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Abstract

Both physical ageing and annealing processes have a remarkable effect on mechanical properties of polymers. In the present
work, the physical ageing and annealing processes of poly (N-vinyl carbazole) (PNVC), which encompasses phase sepa-
ration on purification and thermal annealing, have been followed by differential scanning calorimetry (DSC) at different
temperatures. The thermal responses were analysed by both generalized two-dimensional correlation mapping (2D-CM) and
multiple-perturbation 2D correlation mapping. The asynchronous correlation cross-peak at (233, 211) °C was a measure
of the phase separation of the two stereoforms that contributed to each process. Its intensity was a measure of the effect of
holding time on the phase separation, and this was decreased with increasing the holding temperature, which indicated that
the occurrence of phase separation was faster at higher holding temperature. The negative values of the correlation peaks
indicated that the two relaxation processes changed on the opposite direction. A step change in the correlation intensity with
a reflection temperature around 240 °C was observed. The later temperature is interestingly, consistent with the lower criti-
cal solution temperature of PN'VC reported elsewhere. 2D-CM and its valuable tools provide new routines for DSC thermal
responses analysis to extract useful information from complicated polymer systems.

Keywords Physical ageing - Annealing - Differential scanning calorimetry - Poly (N-vinyl carbazole) - Tacticity - Two-
dimensional correlation mapping

Introduction

Owing to its unusual electrical properties, easiness of
polymerization by several routes, interesting morphological
characteristics and solution properties, poly (N-vinyl carba-
zole) (PNVC) has captured the focus of attention of current
research [1, 2]. It has been shown recently that purification
of the as-received polymer and/or thermally annealing it
above 275 °C introduced another glass transition (Tg). It was
suggested that liquid-liquid phase separation occurred and is
driven by the differences in solubility of two stereoisomers,
isotactic-rich segments from a matrix, which was predomi-
nantly atactic [3]. Further study by two-dimensional Fourier
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transform infrared correlation spectroscopy (2D-COS-FTIR)
showed that PNVC consisted of polymer chains, some of
which was syndiotactic and others isotactic. The predomi-
nantly isotactic sequences were insoluble and separate on
thermal annealing into two phases with different composi-
tions, and as a consequence, two Tgs were observed [4].
Since its establishment, 2D-correlation analysis has found
applications in different analytical fields based on vibrational
spectroscopies [5—7] and has been developed and extended to
other non-vibrational analytical routines [8—11]. In particu-
lar, this technique proved to yield useful information when
applied to thermal profile of polymers including thermogravi-
metric [12] and differential scanning calorimetric analysis [13,
14]. Two-dimensional correlation mapping has been applied
to DSC (2D-CM-DSC) to investigate the calorimetric glass
transition of polymers and their blends, in which the elucida-
tion potential of the 2D correlation analysis manifested itself
by resolving the overlapped glass transitions of polystyrene
(PS) and poly(methyl methacrylate) (PMMA) blends [14].
2D-CM-DSC has been also utilized to examine the heat flow
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responses of sulfonated poly(ether ether ketone) (SPEEK) films
employing two perturbations, i.e. ion exchange capacity and
cross-linking density, and two types of loosely bound water
within the structure of cross-linked sSPEEK were identified
[15]. In addition, 2D-CM-DSC has been applied to analyse
DSC rate—time data of poly(ether ether ketone) (PEEK), and
provided evidence that the fractional n values obtained by the
classical Avrami equation, were consistent with the existence
of two processes, primary and secondary crystallization. The
later was shown to proceed at early stage of primary crystal-
lization [16]. Moreover, 2D-CM-DSC has been conducted to
correlate data from different DSC dynamic measurements and
extract information related to the origin of multiple melting
behaviour of PEEK, which was attributed to the presence of
two different crystal types [9].

However, the application of this technique to physical age-
ing and annealing processes has not been visited yet. Physical
ageing is the relaxation of glasses towards the extrapolated
mobile liquid state at temperatures close to but below the glass
transition temperature. It can be followed experimentally from
the size of an endothermic peak, which develops at the glass
transition temperature in heating aged samples in a calorime-
ter. The presence of ageing indicates that the transition is asso-
ciated with a glass relaxation process [17]. On the other hand,
thermal annealing above Tg has been reported to increase the
polymer’s ability to crystallize [1, 18].

