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ABSTRACT: A kinetic study of the synthesis of poly(4-oxybenzoate) by melt-step growth
polymerization using para-propionoxybenzoic acid is reported. The polycondensations
obey second-order kinetics, irrespective of whether the reaction was catalyzed or un-
catalyzed. Breaks are observed in the kinetic plots, suggesting the presence of different
kinetic regimes during the course of the reaction. An elaborate kinetic model that
presupposes precipitation of oligomers predicts two-stage kinetics as well as breaks in
the rate plots and fits experimental data well throughout the course of the reaction and
the performance of two transesterification catalysts are estimated. No isokinetic tem-
perature is displayed for the transesterification reaction. Activation energy values for
catalyzed reactions are found to be higher than the uncatalyzed reaction, indicating
that entropy factors drive the reaction to completion. © 1999 John Wiley & Sons, Inc. J Appl
Polym Sci 72: 467–476, 1999
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INTRODUCTION

The synthesis and properties of poly(4-oxybenzo-
ate) have been the object of numerous investiga-
tions1–10 and patent claims.11–14

As early as 1882, Schieff and Kepl attempted
the thermal condensation of free 4-hydroxy ben-
zoic acid; but these efforts failed due to decarbox-
ylation and etherification of the hydroxy groups.
During the last 4 decades several research groups
have reported the synthesis of poly(4-oxybenzo-
ate) from 4-hydroxybenzoic acid. These condensa-
tions were conducted at temperatures less than
120°C in solution using dehydrating agents such
as trifluoroacetic anhydride, thionyl chloride, and

phosphorous derivatives; however, only oligomers
were obtained.

Information on molecular weight and other
properties of poly(4-hydroxybenzoate) are lacking
because oligomers of 4-hydroxybenzoic acid with
DPs $ 6 are insoluble in all common solvents and
not meltable. It is likely that condensations in
solution at low temperatures yield high molecular
weight poly(4-oxybenzoate), regardless of the con-
densing reagent used.

Because poly(4-oxybenzoate) is not meltable
and insoluble in all common solvents, it is difficult
to process it, and its properties depend on both
the nature of the monomer and the reaction con-
ditions used in the synthesis work.

Most samples of poly(4-oxybenzoate) described
in the literature were prepared by thermal con-
densation of 4-acetoxy benzoic acid (4-ABA) in an
inert reaction medium like Therminol or Marlo-
therm-S15–19 [eq. (1)].
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Such polycondensations are usually conducted in
concentrated monomer solutions (5–10 wt %) with
stirring at 300–350°C.

Though synthesis of poly(4-oxybenzoate) by
melt polymerization was known since the 1950s,8

the kinetic study of this process was not reported.
Mathew et al.20 reported the melt polymerization
kinetics of poly(4-oxybenzoate) by melt step-
growth polymerization using 4-acetoxybenzoic
acid. The performance of three transesterification
catalysts were also investigated. The polyconden-
sations were found to obey a second-order kinet-
ics, irrespective of whether the reactions were
catalyzed or uncatalyzed. Breaks were observed
in the kinetic plots, suggesting the presence of
different kinetic regimes during the course of the
reaction.

The major aim of the present work is to study
the reactivity of 4-propionoxybenzoic acid in the
synthesis of poly(4-oxybenzoate) and the underly-
ing unique features in such reactions.

The work was carried out with the following
objectives: (1) develop a novel catalytic synthesis
route for poly(4-oxybenzoate) through melt poly-
merization using 4-propionoxy benzoic acid as the
monomer; (2) optimization of catalyst perfor-
mance; (3) a detailed kinetic analysis; and (4)
characterization of the polymer.

The work is presented as follows: two different
catalysts were employed to identify the most op-
timal catalyst and its concentration. A conven-
tional second-order kinetic analysis is then at-
tempted. The intrusion of oligomer precipitation
and how it adds to the complexity of the kinetics
(i.e., breaks in the kinetic plots) is then analyzed.
The role of interfacial reaction leading to second-
order kinetics is then postulated. Lastly, charac-
terization of a typical oligomer using hot-stage
polarizing microscopy and differential scanning
calorimetry is illustrated.

EXPERIMENTAL

Materials

4-Propionoxybenzoic acid was prepared by so-
dium hydroxide catalyzed reaction of 4-hydroxy-
benzoic acid with propionic anhydride and was

recrystallized with methanol. The product yield
was 70%, and it had a melting point of 180°C.

