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Abstract

Both linear William–Watts (WW) and non-linear Narayanaswamy–William–Watts (NWW) stretch relaxation satisfactorily described the
time dependent rigid amorphous phase growth kinetic. The model is tested upon the completely amorphous cyclic olefin copolymers (COC,
polynorbornene/polyethylene copolymer), where a largeTg variation is detected with annealing. Increase of the rigid amorphous fraction as
reflected in the increase ofTg, is attributed to the growth of short-range ordered phase due to the rigidity of the norbornene chain segment. The
analysis shows the growth kinetic (represented by the retardation time, and the stretch exponent) that depends not only on the norbornene
(NB) content but also on the NB microblock structure. The kinetics for the growth of the rigid amorphous domains follows a stretched
exponential expression, similar to that given for polymer crystallization and physical aging.q 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

In polymers containing rigid monomer segment, self-
assembly of the rigid segment upon thermal treatment has
lead to the transformation of amorphous phase to more rigid
amorphous phase with short-range ordering. Although the
rigid amorphous phase does not have a well-defined struc-
ture and it does not exhibit as pronounced phase transition as
crystallization, this rigid phase bears distinctively different
thermal properties from the amorphous phase and it is not
entirely disordered. For example, several studies demon-
strated the rigid amorphous structure displayed a disordered
hexagonal arrangement composed of stiff chains dispersed
between the fully ordered crystalline and fully disordered
amorphous domain [1]. More pronounced and more rapid
changes in free volume and glass temperature with anneal-
ing are the few characteristics of samples containing higher
fraction of rigid amorphous phase [2–7]. Despite the signif-
icant impact of the rigidity in the amorphous phase on poly-
mer physical properties, its kinetics has rarely been studied,
however. There are also numerous crystallization studies
that indicated solid-state rearrangement into more rigid
amorphous phase occurred prior to crystallization [5]. On

the basis of entropy, polymers with relatively stiffer chains
tend to have higher tendency to form rigid amorphous frac-
tion and thus greater change in glass transition temperature
is expected.

Cyclic olefin copolymer (COC) such as polynorbornene/
polyethylene copolymer (PNB/PE) is reported to be
completely amorphous, and does not crystallize (except in
cases when PE content is over 70%) due to its stereoirregu-
larity and regioirregularity [8]. A substantial increase ofTg

with annealing is identified and the amorphous to rigid
amorphous transformation is confirmed from X-ray diffrac-
tion and solid NMR studies. Such phenomenon is not unique
to COC. Other amorphous polymers containing rigid
monomer unit, such as polycarbonate (PC), poly(phenylene
sulfide)(PPS), poly(ethyl ether ketone)(PEEK) and poly-
imide(PI), also exhibit lower degree of order in the amor-
phous phase as distorted hexagonal phase diffraction
patterns are observed [1]. In the earliest study of PPS,
increase in annealing temperature actually results in
decrease ofTg [2,3]. On the other hand, PEEK shows no
appreciable glass transition change with annealing on the
quenched film [4,5]. In spite of clear evidence of the trans-
formation, the kinetics is harder to study due to the rela-
tively small Tg change and the interference from
crystallization during the transformation. In addition, the
glass transition temperature of the rigid amorphous phase
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is harder to locate, since it occurs over a broad temperature
range with small heat capacity change. The conversion
between the two amorphous phases and the crystalline
phase in the above-mentioned samples are depicted in
Scheme 1.

Purpose of the present study is to examine the kinetics
process that underlies the transformation and the driving
forces behind these changes. The result is demonstrated
using COC as an example, since it is completely amorphous
and theTg variation is huge. As will be seen, the kinetics of
the transformation can be followed by a stretch exponential,
similar in mathematical form to other non-equilibrium
processes in polymer such as physical aging and polymer
crystallization.

2. Experimental

COC samples were synthesized by ansa-metallocene
catalyst Et(Indenyl)2ZrCl2 and the methyl aluminoxane
(MAO) co-catalyst following the procedures described
previously [9]. The polymerization temperature was
controlled at 66.88C with a catalyst/co-catalyst ratio of
7000 and the ethylene pressure maintained at 19–21 psi.
Ten ml of acidic methanol was used to terminate the acti-
vated cation chain end and the COC polymer was precipi-
tated by acetone as the non-solvent. The product was
desiccated over 8 h at 508C under vacuum. Norbornene
(NB) block structure of the COC was characterized by
high-resolution solution13C NMR with Bruker DRX-200
wherenH � 200 MHz: Details of the structure characteriza-
tion are documented elsewhere [9]. For Run-4, the
sample contains the greatest amount of NB block (–N–

N– and –N–N–N–) and was not completely dissolvable
for reliable solution13C NMR characterization. Broad line
1H NMR was used to deduce approximate structure charac-
teristics. Calorimetric measurement was obtained from heat
flow (DCp) versus temperature (T) with a heating and
cooling rate at 108C/min using Perkin–Elmer DSC-7.
Glass transition temperature (Tg) is determined by extra-
polating the two straight lines from liquid and glassy states,
where the inversion point defined theTg. Depending upon
the transition temperature, the accuracy ofTg varies from 3
to 108.