Both processes are reversible, such that if the material that
has experienced physical ageing/annealing is raised to a tem-
perature above its Tg/annealing temperature and then rapidly
quenched, the effects of ageing/annealing that have occurred
previously are removed regardless of the time frame over
which they have occurred. Moreover, both processes have a
measurable effect on mechanical properties. Physical ageing
increases the yield stress, tensile and flexural module progres-
sively, while the fracture toughness, impact strength and com-
pliance decrease [19, 20]. Annealing, on the other hand, has
been reported to produce increased values of elongation at
break, tensile and yield strength, and yield strain while at the
same time Young’s modulus was shown to decrease [21, 22].

In the present work, both physical ageing and annealing
processes of PNVC, which encompasses phase separation
on purification and thermal annealing, have been tracked by
DSC at different temperatures. The thermal responses were
analysed by 2D-CM, and the overall results were explained
based on the underlining physics of the studied processes.

Experimental
Materials and sample preparation

Poly (N-vinyl carbazole) (PNVC) in the form of powder
was obtained from Sigma-Aldrich Co, Germany. It was
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labelled as having a density of 1200 kg m™>, a melting point
of 300 °C, a glass transition of 220 °C and an average mass
molecular weight of 1100 kg mol~!. Two types of PNVC
samples were used in this study. In the first type, PNVC was
purified by repeating precipitation from chloroform/metha-
nol under vigorous stirring, and dried in vacuum at 110 °C
to remove residual solvent. In the second type, PNVC as
received was dried at 110 °C for several hours.

DSC measurements

A differential scanning calorimeter (Perkin-Elmer model
DSC-2) interfaced to a PC Computer was utilized. Measure-
ments were taken at a sensitivity of 20 mW, in flowing nitro-
gen of 20 cm? min~!. Temperature and enthalpy calibrations
were made with ultra-pure metal standards: indium [melting
point (mp): 156.63 °C, AH=29.2J g"'], tin (mp: 231.91 °C)
and lead (mp: 327.50 °C). A baseline was established for
the instrument using two empty aluminium DSC pans and
subtracted from the heat flow-temperature response. Sam-
ples of mass 15 +3 mg were sealed in DSC aluminium pans
and the heating scan was recorded from 120 to 270 °C at
40 °C min~ . For the physical ageing experiment, the sample
was held a temperature of 200 or 220 °C for predetermined
time ranged from 30 to 960 min. After that the sample was
cooled at 320 °C min~! and the heating profile was recorded.
A quenched line was recorded by holding PNVC sample at
250 °C for 2 min and then cooling the calorimeter at the fast-
est cooling rate, i.e. at 320 °C min~'. The quenched sample
was then scanned over the temperature range from 120 to
270 °C at a heating rate of 40 °C min~".

Two-dimensional correlation mapping (2D-CM)
analysis

The DSC heat flow—temperature data were pretreated
according to the methods described elsewhere with some
modifications [9, 15, 16]. All DSC curves were baseline
corrected, smoothed with a Savitzky—Golay function (a
second-order polynomial and 15 points) and finally, nor-
malized based on sample mass. All thermal responses were
first corrected by subtracting the corresponding quenched
line, and the overall data were arranged with increasing per-
turbation; time of ageing or annealing at the corresponding
temperatures.

The 2D-Shige version 1.3 software (Shigeaki Morita,
Kwansei-Gakuin University, 2004-2005), which is based
on the algorithm developed by Noda [23-25], was uti-
lized to compute and visualize 2D-graphs. Sets of data
were expressed as a matrix wherein each raw is consisted
of the heat flow at a given temperature, and each column
includes the heat flow at a specific perturbation for different
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temperatures. The reference DSC curve was selected as the
heat flow response related to the highest perturbation.

Results and discussion

Physical ageing and annealing processes: general
observations

It has been reported that high molecular weight PNVC
shows a single glass transition temperature (Tg) on the first
heating scan, but progressively develops two after purifica-
tion or after heat treatments [3]. Figure 1 displays an exam-
ple of the DSC curve for the physically aged purified PNVC
samples for 120 min at 5-10 °C below each Tg. Holding at
200 °C generated significant amounts of ageing in the lower
transition, as revealed by the large increase in the endother-
mic peak in Fig. 2a. On the other hand, holding at 220 °C
only enabled the higher transition to age; see Fig. 2b. Clearly
while the two transitions relaxed towards the mobile liquid
on physical ageing, they appeared to perform individually
of one another and suggested that two separate and distinct
glasses were present where the raw sample demonstrated
one.

