 1/2). The onset starting temperature 
was also used in the cooling experiments during the transitions, 
it was determined by the intersection between base line and 
extrapolation of peak line at the high-temperature side. When 
two melting peaks were observed during heating, their temper- 
atures are determined to be Td(h) for the high melting peak and 
Td(1) for the low melting peak. The corresponding heats of 
transition for the peaks are md(h) and DJld(l), respectively. 

Results 
Nonisothermal Experiments. Figure 1 shows noni- 

sothermal DSC cooling traces (heat capacity measure- 
ments) of the three copolymers from their nematic melts 
a t  different cooling rates. Surprisingly enough, for the 
copolymer of 75/25, a broadening of the exothermic peak 
is observed with decrease in cooling rate. Meanwhile, the 
peak and onset starting temperatures had shifted to higher 
temperatures as listed in Table I. On the other hand, the 
widths of the exothermic peaks do not change for the 
copolymers of 58/42 and 30170 in the whole cooling rate 
range here studied. Only their onset starting and peak 
temperatures shift to  lower temperatures with increasing 
cooling rate. These data can also be found in Table I. 
Nevertheless, broadening of the melting peak during 
heating with increasing heating rate is similar for the three 
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Table I 
Nonisothermal Transition Properties of the HBA/HNA 

Copolyesters 
cooling rate, ATc(1/2),  md, 

K/min Tc, K" K* T,, K' kJ/mold 
75/25 HBA/HNA 

5 518.8 50 564.5 0.91 
10 514.4 35 564.0 0.66 
20 512.4 19 563.7 0.48 
40 508.6 13 563.1 0.45 

58/42 HBA/HNA 
0.31 493.4 6.0 521.7 0.61 
1.25 487.8 6.1 521.6 0.58 

10 477.3 5.0 521.4 0.58 
20 473.0 5.1 521.1 0.55 

30/70 HBA/HNA 
2.5 548.8 8.2 580.0 0.86 
5 543.3 7.9 579.5 0.85 

10 536.5 8.1 579.3 0.84 
40 528.9 7.9 579.1 0.82 

Temperature 
width of the exothermic peaks at half-peak height. 'Endothermic 
peak temperatures during heating. Heats of transitions measured 
during heating. 

copolymers. The heating DSC traces of those transitions 
at  different heating rates are quite close to those of a 
normal crystal-melting process despite the width of the 
melting peaks which only changes about 2-3 K within the 
heating rate range here studied, instead of a considerable 
broadening (10-20 K) in the process of extended chain- 
crystal melting (polyoxymethylene) under the same heating 
condition.21 

In Table I, the heats of transition of the copolymers are 
also listed. It is interesting that for the copolymer 75/25, 
the heat of transition increases with decreasing cooling 
rate. For the other two copolymers, however, it changes 
very little in the cooling rate range studied. 

Isothermal Experiments in Low-Temperature Re- 
gions. Two temperature regions have been divided based 
on the nonisothermal experiments described in the pre- 
vious section. The low-temperature region lies below the 
exothermic peaks shown in Figure la,c, and another, above 
the peaks. For the two copolymers of 75/25 and 30170, 
the boundaries between the two temperature regions are 
512 and 530 K, respectively (see below). 

Figure 2a shows, as an example, a set of DSC heating 
traces for the copolymer of 75/25 crystallized a t  505 K 
without cooling after different fixed time periods, t,. It 
has been found that there are two distinguished endo- 
thermic melting peaks. Quantitative analysis reveals two 
different transition processes as shown in Figure 2b (for 
two isothermal temperatures: 485 and 505 K). One is 
contributed by the high melting peak (square symbols), 
which shows a linear relationship between the heat of 
transition, Md(h) ,  and logarithmic crystallization time, 
log t,: 

Exothermic peak temperatures during cooling. 