3. Results and discussion

The structural characteristics of the COC samples exam-
ined in the study are summarized in Table 1. Fig. 1(a) shows
upon annealing the COC ([NB]� 47.63%) at 1138C (158
above the initialTg), a clearTg increase with increasing
annealing time is found. Although the small heat capacity
change during glass transition prevents a clear discretion
and the heat capacity diminishes with increases ofTg, the
transition temperature can be located from the inflection of
the curve using the differential technique indicated by the
arrow. A dramatic increase of nearly 508 is apparent.

Shown in Fig. 1(b) are the DSC traces for PNB with
annealing time. It is noted thatTg also increases and the
final transition temperature after extensive annealing is
close to that reported previously with [NB]� 98% [13].
For all samples,Tg is found to increase with annealing
time, which are summarized in Fig. 2. As the change in
glass temperature reflects directly the free-volume variation
under isothermal annealing, the increasing trend ofTg

clearly suggested condensation has occurred in these
samples. Fig. 3 depicts the initialTg and that after extended
annealing as a function of [NB]. The difference of the two
transition temperatures are shown in the insert of Fig. 3
where a clear jump occurs in the composition between 45
and 50 mol% [NB], from about 30 to 758C. For PNB, the
temperature jump is as high as 1168C.

It appears that the degree of densification increases with
increasing [NB], but other characteristics are also observed.
For samples with relatively low [NB] (,45%),Tg gradually
increases with annealing, but for samples having higher
[NB] content, a shaper initial rise is also observed (Fig.
2). Previously, CP/MAS studies has demonstrated the un-
averaged conformation displays an unusualgauche(G) to
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Scheme 1. Structure modifications in polymers and the correspondingTg variation.

Table 1
Microstructure of NB in PNB-co-PE by solution13C NMR (polymerization
condition: ethylene pressure� 20 psi, 708C total volume� 60 ml; [Al]/
[Zr] � 8000, 4000; catalyst� 1–2 mg)

Run # NB content (mol %) NB microstructure (%)

Block Alternate Isolate

1 100.0 100 0 0
3 58.4 40.4 51.6 8.0
4 ,47.6a .50.0a – –
5 43.5 17.3 66.6 16.1
6 24.9 21.0 51.0 28.0

a Estimated from1H NMR.



trans (T) conformation conversion for COCs with higher
amount of continuous NB block. This leads to a more stable
T[T]G chain conformation (the bracket in the middle repre-
sents the conformation of the NB unit, and the other two to
the adjacent single bond) during the initial stage of the
annealing. This conversion is responsible for the rapid

initial (within the first half hour) increase ofTg for COC’s
with higher NB content [8].

Regardless of the initial difference, the densification
persists for all samples asTg continue to increase after
annealing for 10 h, although the degree of change seem
less pronounced in COC with low [NB] where the major
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Fig. 1. Changes of glass transition temperature (labeled by arrow) of (a) COC ([NB]� 58.36%) and (b) PNB homopolymer.



structure is composed of isolated and alternating NB units
(see Table 2). These results have clearly indicated a densi-
fication of the bulk polymer where the rigid chain has rear-
ranged into better short-range ordered structure after
extensive annealing. The densification process has been
confirmed by synchrotron source X-ray diffraction, where
a shift of the averaged long spacing is reduced from 12 to
8.5 Å [14].

The current study is focused on the kinetics of the densi-
fication process. This rearrangement process into more rigid
amorphous domain is different from the known physical
aging behavior where depletion of the free volume is carried
out by annealing under the glass temperature. The
amorphous to rigid amorphous transformation can be con-
veniently formulated by considering the volume recovery at
arbitrary temperatures. In order to derive the kinetics, the
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Fig. 2. Variations ofTg increase with annealing time for various COCs. The solid curve is the best fit with the stretched exponential growth model. (See text for
details).