The areas under the endothermic peak were used as a
measure of the rate, at which physical ageing proceeds,
see Fig. 2c. The slopes were 0.028 (R>=0.910) and 0.002
(R*=0.992) for ageing at 200 and 220 °C, respectively.
It is well known that the rate of physical ageing is gov-
erned by the molecular weight of the relaxed chains, and
the proximity of the application temperature to the Tg
of the polymer [26, 27]. The reduction in free volume
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accompanying physical ageing requires some degree of
mobility at a molecular level. Lower molecular weight
polymers and closer ageing temperature to the Tg, reduces
chains entanglement and therefore increases the degree of
mobility and elevates the rate of ageing. Similar holding
temperatures were chosen for both transitions, i.e. 15 °C
below each Tg; thus, the difference in physical ageing
rate could be readily attributed to change in the molecular
weight of the relaxed chains.

Figure 3 demonstrates an example of the DSC curve
for the thermally annealed as-received PNVC samples for
different times and temperatures as indicated. It was clear
that annealing above Tg resulted in two Tgs, the lower of
which was decreasing with decreasing annealing tempera-
ture or time.

2D-CM-DSC analysis

2D-CM methods allow obtaining information regarding
the influence of various factors on the studied systems. It is
possible to study the effect of one factor or several factors
at the same time. This is important in complex systems/
processes as 2D-CM techniques facilitate obtaining the
information of interest. In the current work, the gener-
alized 2D-CM was applied to obtain information related
to the effects of ageing/annealing time on the DSC pro-
file of PNVC. After that, the hybrid 2D-CM was applied
to extract information related to the effects of ageing/
annealing temperatures. Finally, the multiple-perturbation
2D-CM concept was used to probe the effects of both time
and temperature on both processes ageing and annealing.

9.0

Annealed 20 min at 325 °C

8.5
{ Annealed 15 min at 300 °C \

8.0 1

Endo

7.5

7.04 .
First run

Relative heat flow/mW

6.5

s

5.5

Exo

T T T T T T T T T
160 180 200 220 240 260

Temperature/°C
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Ageing below the lower transition

Figure 4 shows the 2D-CM-DSC heat flow responses of
purified PNVC sample, which had been aged for various
periods at a temperature below the lower Tg, i.e. at 200 °C.
The synchronous map, shown in Fig. 4a, exhibits a charac-
teristic angel pattern, comprising two positive auto-peaks at
209 and 214 °C, correlating to each other with two negative
cross-peaks at (214, 209) and (209, 214) °C. The auto-peak
at 209 °C was markedly large compared to the other auto-
peak at 214 °C. The asymmetry of the angel pattern results
from the difference in activation energy and the number as
well as molecular weight of the contributed chains in the two
relaxation processes, which may indicate different types of
tacticity of the relaxed chains. The maximum heat flow of
the two auto-peaks was used to define the onset and the end
temperature of the peak, at 209 and 214 °C, respectively.
The asynchronous map, Fig. 4b, displays the characteristic
distorted butterfly pattern, containing a pair of elongated
cross-peaks of opposing signs situated very close to the
diagonal and near the stronger auto-peak side, i.e. the peak
at 209 °C. Next to these elongated cross-peaks and relatively
away from the diagonal, are another set of lower intensity
cross-peaks. The patterns spotted in both synchronous and
asynchronous maps are characteristic of peaks shift paired
with an intensity change [28]. The direction of the change is
verified by the signs of the asynchronous cross-peaks within
the butterfly cluster, as demonstrated by Noda and Ozaki
[5]. The elongated cross-peak over the diagonal is nega-
tive, and that under the diagonal is positive, which suggests
that the peak position is moving from right to left along the
horizontal axis of the 2D-CM map and from top to bottom
along the vertical axis. In other words, increasing the age-
ing time increased the number/length of relaxed chains or
even enabled the different stereo-chemical chains to relax
and contributed to the peak of ageing. This was consistent
with the nature of physical ageing process [19, 20] and the
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Fig.4 The 2D-CM-DSC heat flow responses of PNVC sample under-
going physical ageing below the lower transition, i.e. at 200 °C. a The
synchronous and b the asynchronous maps
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increase of evolved relaxation enthalpy with increasing age-
ing time as depicted in Fig. 2.