Reactor Details

A 300-mL HASTELLOY-B2–based reactor de-
picted in Figure 1 was used for polymer synthesis.
The reactor had four ports for charging/stirring
the reactants, nitrogen gas inlet, N2 gas/vapor
outlet, and vacuum measurement. It could be
maintained isothermally at any temperature be-
tween ambient and 400°C. A provision for mea-
suring the side product was made as shown in
Figure 1.

Preparation of Polymers

All melt polymerization studies were conducted
with 0.25 mol of 4-propionoxy benzoic acid. Dry
nitrogen (20 mL/min) was used throughout the
reaction to prevent oxidation and degradation re-
actions. The temperatures chosen for the cata-
lyzed and uncatalyzed reactions were 230, 245,
and 260°C. It is of some technological interest to
check the effects of two different transesterifica-
tion catalysts, zinc acetate, and antimony trioxide
employed for the synthesis of poly(4-oxybenzo-
ate). Concentrations (0.25, 0.5, and 1.0 mol %) of
catalysts were varied to optimize their perfor-
mance. The amounts of parapropionoxybenzoic
acid lost by sublimation accounted to a maximum
of 0.1% of the monomer charged.

The progress of the reaction was measured by
monitoring the rate of side product propionic acid,
formed as a function of time. The purity of propi-

Figure 1 Experimental apparatus.
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onic acid was checked by gas chromatograph. At
230°C the purity was 99%, whereas at 245 and
260°C the purity was 97%. The average degree of
polymerization (Xn) was found based on the mol
of propionic acid produced. (The maximum degree
of polymerization attained was six.)

The solid-state reaction of the pure oligomer
was not appreciable, and was of no kinetic signif-
icance as far as extraction of propionic acid was
concerned. Most of the experimental runs were
completed in a span of 2 h.

Measurements

Thermal transitions of the polymers were ob-
tained with a Mettler DSC 30 apparatus inter-
faced with a thermal analysis data station under
nitrogen atmosphere using a sample size of 10–15
mg. A heating rate of 10°C/min was employed in
all cases. Indium was used to calibrate the en-
thalpy values. A three metal (In-Pb-Zn) standard
was used to calibrate the temperature scale.

The polymers were examined under a Reitzner
hot stage polarizing microscope. A small amount
of sample was mounted between the polymer
glass slide and cover slip, and was then heated at
a constant rate. The polymers were observed un-
der crossed polarizers.

RESULTS AND DISCUSSION

Kinetic Model Development

In the analysis of the kinetics of poly(4-oxybenzo-
ate), it was first assumed that the formation of
poly(4-oxybenzoate) proceeds by a bimolecular
mechanism outlined below:

HA N
ki

H1 1 A2 (2)

HA 1 H1N
kp

H2A1 (3)

H2A1 1 A2 ¡

kr

P 1 AcH (4)

AcHN
kAC

Ac
2 1 H1 (5)

where A2, H2A2, P, and AC H denote the 4-pro-
pionoxy benzoate anion, protonated monomer,
growing chain (dimer, trimer, etc.) and propionic
acid respectively. ki, kp, kr, and kAC denote the

ionization constant, protonation constant, rate
constant, and ionization constant of propionic
acid, in that order.

Within the preview of the above mechanism if
x denotes the number of moles of propionic acid
(product) formed then,

dx
dt 5 kr@H2A1][A2] (6)

ki 5
@H1][A2]

[HA] (7)

kp 5
@H2A1]

[HA][H1] (8)

combining eqs: (6), (7), and (8) we get,

dx
dt 5 krkpki @HA]2 (9)

where c0 is the initial concentration of monomer.
The concentration cannot be expressed in ab-

solute units because molar volume of the melt is
not known. For the pure melt the assumed initial
concentration c0 5 1.

Let k 5 kr, kp, ki, and let P denote the fac-
tional conversion (i.e., P 5 x/c0), then eq. (9) can
be transformed to:

dx
dt 5 kco

2~1 2 P!2 (10)

or

dP
dt 5 kco~1 2 p!2 (11)

Separating variables and integration gives:

1
~1 2 P!