m d ( h ,  T,, t,) = A(Tc) log t c  -t B (2) 
where A(  T,) is the parameter which characterizes the ve- 
locity of the transition. Another is from the low melting 
peak (triangle symbols). The heat of transition, fi&(l), 
increases with time. From Figure 2b, one can find that 
the high melting peak forms very fast, and in fact, it grows 
before reaching isothermal condition. The low melting 
peak, on the other hand, corresponds to the slow process. 
The overall changes of md with respect to the time (log 
t,) at  T, = 480 and 505 K are also plotted in Figure 2b 
(sphere symbols). Relationships between transition tem- 
perature, T d ,  and time, log t,, for both high and low melting 
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Figure 1. A set of DSC cooling traces (heat capacity measurements) of nonisothermal experiments for the copolymers from nematic 
states at different cooling rates: (a, top left) 75/25; (b, top right) 58/42; (c, bottom) 30/70. 

peaks are shown in Figure 2c (for isothermal temperatures: 
485,495, and 505 K). Indeed, Td(h) does not change much 
with increasing time, t,. However, Td(1) increases linearly 
with log t ,  at  different T,: 

(3) 
where C(T,) indicates the changing rate of crystalline 
metastability. It decreases with temperature [C(TJ = 20.8 
at  485 K and 15.3 at  505 K]. 

In this region, three temperatures were chosen for iso- 
thermal experiments: 485, 495, and 505 K. Every ex- 
periment was repeated 3 times, and they are within very 

Td(l, T,, t,) = C(TJ log t ,  + D 

good reproducibility (*1.2% for A&, and *0.1% for Td). 
For the copolymer 30170, similar results were obtained. 

Figure 3a shows a set of DSC heating traces after different 
fixed time periods at  T,  = 525 K. Figure 3b indicates 
changes of the heat of transition of the 30170 sample for 
both fast (squares) and slow (triangles) processes, as well 
as the overall changes (spheres). Relationships between 
the transition temperature and time are plotted in Figure 
3c. The values of C(T,) change from 16.8 at  480 K to 14.1 
at 525 K. However, several special features of the 30170 
sample need to be noticed. First, the change of A&(l) of 
the 30170 copolymer is generally slower than that of the 
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Figure 2. Isothermal experiments for the copolymer of 75/25 
in the low-temperature region: (a, top) a set of DSC heating traces 
at  T, = 505 K in different time periods; (b, middle) relationship 
between A H d  and log t ,  at T, = 485 K (open symbols) and 505 
K (closed symbols), in which square symbols (0, m) represent the 
fast transition process, triangular symbols (A, A) represent the 
slow transition process, and circular symbols (0, 0) represent the 
overall change of AHd; (c, bottom) relationships between Td and 
log t, a t  T, = 485,495, and 505 K. 
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Figure 3. Isothermal experiments for the copolymer of 30/70 
in the low tkmperature region: (a, top) a set of DSC heating traces 
at  T, = 525 K in different time periods; (b, middle) relationship 
between A& and log t, a t  T, = 500 K (closed symbols) and 525 
K (open symbols), in which square symbols (0, m) represent the 
fast transition process, triangular symbols (A, A) represent the 
slow transition process, and circular (O,.) represents the overall 
change of A&; (c, bottom) relationship between Td and log t ,  at 
T, = 480, 500, and 525 K. 
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75/25 one during the isothermal experiments in this tem- 
perature region. Second, the heat of transition formed 
during cooling, Md(h),  which is characterized by the high 
melting peak, for 30170 is~larger (in fact, almost double) 
than that of 151 25. 

Isothermal Experiments in High-Temperature Re- 
gions. When the isothermal experiments were carried out 
in the temperature region above 512 K (see below) for the 
copolymer 75/25, the transition behavior changes. Only 
one endothermic melting peak was observed in the time 
scale studied here as shown in Figure 4a, revealing one 
transition process, even though a broadening of the melting 
peak with increasing time is clear. Changes of the heat 
of transition with respect to logarithmic time are plotted 
in Figure 4b at  three chosen temperatures (515,530, and 
545 K). Such changes slow down with increasing tem- 
perature. The transition temperature increases linearly 
with logarithmic time, log t,, as shown in Figure 4c at these 
three temperatures. Their slopes of the temperature with 
respect to log t,, dTd/d(log t,), steepen with increasing 
temperature, T, [C(T,) = 3.69 at  515 K; 7.39 at 530 K, and 
9.12 at  545 K]. 