In addition, there was a cross-peak located at (233,
209) °C, which had a negative sign in the synchronous map
and a positive sign in the asynchronous map. This indicated
that the two relaxation processes occurred on the opposite
direction of each other, and that the process at 209 °C pro-
ceeded faster or before that at 233 °C. It should be noted that
there was another low intensity cross-peak at (233, 214) °C,
which had a positive sign in the synchronous map and a
negative sign in the asynchronous map. This indicated that
the two relaxation processes occurred on the same direc-
tion; increasing in intensity with increasing ageing time,
and that the process at 214 °C proceeded faster or before
that at 233 °C. These results confirmed the observed peak
shift paired with intensity change. The intensity of the starter
peak at 209 °C was reduced and shifted to 214 °C, which
was progressively developed with increasing ageing time.
As the temperature at 233 °C corresponded to the higher
Tg, the 2D-CM showed that there was some ageing occur-
ring on the higher Tg. This implied that the chains relaxed
at the lower temperature were the shortest or the lowest in
molecular weight. In other word, they could be assigned to
the lower Tg of stereo-blocks form of the polymer, i.e. the
isotactic form or more accurately the atactic form of the
polymer with more isotactic contents. The second explana-
tion was more relevant and accepted as the Tgs values of the
stereo-blocks form of PNVC have been reported at 126, 227
and 276 °C corresponding to isotactic, atactic and syndio-
tactic forms, respectively [1, 29]. All observed temperatures
were in the range of atactic stereo-blocks, and the ageing
temperature at 200 °C was suitable to age the fraction of
atactic stereo-block.

The sequential order of peaks changes followed the order:
214(1)—209(]) —233(7) °C. Both processes at 214 °C and
233 °C increased and the process at 209 °C decreased. It was
suggested that the process at 209 °C represent an intermedi-
ate state, which consisted of unstable solid solution of dif-
ferent stereo-blocks of the polymer. The ageing for extended
times allowed some chains to have sufficient energy to relax
and two phases separated, both of which are syndiotactic
rich but they have different syndiotactic contents or configu-
rations, i.e. 2:1 or 4:1 or all Trans helixes [30].

Ageing between the two transitions

Figure 5 shows the 2D-CM-DSC heat flow responses of
PNVC sample, which had been aged for various peri-
ods at a temperature below the higher Tg but above the
lower one, i.e. at 220 °C. The synchronous map, shown
in Fig. 5a, exhibits a characteristic angel pattern, com-
prising two positive auto-peaks, one of which is appeared
at 242 °C and the other centred at 237 °C. In addition,
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Fig.5 The 2D-CM-DSC heat flow responses of PNVC sample under-
going physical ageing between the two transitions, i.e. at 220 °C. a
The synchronous and b the asynchronous maps

two negative cross-peaks were observed at (242, 237)
and (237, 242) °C. The auto-peak at 237 °C was larger
compared to the other auto-peak at 242 °C. These indi-
cated that the process at 237 °C changed in the opposite
direction compared to the process at 242 °C. The asym-
metry of the angel pattern resulted from the differences in
activation energy and the numbers as well as molecular
weights of the contributed chains in the two relaxation
processes, which may signify different types of tacticity
of the relaxation processes. The maximum heat flow of
the two auto-peaks was used to identify the temperature of
the initial and final peak, at 237 and 242 °C, respectively.
The asynchronous map, shown in Fig. 5b, displays the
characteristic distorted butterfly pattern, involving a pair
of elongated cross-peaks of opposing signs placed very
adjacent to the diagonal and near the stronger auto-peak
side, i.e. the peak at 237 °C. Next to these elongated cross-
peaks and slightly away from the diagonal, are another
set of lower intensity cross-peaks. The patterns observed
in both synchronous and asynchronous maps are repre-
sentative of peaks shift paired with an intensity change.
The elongated cross-peak above the diagonal is negative,
and that below the diagonal is positive, which designates
that the peak position is shifting from right to left along
the horizontal axis of the 2D-CM map and from top to
bottom along the vertical axis. In other words, increasing
the ageing time increased the number/length of relaxed
chains or even enabled the different stereo-chemical chains
to relax and contributed to the peak of ageing. This was
consistent with the nature of physical ageing process and
the increase of evolved relaxation enthalpy with increasing
ageing time as depicted in Fig. 2. These results indicated
similar behaviour with the previous results of Fig. 4, but
with higher set of temperatures, i.e. at 237 and 242 °C.
Moreover, the ageing temperature at 220 °C was suitable
to age the fraction of atactic stereo-block, i.e. 5-10 °C
below the Tg of atactic PNVC. This was also in accord-
ance with the conclusion made in the literature, such that
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the insolubility of the syndiotactic dyads in the isotactic
dyads enhanced with rising temperature and consequently
the phases which relaxed retain a different tacticity [3].