5 kcot 1 1 (12)

The above equation indicates that a plot of
1/(1 2 P) vs. time should give a straight line.
This was not the case for the experimental runs
that were undertaken (see, for instance, Fig. 2).
This leads us to the conclusion that a simple
biomolecular reaction mechanism is not enough
to describe the kinetics of poly(4-oxybenzoate).
The reason is probably due to precipitation of an
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oligomer that affects the kinetics of the overall
process. To quantitatively prove that oligomer
precipitation is important and affects the kinetics
of the process we give the following mechanism
for a step-growth polymerization reaction. The
main consequences of oligomer precipitation with
DP @ nc, where nc is the precipitated oligomers is
considered below.

Chain growth occurs by step additions where
at a given time only two molecules react;

P1 1 P1 O¡
k1

P2

P1 1 P2 O¡
k1

P3

P3 1 P1 O¡
k1

P4

- - - - - - - - - - -

Pn22 1 P1 O¡
k1

Pn21

Pn21 1 P1O¡
kn21

Pn2

As per the assumptions involved in the Flory-
Schulz distribution, the end group reactivity re-
mains the same irrespective of the degree of poly-
merization. This assumption is valid till the (n
2 1)th oligomer stage.

If we assume further that oligomers with DP $
n 5 nc precipitate out of system (as indicated by
the inverted arrow), then further growth of the

polymer chains has to be an interfacial reaction
between the absorbed monomer and oligomeric
lamella.21 This, in turn, is supposed to take place
at a much lesser rate than the reactions between
monomers and the oligomeric (DP # n 2 1)
species. However, in principle, one would argue
that the formation of an oligomer (DP 5 n) can
occur due to (n 2 1)/ 2 reaction pathways for odd
oligomer and n/ 2 pathways for even oligomer. For
low degrees of conversion, the sequences outlined
are important. The net rate of propionic acid pro-
duction is given by

Rate 5 O
i52

n dPi

dt (13)

which results in an expression of the form

d(CH3CH2COOH)
dt 5 k1P1

2 1 k2P1Pn21 (14)

here, Pn denotes concentration of nth oligomer. If
we assume Flory-Schulz distribution up to the
(n 2 1)th oligomer stage, we have

dP
dt 5 k1~1 2 P!2F1 1

k2

k1
Pn22G (15)

where P is degree of conversion of 4-propionoxy-
benzoic acid at any instant.

Parameter Estimation

The parameters to be evaluated in the kinetic
model described earlier are the rate constants k1
and k2, and the degree of polymerization of pre-
cipitated oligomer (n). A total of 21 experiments
were carried out to evaluate these parameters. As
indicated in the experimental section, different
sets of conditions (temperatures and initial con-
centrations), were used for the catalyzed and un-
catalyzed reactions. Furthermore, the concentra-
tion of catalyst used was also varied. The param-
eters in the model were estimated using a
differential algebraic optimization technique due
to Cuthrell and Biegler.22 This technique is a
nonlinear programming method based on se-
quential quadratic programming (Reklaitis),23

whereby the differential equations modeling the
kinetics of the system are converted to a set of
approximating algebraic equations by using or-
thogonal collocation. First, the degree of conver-

Figure 2 Second-order plots for uncatalyzed reaction
at various temperatures.
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sion P is parameterized as a piece-wise polyno-
mial written in Langangian form:

Pk11~t! 5 O
i50

k

Pifi~t! (16)

where

fi~t! 5 P
kÞi

k ~t 2 tk!

~ti 2 tk!
(17)

Pk11 (t)s in eq. (16) denote (k 1 1)th order poly-
nomials. The notation k Þ i indicates that k
5 0, . . . , i 2 1, i 1 1, . . . , k. Equation (16)
substituted into eq. (15), gives the residual equa-
tion:

O
i50

k

~Pifi ~t!! 5 ki~1 2 Pk11 ~t!!2

3 F1 1
k2

k1
Pk11

n22 ~t!G (18)

Discretization of the above residual yields the
following set of algebraic equations:

R~ti! 5 O
i50

k

~Piḟi~t!! 2 k1~1 2 Pi
2! F1 1

k2

k1
Pi

n22G
(19)

i 5 1,. . ., k.