Similar results can be observed for the copolymer 30170. 
Figure 5a shows a set of DSC heating traces in different 
time periods at T,  = 560 K. One found a broadening of 
the melting peak with increasing time, and finally, a second 
melting peak developed which is lower than the original 
one after a long isothermal time. Changes of the heat of 
transition with respect to logarithmic time at  chosen tem- 
peratures (T,  = 550, 560 K) are plotted in Figure 5b. The 
contribution of the second melting peak to A& at  560 K 
is also included (see Figure 5b). Again, the transition 
temperature has a linear relationship with log t ,  as shown 
in Figure 5c, and the change of slopes has the same 
tendency as in the case of 75/25 [C(T,) = 7.98 at  550 K, 
and 11.31 at  560 K]. 

The reproducibility of the experiments performed in this 
temperature region is equally as good as that in the low- 
temperature region described in the previous section. 

AHd' and Td'  at Metastable Equilibrium. Based on 
the experimental data of the heats of transition and 
transition temperatures for both the copolymers, extrap- 
olations were made to infinite crystallization time to obtain 
their thermodynamic properties at metastable equilibrium, 
A H d '  and Tdo. Figure 6a shows for the copolymer 75/25 
and the extrapolation of reciprocal heat of transition 

with respect to reciprocal logarithmic time, (log 
tJ', at different temperatures, T,. The extrapolated value 
at (log tJ1 = 0 indicates the heat of transition for 75/25 
at metastable equilibrium, A&' (3.68 f 0.25 kJ/mol). A 
relationship between T d  and (log t,)-' leads to an extrap- 
olated value of Td' a t  metastable equilibrium (610 f 2 K) 
as shown in Figure 6b. 

A parallel study was carried out for the copolymer 30170. 
The heat of transition at the metastable equilibrium, A&', 
is 4.65 f 0.30 kJ/mol. The transition temperature at 
equilibrium, Td', is 630 f 2 K. 

Transition Kinetics. It  is now possible to look at  
overall transition kinetics based on the values of M d '  a t  
metastable equilibrium for both the copolymers. Equation 
1 can be modified to the form 

1 - m d ( T c ,  tc)/md' = exp{-K(Tc)tc") (4) 
For those transitions which do not show linear relation- 
ships between A H d  and log t,, the Avrami treatment is 
usually a first test. Table I1 lists, according to eq 4, Avrami 
parameters n and K(TJ of both the copolymers crystallized 
at  different temperatures. The results indicate that the 
values of n are in the range between 0.2 and 0.8. 
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Figure 4. Isothermal experiments for the copolymer of 75/25 
in the high-temperature region: (a, top) a set of DSC heating 
traces at T, = 530 K in different time periods; (b, middle) rela- 
tionships between AHd and log t ,  at T, = 515, 530, and 545 K; 
(c, bottom) relationships between Td and log t ,  at T, = 515,530, 
and 545 K. 
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Figure 5. Isothermal experiments for the copolymer of 30/70 
in the high-temperature region: (a, top) a set of DSC heating 
traces at T, = 560 K in different time periods; (b, middle) rela- 
tionships between A& and log t ,  at T, = 550,560 K; (c, bottom) 
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Figure 6. Thermodynamic data of the copolymer of 75/25 at 
metastable equilibrium: (a, top) extrapolation of at different 
temperatures based on relationships between [A&]-' and [log 
t,]-'; (b, bottom) extrapolation of Tdo at different temperatures 
based on relationships between Td and [log tc]-'. 