In summary, similar conclusions were made by analys-
ing the two ageing processes using the concept of 2D-CM,
which confirmed the applicability of this routine to study
ageing. Purified PNVC represents a solid solution of the
different stereo-blocks, the composition of which was tem-
perature and time dependent.

Annealing above the higher transition

Figure 6 shows the 2D-CM-DSC heat flow responses of as-
received PNVC sample, which had been annealed for various
periods at a temperature of 300 °C. The synchronous map,
Fig. 6a, shows two positive auto-peaks at 211 and 233 °C
correlating to each other with two negative cross-peaks at
(233, 211) and (211, 233) °C. The auto-peak at 211 °C was
larger than the other auto-peak at 233 °C. These indicated
that the process at 211 °C changed in the opposite direction
compared to the other process at 233 °C. The asynchronous
map, shown in Fig. 6b, shows a negative cross-peak situated
at (233, 211) °C. According to Noda rule, the process at
233 °C proceeded faster or before that at 211 °C.

Figure 7 shows the 2D-CM-DSC heat flow responses of
as-received PNVC sample, which had been annealed for var-
ious periods at a temperature of 325 °C. The synchronous
map, shown in Fig. 7a, shows two positive auto-peaks at
211 and 233 °C correlating to each other with two negative
cross-peaks at (233, 211) and (211, 233) °C. The auto-peak
at 211 °C was larger compared to the other auto-peak at
233 °C. These indicated that the process at 211 °C changed
in the opposite direction compared to the other process at
233 °C. The asynchronous map, shown in Fig. 7b, shows a
negative cross-peak located at (233, 211) °C. According to
Noda rule, the process at 233 °C proceeded faster or before
that at 211 °C.
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Discussion

Statistical calculations and NMR studies have shown that
syndiotactic sequences of PNVC are predominant by the
all-trans form, which is the most stable conformation
among others such as 2/1 and 4/1 arrangements, provided
that steric interactions are presumed to be prevalent over
all other possible interactions [30]. On the other hand, iso-
tactic sequences of PNVC are dominated by the 3/1 helical
form. The portion of isotactic and syndiotactic sequences are
approximately equal for samples of ‘isotactic-rich’ PNVC,
while for the ‘syndiotactic-rich’ samples of PNVC the syn-
diotactic fraction has risen to about 75%. Moreover, the
observation of two Tgs in a miscible polymer blend or poly-
mer solution has been already done and it was concluded
that two transitions did not indicate immiscibility [31]. In
the present work, it is reported the same case but with one
polymer which possesses different tacticity due to the bulky
side groups.

It seems that the polymer existed in non-equilibrium state
with respect to stereo-chemical composition due to the bulky
carbazole side groups. Holding the polymer at temperatures
above its multiple Tgs for extended time allowed the differ-
ent chains to relax and consequently two miscible atactic
portions of the polymer resulted. These have Tgs at 211 and
233 °C and could be both regarded as isotactic-rich phase.
The only difference between them is the length of the chains
that contributed to the process.