The objective of the optimization model is to
minimize the sum of square residuals (SSE) be-
tween the calculated values of the fractional con-
version and the experimental values; i.e.,

Minimize O
d51

Nd

$@P#d
exp2[P]d

cal%2 (20)

where Nd is the number of experimental points.
The optimization problem to estimate the ki-

netic parameters can now be summarized as fol-
lows:

Find ki, kn21, and n so as to:

Minimize O
d51

Nd

$@P#d
exp2[P]d

cal%2 (20)

Subject to:

R~ti! 5 O
i50

k

Piḟi~t! 2 k1~1 2 Pi
2! F1 1

k2

k1
Pi

n22G
(19)

P0 5 [P]0, initial fractional conversion

i 5 1, . . ., k.

In the above model, the degree of oligomer pre-
cipitation is an integer number. Thus, the above
model (p) is actually a mixed nonlinear integer
program. However, if we enumerate over n, model
(p) can still be solved via a sequential quadratic
programming technique. It has been shown20 that
n varies from 1 to 6. This is not a wide range that
will pose difficulties in an enumeration proce-
dure. It is appropriate, therefore, to fix n in the
model to a certain integer number and solve the
resulting NLP problem to calculate the SSE and
the parameters ki and kn21. A given degree of
oligomer precipitation n is first assumed, and the
model is solved for the minimum SSE. The degree
of precipitation n is then increased by 1, and a
new SSE is recorded. The n leading to the best
SSE is retained as the degree of oligomer precip-
itation that best describes the kinetic system. The
corresponding kinetic parameters are taken as
the best parameter estimates. The results of the
optimization process for the various experiments
are shown in Table II.

Figure 3 depicts a second-order plot that takes
precipitation into consideration. The plot indi-
cates that the reaction rate is adequately modeled
by second-order kinetics for uncatalyzed reac-
tions. Figure 4 indicates that a similar trend is
followed for catalyzed reactions. As an illustra-
tion, we have used antimony trioxide (1 mol %
concentration). It is easily noticed that the differ-
ences between uncatalyzed and catalyzed rate
plots are quantitative and not qualitative. Thus,
breaks in the kinetics plot and an induction pe-
riod are present for both the plots. The point at
which the break occurs as a function of tempera-
ture for a few typical runs are indicated in Table
I. As seen in the table, the value for breaks in-
creases with temperature. The breaks occur at a
higher value for catalyzed reaction relative to un-
catalyzed reactions. A physical interpretation and
a qualitative explanation of these breaks is de-
ferred later. The nature of the plots are not al-
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tered by increasing the antimony trioxide concen-
tration from 0.5 to 1.0 mol %, but the rates are
slightly enhanced. This, in turn, means that the
turnover number (number of reaction events) de-
creases with an increase in concentration of the
catalyst molecules, suggesting that all the cata-
lyst sites are not uniformly accessible for the sec-
ond-order reaction.

Three different temperatures 230, 245, and
260°C were employed for the reaction. As antici-
pated, the higher temperature shows sharp
breaks for both catalyzed and uncatalyzed runs.
These are not prominent in the low-temperature
runs. Figure 5 denotes the corresponding rate

Table II Rate Constants and Activation Energies for Catalyzed and Uncatalyzed Reactions

No. Reaction Temperature S.S.E k1/k2 ln A1

Activation
Energy E1

(Kcal/mol) ln A2

Activation
Energy E2

(Kcal/mol)

1 Uncatalyzed 230°C
245°C
260°C

60.01 0.102/15.67
60.01 0.033/21.76
60.39 0.322/73.11

41.65 44.7 29.8 27.18

2 Zinc Acetate
(0.25 mol %)

230°C
245°C
260°C

60.018 0.03/3.54
60.003 0.062/18.77
60.08 1.762/57.08

68.05 71.96 50.6 49.30

Zinc Acetate
(0.5 mol %)

230°C
245°C
260°C

60.003 0.015/13.48
60.008 0.986/69.12
60.012 1.565/81.85

80.4 84.04 35.5 28.32

Zinc Acetate
(1.0 mol %)

230°C
245°C
260°C

60.006 0.024/22.30
60.009 0.77/76.45
60.007 1.227/109.5

66.8 70.1 31.6 28.32

3 Antimony trioxide
(0.25 mol %)

230°C
245°C
260°C

60.005 0.053/13.6
60.005 0.884/49.6
60.005 1.811/81.03

60.29 62.9 34.5 31.45

Antimony trioxide
(0.5 mol %)

230°C
245°C
260°C

60.004 0.012/10.17
60.011 0.54/55.36
60.010 0.45/68.13

61 64.7 36.5 34

Antimony trioxide
(1.0 mol %)

230°C
245°C
260°C

60.017 0.004/10.03
60.019 0.434/37.80
60.010 1.381/73.38

99 104.05 37.8 35.4

Figure 3 Second-order plot indicating the effect of
temperature for uncatalyzed reactions.