Table I1 
Avrami Parameters of the Transition Kinetics of the 75/25 

and 30/70 Copolyesters' 
75/25 (HBA/HNA) 30/70 (HBA/HNA) 

T,, K n log K T,, K n log K 
485 0.67 -2.69 480 0.29 -1.62 
495 0.54 -2.31 500 0.25 -1.55 
505 0.49 -1.95 525 0.24 -1.51 
515 0.34 -1.37 550 0.38 -1.66 
530 0.45 -1.70 560 0.42 -1.85 
545 0.73 -2.83 

"The Avrami parameters calculated here are based on eq 4 in 
the text. 

Furthermore, relationships between temperature, T,, 
and time, t,, at  different crystdinities [A&(Tc, t c ) /AHdol  
for both the copolymers are shown in Figures 7. In Figure 
7a two crystallinities of the copolymer 75/25 have been 
chosen: 10% and 20%. Relationships between log t ,  and 
T, a t  these two crystallinities show a similar kinetic be- 
havior compared with a normal crystallization process (for 
details, see, for example, ref 1 and 2) if an overall crys- 
tallinity is taken into account; namely, this crystallinity 
must include both the fractions formed during cooling and 
isothermal experiments in the low-temperature region. A 
more or less symmetric shape with a minimum of log t, at 
T, = 512 for the copolymer 75/25 can be found, indicating 
that the fastest transition occurs at 512 K, and the tran- 
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sition slows down with both increasing and decreasing 
temperature. However, a discontinuity is observed (Figure 
7a, opened symbols) when one only considers the net 
formation of the crystallinity under isothermal condition 
in the low-temperature region, revealing that the iso- 
thermal transition below T, = 512 K is much slower com- 
pared symmetrically to its correspondingly high-temper- 
ature side. From Figure 2b, one has found that the con- 
tribution to the crystallinity during cooling is about 4 4 % .  

Figure 7b shows similar results for the copolymer 30170. 
Two crystallinities have been chosen to be 10% and 15%. 
A minimum of log t ,  at  T, = 530 K can be found, but less 
symmetric shape of the curve is seen. A discontinuity is 
also observed in Figure 7b if only the net formation of 
crystallinity under isothermal condition in the low-tem- 
perature region is considered. Since the crystallinity 
during cooling is about 10% for the copolymer 30170, one 
cannot precisely determine log t ,  in the low-temperature 
region for the overall crystallinity of 10% in Figure 7b. It 
has been shown by a dashed line as predicated values. 

Discussions 
Solidification and Cooperativity during the Meso- 

phase Transitions. For a normal nonisothermal crys- 
tallization process, such as PEEK5 and PET,22 true su- 
percooling of a metastable melt is caused by the necessity 
of nuc1eation.l A decrease of the peak temperature and 
broadening of the peak width with increasing cooling rate 
during crystallization are explained by the fact that tran- 
sition kinetics is slow relative to the experimental cooling 
rate.21 

For the copolymer 58/42, an almost constant width of 
its exothermic peaks in the cooling rate range between 0.31 
and 40 K/min (Figure lb)  reveals that the transition 
process of the copolymer is rather faster (usually within 
several seconds or even shorter) than the rate at which heat 
can be released to the surroundings by conduction. Such 
a process is usually described as a solidification that is 
dominated by heat transfer. 

On the other hand, for the copolymer 75/25 the peak 
width is broadened with decreasing cooling rate from a 
solidification (Figure la). One may expect that only a 
gradual change of the heat capacity during the transition 
should be observed when the cooling rate is sufficiently 
slow. It  is preliminarily explained that during the tran- 
sition the cooperativity of chain molecular motion is 
gradually lost.23 More and more molecules individually 
cross over the phase boundary and aggregate with others. 
To observe such a phenomenon, a long enough crystalli- 
zation time (slow cooling rate) compared with the time 
needed for molecular motion is necessary. A prerequisite 
is the chemical structure of counits in the copolymers. 
Only with a matching of order between adjacent molecules 
can the crystals g r ~ w . ' ~ ~ ' ~  For the copolymer 75/25, rich 
in phenylene groups, and statistically represented, three 
phenylene groups and one naphthalene group consist of 
one corepeating unit. I t  has a relatively high possibility 
to form crystals with matching counits. Nevertheless, for 
the copolymer 58/42, one may predict that phenylene and 
naphthalene groups are almost alternated randomly. Such 
a possibility of matching the counits becomes lower. On 
the other hand, if the chemical structure of the counits 
becomes regular, the nonisothermal transition behavior will 
be close to that in cases of normal cry~tal l izat ion.~~ 
Therefore, for the phase transition of copolymers, three 
different nonisothermal transition behaviors can be seen. 