Hybrid correlation 2D-CM-DSC approach

To survey the similarity and/or difference between two sys-
tems or processes, hybrid 2D correlation spectroscopy has
been documented and tested [32—34]. In the present work,
the data reported in both Figs. 4 and 5 were collected under
the same perturbation (ageing time) but different conditions
(different ageing temperature). Therefore, a case III hybrid
correlation is met [32] and hybrid 2D correlation maps could
be constructed.
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Figure 8a displays the synchronous hybrid 2D correla-
tion map built from the ageing time-dependent DSC profiles
of purified PNVC aged at two temperatures, namely at 200
and 220 °C. A large asymmetry of the synchronous hybrid
2D correlation map was perceived, such that the 2D peaks
shifted to the higher temperature side. This indicates that the
two studied processes involved the relaxations of different
stereo-block of the polymer that have different molecular
weight or different free volume/mobility and they stabilized
by changing the tacticity to more syndiotactic-rich stereo-
block. This was in contrary with the literature, as it has been
reported that the isotactic form is more thermally stable in
most polymers [35, 36]. Therefore, the observed results
were attributed to changes in configuration of PNVC from
p-PNVC or exciplex to f-PNVC or excimer configurations.
The later has a higher glass transition temperature [4, 37].

There were two cross-peaks of lower intensity, one of
which was positive correlated the peaks at (233, 242) °C
and the other was negative that correlated the peaks at (233,
233) °C. This indicated the process at 233 °C on ageing at
200 °C changed on the same direction with process at 242 °C
on ageing at 220 °C. As the process at 233 °C decreased on
the first ageing, thus the process at 242 °C decreased on the
second ageing. Ultimately, all processes would transform to
the process at 209 °C, which represent the Tg of the most
stable isotactic-rich form of the polymer. It was also inter-
esting to observe the negative cross-peak at (233, 233) °C
which indicated that this process was the least affected in
both ageing processes as it increased in one while decreased
in the other one, to keep the composition of the polymer at
the most equilibrated and stable state. In the asynchronous
hybrid 2D-CM-DSC map in Fig. 8b, new peaks appeared at
230 and 237 °C. It was noted that the peak at 233 °C split
into two peaks at 230 and 237 °C. This indicated the pres-
ence of intermediate state.

Ageing at 200 °C increased the intensity of the peak at
214 °C, which was consistent with the analysis of 2D-MC-
DSC in Fig. 4. The positive peaks at (214, 237) and (234,
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Fig.8 The hybrid 2D-M-DSC for the physical ageing: a the synchro-
nous and b the asynchronous maps

237) °C indicated that ageing at 220 °C caused the peak at
237 °C to change in the same direction with the peaks at
214 and 234 °C in carrying out the ageing at 200 °C. Thus,
the peak at 237 °C should increase in intensity, which was
in contrary to the analysis of 2D-CM-DSC in Fig. 5. The
same conclusions were obtained by analysing the negative
correlation peaks at (214, 242) and (230, 242) °C.

It is suggested that the second ageing temperature caused
two processes to occur simultaneously: ageing of another
atactic stereo-block, which had more syndiotactic content,
and crystallization of parts of the polymer. The contribution
of the later process was dominant and caused the Tg to shift
to higher temperature.

Multiple-perturbation 2D-CM-DSC approach

As shown earlier in this article, both ageing and anneal-
ing depend upon both the holding temperature and the time
during which the sample kept at that temperature. 2D-CM
method, namely multiple-perturbation 2D correlation map-
ping (MP2D-CM), enables the extraction of information
related to each factor. MP2D-CM was first suggested to
explore the mixed dynamic responses of a system that has
been disturbed by more than one type of perturbation [38].
It has been applied successfully to probe the effects of both
cross-linking density and ion exchange capacity on the water
contents and type present in sulfonated poly (ether ether
ketone) samples by the analysis of their DSC curves [15].

As can be seen from Fig. 9, the partial asynchronous cor-
relation intensities between the signals of the two relaxa-
tion processes, i.e. the correlation peak at (233, 211) °C,
decreased with increasing the holding temperature. The
asynchronous correlation was a measure of the number of
the chains and their molecular weight that contributed to
each relaxation process, and they were measured by the first
glass transition, i.e. at 211 °C.

The negative values of the correlation peaks indicated
that the two relaxation processes changed on the opposite
direction. The decrease in the correlation values indicated
that the rate of the process decreased with increasing the
holding temperature.

From the 1D DSC profiles, it was observed that the pro-
cess at 211 °C increased with annealing time while the other
process decreased. There was also a shift to higher tempera-
tures with both processes on increasing annealing time, but
the shift was more pronounced in the higher process. The
presence of cross correlation peaks at 242 °C in the 2D maps
was consistent with this.