Figure 4 Second-order plot illustrating the effect of
temperature for antimony trioxide-catalyzed reactions
(1 mol %).
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behavior for zinc acetate-catalyzed reactions at 1
mol % concentration at three different tempera-
tures. From Figures 3–5 we note that the time at
which the break occurs varies with temperature.
The breaks decrease from 122 to 22 min as the
temperature is increased from 230 to 260°C,
while for catalyzed reactions, the decrease in time
varies from 90 to 10 min. The most common trial
of all these plots is that for the high temperature
runs the break occurs at DP $ 3.15. There have
been reports of oligomer precipitation with DP
$ 5 in the polymerization of acetoxybenzoic ac-
id,21 and the breaks may have a physical expla-
nation in terms of mechanism. This possibility is
already spelled out in the experimental section. A
quantitative development of this idea is deferred
below. The other explanations for the breaks are
(a) activity level of the catalyst can change with
time for catalyzed reaction; and (b) reactivity of
the end carboxylic acid group may depend on
the DP.

Influence of Catalyst Concentration on Rate
Constant in the Two Stages

From Figures 3–5 it is obvious that two kinetic
constants are displayed for both stages of the
reaction with k2 . k1 (Table II).

It is instructive to study the influence of con-
centration of the catalyst on the rate constant.
The highest temperature employed in our studies
is 260°C, because monomer decomposition may
intrude and add complexity. It is, thus, desired to
check the effects at 245°C (Fig. 6), for comparison
of different catalyst activity. The essential idea is
to check whether the turnover number is indepen-
dent of catalyst concentration. If the turnover
number is independent of catalyst concentration,
then one can state that all catalyst sites are
equally accessible. To test this, the degree of po-
lymerization is plotted as a function of time in
Figures 6 and 7 for antimony trioxide and zinc
acetate at 245°C. Although the plots for antimony
trioxide are apart at three concentrations, at one
concentration they are close together for zinc ac-
etate. It appears that the turnover number de-

Table I Breaks Noted for Typical Uncatalyzed and Catalyzed Polymerization Reactions

Figure
No. Catalyst

S 1
1 2 PD

at 230°C
Time
(min)

S 1
1 2 PD

at 245°C
Time
(min)

S 1
1 2 PD

at 260°C
Time
(min)

2 Uncatalysed 1.33 122 1.7 30 2.98 22
3 Antimony Trioxide (1 mol %) 2.1 88 3.56 57 3.15 23
4 Zinc Acetate (1 mol %) 1.77 32 2.52 28 3.15 18

Figure 5 Second-order plot illustrating the effect of
temperature for zinc acetate-catalyzed reactions (1 mol
%).

Figure 6 Plot illustrating the effect of concentration
for antimony trioxide-catalyzed reactions at 245°C.
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creases with increasing catalyst concentration.
This suggests that at higher concentration all the
catalytic sites are not uniformly accessible for the
reaction. The rates, further insensitive to rise
with catalyst concentration, suggest this route.
However, for at least one catalyst system a slight
temperature rise can make a totally different pic-
ture, as shown in Figure 8 for antimony trioxide-
catalyzed reaction. There is appreciable influence
of temperature compared to Figure 6. The breaks
in all the plots are indicative of two rate con-
stants. The Arrhenius parameters for each of
these regions are shown separately in Table II. In
Figure 9, two catalysts are analyzed for a typical
concentration of 1 mol %. The lines differ from
each other, indicating different activation ener-

gies. In conclusion, there is difference in the ac-
tivity of the catalyst present in the two regimes k1
and k2. Higher values for the activation energy
are found in the initial stages of the reaction and
the values decrease for the second regime.