An interesting example is the copolymer 30170 which 
is rich in naphthalene groups. An expected broadening 
of the transition peak with decreased cooling rate, similar 
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to the case of 75/25, is not observed. In contrast, the 
nonisothermal transition behavior of 30170 is close to the 
case of 58/42 (Figure lb,c). It will be explained in the next 
section. 

For the solidification of the copolymers during their 
transitions, the heats of fusion, M d ,  should be almost 
constant in the cooling rate range here studied (Table I). 
However, a clear increase of M d  for the copolymer 75/25 
with decreasing cooling rate has been observed (Table I), 
indicating that metastability of the crystals does improve 
when the transition peak becomes broad during cooling. 

In the isothermal experiments of the copolymers, the 
fast transition process could also be explained as a soli- 
dification process during cooling before isothermal con- 
ditions are reached. 

Structural Formation of the Transitions. Transition 
of rigid copolymers occurs, which is basically different from 
crystallization of flexible linear macromolecules, via ag- 
gregation from an anisotropic molten (nematic here) state 
where chains are already extended, parallel, free of en- 
tanglements, and in proper sequence for cry~tallization.~~ 
During the transition two types of macromolecular motion 
must at least be included: first, a translational motion 
along the chain direction and, second, a rotational motion 
with respect to chain axis in order to adjust chains into 
register on a counit scale (matching of molecular and 
crystal dimension). The macromolecules may thus form 
a two-dimensional lattice perpendicular to the direction 
of chain axis and to some registry along chain direction. 
Therefore, during the transitions there are at least three 
possible hindering effects: translation, rotation, or/and 
nucleation (aggregation) of the macromolecules. Overall 
kinetics of the transition most likely results from a com- 
bination of the three effects, which are largely dependent 
on crystallization condition and chemical structure of the 
counits. 

Experimental evidence has provided some insights, but 
certainly not all at this moment, to distinghish a few effects 
from this combination. The nonisothermal crystallization 
of the copolymer 30170 shows similar behavior as the 58/42 
one rather than that of 75/25, indicating that presumably 
the naphthalene groups in the copolymer 30170 cannot 
rotate as easily as the phenylene group in the copolymer 
75/25 since the rotation of 2,6-naphthalene group causes 
a twist of the chain molecules. It thus increases the ro- 
tational energy barrier. A larger cross-section and higher 
concentration of the naphthalene groups may also, on the 
other hand, introduce a larger friction during the trans- 
lational motion along the chain direction in the copolymer 
30/70. It increases the translational energy barrier and 
becomes another hindering factor. 

In the case of 75/25, the nonisothermal experiments 
indicate a change in molecular motion from slow cooling 
(translational motion is possible) to quenching (local ag- 
gregation). Rigid macromolecules in the copolymers thus 
still have a tendency to reject noncrystallizable counits 
during the transition, even though such a comonomer 
exclusion is far from a metastable equilibrium. 

In the low-temperature regions of isothermal experi- 
ments, a nonnegligible amount of crystals formed by sol- 
idification hampers further crystal formation. It leads to 
the discontinuities for both the copolymers as shown in 
Figure 7. They largely hinder the translational motion 
along the chain direction. It proves that the translational 
motion is one of the main effects during the transition. A 
similar observation can also be found in the high-tem- 
perature region of isothermal experiments. A broadening 
of the melting peaks (Figures 4a and 5a), especially for the 
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copolymer 30170, reveals that previously formed crystals 
hamper further crystal growth. 