The results of Bai et al. [39] indicated that the lower
molecular weight fractions of PNVC did not develop a
liquid crystalline phase, while the samples of sufficiently
high molecular weight formed a mesophase at tempera-
tures above the glass transition. Accordingly, the process
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0.010 240 °C. Interestingly, this value was consistent with the
] The correlation peak s .
= at (233, 211) °C lower critical solution temperature (LCST) of PNVC
g ’ :
= 00057 o which has been reported elsewhere.
g It suggested that the relaxation at the higher tempera-
c . . . . .
< 00007 o ture involved the combination of many processes: diffusion
T of the short length chains out and their relaxation, rear-
o _ - . g
5 0005 9 rangement of the chains that exhibit more entanglement
o 4 . . . . .
2 and their stereo-chemical isomerization to more stable
g 00107 Ageing form. All of these resulted in phase separation and the
= Annealing £ T h h d .
S o presence of two 1g processes that showed ageing sepa-
Zi Tgl  Tg2 rately at different holding temperatures.
0,020 : i o 9 The samples annealed above the higher Tg have higher
' activation energy for segmental arrangement of polymer

T+ 1 T T T T T T T T T T T T T 7
160 180 200 220 240 260 280 300 320 340

Holding temperature/°C

Fig.9 The asynchronous correlation intensities between the two
types of relaxation processes depending on holding temperature. Line
is guided for the eyes

at 211 °C represents the low molecular fraction of the
polymer and the stereo-chemical form that does not crys-
tallize or at least form crystalline liquid (isotactic rich).
The second process on the other hand, represent the higher
molecular weight fraction of the polymer and as this
fraction crystallize or form crystalline liquid or at least
undergoes molecular orientation, the temperature shifts to
higher values. That is why it should decrease with increas-
ing annealing time. The 2D-DSC analysis showed that
the decrease in the process at 233 °C occurred before the
increase in the process at 211 °C. This implied that some
part of the polymer chains relaxed and contributed to the
new process at 242 °C while the other were unstable at the
annealing temperature so they separated and contributed to
the lower relaxation process at 211 °C. This confirmed that
the higher process represents different stereoform of the
polymer mostly syndiotactic rich. The conclusion reported
that thermal annealing caused phase separation is consist-
ent with this assignment.

The asynchronous correlation at (233, 211) °C was a
measure of the phase separation of the two stereoforms
that contributed to each process. Its intensity is a measure
of the effect of holding time on the phase separation, and
this was decreased with increasing the holding tempera-
ture which indicated that the occurrence of phase separa-
tions was faster at higher holding temperature. The nega-
tive values of the correlation peaks indicated that the two
relaxation processes changed on the opposite direction.
The decrease in the correlation values indicated that the
rate of the process decreases with increasing the holding
temperature due to the deceases in the number of relaxed
chains. As shown in Fig. 9, there was a step change in the
correlation intensity with a reflection temperature around

@ Springer

chains in order for crystal formation to proceed; therefore,
they should exhibit the features of crystallinity.

Conclusions

2D-CM has been demonstrated as a suitable analysis rou-
tine for the thermal responses of both physical ageing and
annealing processes of PNVC. The 2D-CM results were
consistent with the underlining physics of the studied
processes. Hybrid 2D-CM analysis enabled the compari-
son between ageing of the two observed glass transitions,
and indicated that the two studied processes involved the
relaxations of different stereo-block of the polymer that
have different molecular weight or different free volume/
mobility and they stabilized by changing the tacticity to
more isotactic-rich stereo-block. The multiple-perturba-
tion 2D correlation mapping approach helped to extract
information related to the effects of both the holding tem-
perature and the time during which the sample kept at
that temperature on the tacticity of the polymer. In par-
ticular, the negative asynchronous correlation cross-peak
at (233, 211) °C decreased with increasing the holding
temperature/time which indicated that phase separation
was tacticity dependent. In addition, the plot of the asyn-
chronous correlation intensity against temperature had a
reflection point around 240 °C, which was consistent with
the LCST of PNVC. 2D-CM provides multiple routines for
DSC thermal responses analysis and is a powerful tool for
thermal analysis of polymers.
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