Fig. 3. The initial and finalTgs as a function of the NB content. The inset displays the variation of the size ofTg changes (DTg) as a function of [NB].



system is conveniently divided into N sub-processes, where
the individual glass transition variation in each process is
described as:

2ddi

dt
� qDai 1

di

ti
1 # i # N �1�

with

di � Tg 2 T∞
g �2�

whereDa i is the change of thermal expansion coefficient at
Tg in theith processes,q is the rate of temperature change,t i

the time constant of the individual sub-process andTg (∞)

the glass temperature of polymer after volume recovery is
completed. Assuming that the kinetic is isothermal, and the
thermal expansion coefficienta at Tg is unchanged during
the course of the densification, the following solution can be
reached with suitable boundary condition:

di�t� � di�0� 1 2 exp 2
t
ti

� �� �
�3�

The total relaxation is knowingly the integration over the
individual process:

d�t� �
XN
i�1

di�t� �4�

Laplace transformation is employed [11] to arrive an
approximate solution of the above integral. This has lead
to the stretch exponential with exponent 1$ b . 0:

d�t� � d�0� 1 2 exp 2
t
td

� �b" #
�5�

Notice the stretched exponential result reminiscent the
linear Williams–Watts (WW) function. However, in a
non-linear process, the thermal expansion coefficient is
not time independent, and the relaxation is coupled with
adjacent processes. The non-linearity is readily formulated
following the same treatment of Narayanaswamy by intro-
ducing a relaxation time shift factor to the retardation time
td, i.e. td � t0dtm: [12] The resulting non-linear WW relation-
ship becomes:

d�t� � d�0� 1 2 exp 2
t

tNd

 !bN24 35 �6�

where bothbN � �1 2 m�b and tNd � �1 2 m�td are reduced
by a factor of (12 m ) compared to the linear case. Thus, Eq.
(6) can be considered as the more general expression for Eq.
(5) with m � 0 representing the linear case.

The stretched relaxation behavior is prevalent in many
complex systems of coupled relaxation having totally differ-
ent random origins. They include glasses, spin-glasses,
viscous fluids, disordered dielectrics, and critical binary
mixtures [11]. Identification of the process being linear
(Eq. (5)) or non-linear (Eq. (6)) is fundamental to accurately
interpretate the relaxation parameters. However, since both
process are bearing the same mathematical expression,
fitting with the experimental results would yield the same
parameter sets using either equation. In a complex system, it
is impossible to identify the origin and to give independent
measurement of the shifting factorm , except noting its
existence. Therefore, the interpretation of the results
would be subject to ambiguity regarding the linearity of
the process. However, a general understanding and a quali-
tative comparison oftNd andb N can be made in a series of
samples where the shifting factor is not varying substan-
tially, i.e. tNd can be taken as the ensemble (time and
space) average of the retardation of relaxation in the bulk,
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Table 2
Results for stretch exponential fitting forTg variation in COC (the uncer-
tainty in all glass temperature measurements ranges from 3 to 108)

Run Tg (i) Tg (0)a Tg (∞) DTg
b(8C) ln(td) (h) b ^ 0.02

1 136.2 172.7 216.9 44.2 2.56 0.585
3 102.5 130.9 179.9 40.0 0.96 0.73
4 81.3 85.5 154.5 69.0 0.56 0.256
5 86.8 86.1 119.6 33.5 1.05 0.544
6 68.1 68.0 98.0 30.0 0.37 1.0

a Obtain from fit to Eq. (7).
b Tg(∞) 2 Tg (0).

Fig. 4. Variation oftNd and stretch exponentb N with [NB].



and b N is used to gauge the dynamic and structural
inhomogeneity within the domain [2,3].

The expression for the kinetics of glass temperature varia-
tion can be determined, by replacing the corresponding
parameters to Eq. (6), which gives:

Tg�t� � Tg�0�1 DTg 1 2 exp 2
t

tNd

 !bN24 35 �7�

where Tg is a time-dependent quantity,DTg�� Tg�∞�2
Tg�0�� is the size of theTg change, withtNd the retardation
time of the densification process, andb N the exponent of the
stretch exponential. The constant,Tg (0) precedes Eq. (7) is
the original glass temperature before annealing, which may
be slightly higher thanTg of the as prepared sample as
discussed previously. The fitting results (solid curve)
based on Eq. (7) are superimposed with the experimental
Tg (solid symbols) in Fig. 2 as a function of the logarithm of
the annealing time for different COCs. The corresponding
kinetic parameters are summarized in the last two columns
in Table 2.

The densification retardation time�tNd � and the stretch
exponent (b N) are displayed in Fig. 4. It appears thattNd
increases with [NB] content whileb N is exhibiting a
decreasing trend with larger fluctuation. We notice that
the rigidity of the chain is governed by the amount of NB
block content. Therefore, as the [NB] content increases, the
NB microblock unit also increases. In this case, COC is
packed more densely in the short-range ordered phase,
with longer retardation timetNd ; and smallerb N. Since
COC is not crystallizable, the densification leads to substan-
tial increase inTg with annealing.