It is also interesting to find that those earlier grown 
crystals, during the fast transition process, are annealed 
slowly at later times (see below) and are independent of 
the later growth during the slow transition process. It 
indicates that the earlier crystals as nuclei of further 
growth are being exhausted due to the difficulty of moving 
noncrystallizable counits away from their fronts of crystal 
surfaces. 

Crystal Annealing. In the low-temperature regions of 
isothermal experiments, the crystals formed by solidifi- 
cation (fast process) were provided to have a chance for 
crystal annealing by the following isothermal condition. 
It has been found that the heat of transition for the crystals 
obeys a linear relationship with logarithmic time, log t ,  
(more precisely, annealing time, t J ,  as described in eq 2. 
The increase of crystallinity [At’&(h, T,, tJ/A&’] for both 
the copolymers is, however, very small. The change in the 
transition parameter, A(T,), with respect to temperature 
for both of the copolymers in their low-temperature regions 
is exponentially temperature dependent, meaning that the 
annealing process becomes relatively effective a t  higher 
temperature. Moreover, from Figures 2c and 3c, the 
transition temperatures of the crystals formed by the fast 
process keep almost constant in the time period here 
studied [Td(h) changes within 1 K], clearly indicating that 
perfecting a crystal after the transition (annealing) is more 
difficult than during the transition by a further “freezing” 
of the chains in the crystals. 

I t  is also surprising to see that the crystals formed by 
solidification are more stable than those crystallized in the 
slow process at least in the early stage of isothermal ex- 
periments. Therefore, one may conclude that solidification 
occurs in relatively ordered domains during cooling from 
the nematic melt. 

Linear relationships between Td(1) and log t ,  (see Figures 
2c and 3c) at different T, in the low-temperature regions 
indicate perfection processes during the crystal growth for 
both the copolymers. An exponential decrease of C(TJ 
with increasing T,, as shown in Figure 8, means that poorer 
crystals formed at lower temperature and shorter time 
period are easier to be perfected, mainly by decrease of 
defects and improvement of the surface structure, as well 
as the size change of the crystals. 

In the high-temperature regions for the two copolymers, 
only one transition process can be observed during crys- 
tallization. However, despite the results reported on the 
copolymer 58/42,15 the heats of transition formed under 
isothermal condition for both the copolymers do not show 
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a linear relationship between A H d  and log t,. Excluding 
any hindering effect caused by previously formed crystals, 
the chain molecules in this temperature region have rela- 
tively high mobility. Linear relationships between T d  and 
log t, are still found. However, in contrast to those in the 
low-temperature regions, the transition parameter, C(T,), 
surprisingly increases exponentially with crystallization 
temperature as is also shown in Figure 8. I t  may be ex- 
plained by the fact that higher chain mobility and longer 
crystallization times at  higher T, lead to the formation of 
better crystals. 

Thermodynamic Properties of the Transitions. 
Thermodynamic properties of the transitions, A H d o  and 
Tdo, have been obtained based on the extrapolations 
(Figure 6). It must be noticed that in the cases of random 
copolymers here studied, no true equilibrium data can be 
found. A metastable equilibrium may only be reached as 
described as the first extreme case in the Introduction. 

According to the data of m d 0  and T d o  for both the 
copolymers, entropy changes during the transitions can be 

copolymer 75/25, ASd" = 6.03 f 0.5 J / (K mol), and for 
the copolymer 30/70, ASd" = 7.38 f 0.5 J / (K mol). The 
mesophase transitions here studied are thus characterized 
by very low enthalpies and entropies of the transitions 
[compared to A H d 0  = 20-50 kJ/mol and Asdo = 40-100 
J / (K mol) in usual cases].26 On the other hand, the ob- 
servation of melting peaks at  different heating rates in- 
dicates that the first-order transition is observed, revealing 
that the crystals do form during the transitions. I t  must, 
therefore, be concluded that the crystal packing of the rigid 
copolymers is far from perfect, and chain conformations 
do not change very much from their nematic melts except 
when transitional motion along the chain direction is 
stopped. The formed crystals can thus be better described 
as "condis ~ r y s t a l s " ~ ~ ~ ~ ~  rather than rigid crystals. 