It is also borne out from Table II that the rate
constant k2 is higher than k1, even though acti-
vation energies of the second stage are lower than
the first stage. This points to a lower free energy
of activation for the first stage. This indirectly
points to a lower entropy of activation causing the
reaction to slow down. Figure 10 was plotted to
check the presence of an isokinetic temperature
for three group of runs (three varying catalyst
concentrations). The lines do not cross each other,
thus overruling the existence of an isokinetic tem-
perature for this system. It appears in Figure 11
that two rate curves belonging to two different
catalysts do not cross over to give a temperature

Figure 7 Plot indicating the effect of concentration
for zinc acetate-catalyzed reactions at 245°C.

Figure 8 Effect of concentration for antimony triox-
ide-catalyzed reactions at 260°C.

Figure 9 Arrhenius plot for antimony trioxide and
zinc acetate reactions (1 mol %).

Figure 10 Plot to check the existence of an isokinetic
temperature for zinc acetate-catalyzed reaction.
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called the isokinetic temperature. However, this
behavior is evident at only 0.25 mol % concentra-
tion and is not universal.

Polymer Characterization

The DSC thermograms shown in Figures 12 and
13 exhibit endotherms (heating cycles) and exo-
therms (cooling cycles) depicting the liquid crys-
talline nature of poly(4-oxybenzoate). Table III
shows the values for a typical set wherein the
catalyst concentration is varied at constant time
and temperature. The reversible first-order tran-
sition (Fig. 13) points to either (a) reversible
change between two crystalline modifications, or
(b) crystallization of oligomeric poly(4-oxybenzo-

ate) during the cooling cycle. Microscopic obser-
vations were made in the temperature range over
which first-order transitions were noted in DSC.
This did not reveal phase change or volatilization,
which would arise from postpolycondensation. In
the absence of high temperature X-ray data we
can only speculate regarding the nature of tran-
sition. The comparable values of enthalpy on
heating (DHh) and cooling (DHc) discounts the
occurrence of degradation reactions on heating
the polymer till 350°C.

CONCLUSIONS

Two transesterification catalysts were employed
in the synthesis of poly(4-oxybenzoate) by melt
polymerization. Second-order kinetics was found
to be valid for both catalyzed and uncatalyzed
reactions. It appears that two kinetic regimes are
present in the course of reaction. For both these
regimes, second-order kinetics is found to be
valid. A model that takes into account oligomer
precipitation also displays two-stage kinetics.

Even though activation energies are larger for
the catalyzed reaction (in comparison to the un-
catalyzed) entropy factors could possibly be driv-
ing the reaction to completion. No isokinetic tem-
perature is displayed for these runs.

The optimal concentrations needed for synthe-
sis have been listed. Our data shows that zinc
acetate is a more suitable catalyst. Optical micro-
scopic analysis reveals solid to solid crystalline
modification occurs at high temperature. DSC

Figure 11 Plot to check the existence of isokinetic
temperature for antimony trioxide and zinc acetate-
catalyzed reactions at 0.25 mol %.

Figure 12 DSC endotherms of the first heating cycle
of uncatalyzed and catalyzed reactions at three catalyst
concentrations (0.25, 0.5, and 1.0 mol %) at 260°C.

Figure 13 DSC exotherms of the first cooling cycle of
uncatalyzed and catalyzed reactions at three catalyst
concentrations (0.25, 0.5, and 1.0 mol %) at 260°C.
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analysis of uncatalyzed and catalyzed runs were
carried out to evaluate enthalpy values. No deg-
radation reactions are found to occur on heating
the oligomer to 350°C during a DSC analysis.
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tration Department of Kuwait University for having
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rying the research work. The authors are also grateful
to Mr. R. Thangakunam, of the Chemical Engineering
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Table III Transition Temperature and Thermodynamic Data for Catalyzed
and Uncatalyzed Reactionsa

No. Reaction Th
b (°C) DHh

c (kJ/g) Tc
b (°C) DHc

c (kJ/g)

1 Uncatalyzed 305.4 0.0127 256 0.0146
2 Zinc Acetate (2.5 mol %) 310.7 0.028 264 0.0095
3 Zinc Acetate (0.5 mol %) 325.5 0.0068 273.4 0.0153
4 Zinc Acetate (1.0 mol %) 309.3 0.016 258.7 0.0113

a Reaction temperature 260°C, reaction time 2 h.
b Th and Tc represents the transition temperature for first heating and cooling cycle.
c DHh and DHc represent enthalpy values on heating the polymer in first heating and cooling cycle.
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