For COC with PE content greater than 50 mol%, the amor-

phous phase is composed of disordered PE and non-crystal-
lizable norbornene–ethylene segments. With more frequent
interruption of continuous NB block by ethylene, more alter-
nating and isolated NB units appear (Run — 5, 6) which
makes the amorphous chain more flexible. This created less
entropy difference between the amorphous and short-range
ordered phase. As a result,DTg is smaller, and the densifica-
tion progress with faster rate (shortertNd � with the kinetics
approaches simple exponential (b N close to1.0).

These results suggested that the stiff NB block structure
retards transition. However, there are fluctuations for Run-4
and Run-5. The exponentb also shows greatest depression
at 0.2 for Run-4 ([NB]� 47.63%). In Fig. 2, we have
already noticed that theTg increase for Run-4 occurs over
much longer annealing period. Microstructure analysis
(Table 1) indicated this sample contains the highest amount
of block NB, even though the NB content is not the highest.
Judging from the much smallertNd andb , it is reasonable to
assess that the large quantity of the stiff NB block not only
retards the transformation, but also leads to more inhomo-
geneous morphology, or more severely coupled relaxation
compared to other COCs. Further characterization is neces-
sary to detail these differences. In any case, the kinetics
compels that COC densification is fully contingent upon
both the NB content as well as the NB block fine structures.

For COC containing longer PE segment (Run-6
([NB] � 24.9%), bothTg andTm (due to long PE segments)
are detected and their variations are plotted against anneal-
ing time in Fig. 5. This readily implies that PE segment is
long enough to exhibit crystallization. Interestingly, while
annealing causes substantial increase inTg, there are only
small variations observed forTm. The absence of crystallite
perfection (asTm do not vary) suggested that PE crystallite
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Fig. 5. Variation of bothTm (PE crystalline) andTg with annealing time. Substantial change inTg and no apparent change inTm are observed.



in this COC is rather small and its growth has been severely
limited by the rigid NB segment. This small PE crystallite is
suspended in the amorphous portion composed mostly of
isolated and alternating NB segment. Its contribution to
the increase ofTg during the course of the transformation
would be quite weak compared to the densification.

Previously, Kovacs–Aklonis–Hutchinson–Ramos (KAHR)
model takes into consideration of the “relaxation” and the
“memory (or retardation)” nature of the volumetric
responses has predicted the experimental measurements
obtained at different cooling rates under isothermal recovery
below glass temperature [10] We noticed that the processes
are similar to the densification illustrated here, but COC
densification is carried out aboveTg. Although, the deriva-
tion for Eqs. (5)–(7) follows entirely different routes as the
crystallization and physical aging, it is interesting to note
that the kinetics of the conversion follows a stretched expo-
nential form, similar to the Avrami equation.

Current kinetic model can be extended to other systems
and to provide deeper insight to the interplay between re-
crystallization and the densification of the amorphous state.
In PPS, increasing annealing temperature actually results in
decrease ofTg [2,3]. This may be due to crystallization has
reduced the amount of the short-range ordered phase. On the
other hand, PEEK, shows no appreciable glass transition
change with annealing on the quenched film [4,5]. In this
case, the densification may proceed either too rapidly or too
slowly for anyTg change to be observable. In comparison
with those polymers, the size ofTg variation found in the
totally amorphous COC is rather phenomenal.

4. Conclusions

COC shows conversion of amorphous phase to short-
range ordered amorphous phase with higher rigidity. A
phenomenological stretch exponential relationship is devel-
oped to model the kinetics ofTg variation, which reveals the
solid-state rearrangement (proceeded by conformational
conversion). The re-organization of the rigid chain is similar
to crystallization, but in the case of COC, the chain confor-
mation prohibits crystallization, and only the amorphous to
short-range ordered amorphous conversion is observed. The
substantial changes ofTg (thus growth of ordered amor-

phous fraction) are found to be function of both NB content
and the NB microblock structure. Four unique characteris-
tics in Tg variations are identified with increasing NB
content. They are (1) higher initial glass temperatureTg(i),
(2) largerTg deviation,DTg due to greater change in entropy,
(3) more pronounced jump fromTg(0) toTg(i) and (4) longer
densification retardation time due to higher chain rigidity. In
the case when long NB block present (e.g. Run-4), a more
inhomogeneous structure, or more heavily coupled relaxa-
tion process is evident as revealed by the much smaller
stretch exponent and much shorter retardation time. The
study shows that the kinetics for the growth of rigid amor-
phous phase follows a generalized stretch exponential equa-
tion, similar to those observed in crystallization and
physical aging.
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