An unexpected high crystallinity of 60% or higher for 
the copolymer 58/42 is still surprising to us even though 
cocrystallization has been ~1aimed. l~ From our experi- 
mental data, the degree of condis crystallinity below 40% 
for both the copolymers 75/25 and 30/70 is found, based 
on the metastable equilibrium data. I t  seems reasonable 
to see a degree of crystallinity of about 21  % for a slowly 
cooled (unannealed) copolymer which contains 40 wt % 
HBA and 60 wt % HNA counits26 compared with the data 
reported here (see Table I). 

Transition Kinetics of the Avrami Type. Turning 
to the discussion of Avrami treatment for a crystallization 
process of flexible linear macromolecules, one would like 
to review three assumptions which have to be made in 
order to describe an overall crystallization kinetics using 
eq 1: (1) isothermal transition conditions; (2) random 
nucleation; (3) growth rate of a new phase, dependent only 
on temperature and not on time (linear growth rate). It 
has also been asserted that for small molecules the Avrami 
treatment may be used as an approximation at least for 
an early stage of a diffusion-controlled growth transfor- 
mation process for which assumption 3 may not rigorously 
hold.28 For oriented rigid macromolecules growing long- 
itudinally, the Avrami treatment can be satisfied as a 
two-dimensional growth if molecules are all parallel. The 
parameter n must thus be two in the case of predetermined 
nuclei.29 Results of kinetics involving condis crystals have 
recently been reported in trans-1,4-polybutadiene (TPB) 
and polytetrafluoroethylene (PTFE) .30 Two sets of sur- 
prisingly low values of n for both the polymers have been 
observed. Furthermore, the value of n increases with 
crystallization temperature. From the experimental data 

calculated on the basis of A s d "  = A H d " / T d o .  For the 

Mesophase Transitions in Thermotropic Copolyesters 2483 

listed in Table 11, kinetics of the condis crystal formation 
for the two copolymers can also be cast well in an Avrami 
equation (eq 4) with low values of n (0.2-0.8), similar to 
the cases of TPB and PTFE. 

A very simplified and possible explanation for the low 
values of n is that each individual crystal does not grow 
with constant radial growth rate as one assumed before 
(third assumption for the use of Avrami treatment). On 
the basis of eq 1, one may rewrite it to be 

(5) 

for the case of predetermined nuclei. Here u is the radial 
growth rate, g is a geometrical factor (which is 4 ~ / 3  for 
spheres), and N represents the number of nuclei per unit 
area. If u is characterized to be a linear rate of crystal 
growth, eq 5 is now equivalent to eq 1 with K = gNu". 
However, if u is not a constant radial growth rate, but can 
be expressed in a form of 

u = uotm (6) 

1 - Vc = exp(-gNuntn) 

eq 1 must thus be cast into 

log [-ln (1 - Vc)]  = log g + log N + n log uo + 
n(m + 1) log t ,  = log K* + n(m + 1) log t ,  (7) 

where K* = gNuOn and n(m + 1) is called as an apparent 
coefficient. For instance, one possible mechanism that 
would alter the linear crystal growth rate is a diffusion- 
controlled transition in which case the growth rate would 
scale as t''.5.31 According to eq 7, the apparent coefficient 
becomes 0.5n, and it would be 0.5,1, and 1.5 for one-, two-, 
and three-dimensional growth, respectively. In general, 
the exponential number of eq 6, m, is smaller than zero 
if the radial growth rate slows down with respect to time 
(m = 0 when u is a linear growth rate). The apparent 
coefficient in this case is, therefore, always smaller than 
the dimensionality n expressed in eq 1 for a linear crystal 
growth rate. Obviously, K in eq 1 and K* in eq 7 have 
different meanings based on their definitions. There 
should be no reason to imagine that both K and K* could 
have even close values. 

In the kinetics studied here, a possible reason for m < 
0 and, thus, a lower apparent coefficient n may be the 
restriction of the crystal growth due to previously formed 
crystals, therefore reducing molecular mobility. The 
change of n with respect to temperature must be attributed 
to a combination of several rate-determining steps, and the 
minima of n formed in both copolymers is introduced. If 
the crystallization temperature is high enough, one may 
expect only nucleation (aggregation) as the rate-deter- 
mining step, and the value of n must be close to two as 
previously reported.32 

Finally, a change of AHdo from an assumed value of 1.5 
kJ/mol to 10 kJ/mol does not affect very much the value 
of n (f0.15), meaning that the determination of A H d o  a t  
the metastable equilibrium is relatively insensitive to the 
kinetics. Possibilities of the combination described above, 
however, need to be proved by more evidence from other 
experimental observations in order to have further dis- 
cussion. This is our purpose for this series of the papers. 

Conclusions 
Several conclusions can be drawn from our under- 

standing of the kinetics of mesophase transitions for those 
copolymers presented in this paper. (1) Despite the dif- 
ferent mechanisms of phase transition, crystals do form 
in the copolymers and consist of separate phases (micro- 
phase) in the bulk materials. They may be described 
better as "condis crystals". (2) Microscopically, the 
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structural formations may contain two specific molecular 
motions: translational motion along the chain direction 
and rotational motion with respect to chain axis. The 
chain molecules are able to reject noncrystallizable counits 
if the transitions are slow enough and the chemical com- 
positions are favorable. (3) Two transition processes have 
been observed: a fast process, which can be characterized 
by solidification, and a slow process, which is close to a 
normal crystallization process. The experimental data of 
the latter case can be cast in an Avrami equation. How- 
ever, the apparent coefficient n here is very low. It  may 
be caused by the decrease of radial crystal growth rate due 
to the hindering of previously formed crystals and a re- 
duction in molecular mobility. (4) Thermodynamic 
properties of the copolymers at  their metastable equilibria 
have been estimated. Both low heats of the transition and 
entropies of the transition reveal that chain packing in the 
crystals is far from perfect, and chain conformations do 
not change very much during the transitions from nematic 
melts to condis crystals. 
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ABSTRACT In this work we studied the effect of the topological interactions between polymer chains by 
measuring the small deformation modulus of polybutadiene networks. The networks were prepared by linking 
pendant double bonds (vinyls) on the polybutadiene with p-bis(dimethylsily1)benzene catalized by platinum(I1). 
Model reaction studies with a hexene and hexadiene mixture and a low molecular weight polybutadiene showed 
that this cross-linking reaction is complete and free of side reactions when the pendant double bonds are in 
excess. With silane in excess the backbone double bonds also react. Two monodisperse polybutadienes with 
different vinyl content and plateau moduli were linked with the same reaction. The small strain modulus 
measurements for the networks were better explained by including the, effect of topological interactions along 
the contour of the network chains. The effect of interactions on the junction points was smaller that found 
by Dossin and Graessley for polybutadienes cross-linked by radiation.' 

Introduction 
While the basic concepts of the theory of rubber elas- 

ticity have long been well established, the effect of topo- 
logical interactions between network chains (entangle- 
ments) is still a subject of contr~versy.~-~ 

It is generally accepted that topological interactions have 
a localized effect on the mobility of the junction points by 
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suppressing the fluctuations of the cross-linking junction 
about its average po~i t ion .~  Following Graessley's work 
we can express the small deformation modulus as1 

G = (U - hp)RT (1) 

where G is the modulus of the network at  small defor- 
mations, v is the concentration of elastically active strands, 


