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In this study, poly (acrylamide-co-cis-2-butene-1, 4-diol) was synthesized by
polymerization of various molar ratios of acrylamide and cis-2-butene-1, 4-
diol using ceric ammonium nitrate (CAN) as redox initiator. The copolymer
then has been modified through incorporating of linear alkyl ester chains (Cs
and Cis) into copolymer by esterification reaction as melts using pTsOH as
catalyst. Resulting copolymers were purified and characterized by FT-IR,
NMR, and GPC. All analyses indicate that cis-2-butene-1,4-diol has the ability
to act as both a monomer and a reducing agent which confirms the validity of
the proposed mechanism. The reaction conditions have been varied and the
best yield of copolymer is 65.1% under these following optimum reaction
conditions; 8 mL of CAN solution, 2.4x10-3 mmol of acrylamide, 19.6x10-3
mmol of cis-2-butene-1,4-diol, 6 hours reaction time, and 50 °C reaction
temperature. GPC and hydroxyl number determination showed acrylamide
units consist of the larger portion in the copolymer chains. Thermal
characterization of copolymers was also investigated using TGA, DTG, and
DCS analysis. TGA/DTG revealed multi-stage decomposition, while DSC
exhibited a shift in the Tg peak after reaction with aliphatic carboxylic acids.
Kinetics of thermal decomposition was also investigated using models of the
Coats-Redfern and the second order of the chemical reaction was found to be
more appropriate to describe the reaction model for the thermal degradation
of copolymers with R2 correlation up to 99.7%. The activation energy in the
region of Tmax also increased by adding longer alkyl ester group to the
copolymer, which can contribute to the improvement of its thermal stability.
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Introduction

Ceric ammonium nitrate has a chemical formula
Ce(NH4)2(NO3)6s and well-knowns oxidizing agent
for some organic substances in the acidic media.
With the aid of reducing agent, ceric ions also
function as redox initiator by producing active
sites or free-radicals for vinyl polymerization [1].
In this process, an oxidizing agent, Ce (IV) firstly
forms a complex by reacting simply with organic
substance which then dissociates unimolecularly
to produce that
polymerization [2]. However, formation of the
redox polymerization system required a lower
activation energy than conventional thermal
polymerization that allowing polymerization to
be accomplished under milder conditions [3].

Several synthetic methodologies based on ceric
ions have been developed over the past few
decades and have made it possible to either
prepare new polymers or increase polymer
yields. Some researchers manipulated
concentrations of all reaction components and

free radicals initiate

found each individual Ce  (VI)-redox
polymerization reaction have its optimum
condition [4]. N. Mzinyane [5] found low

temperatures can be employed with this redox
systems and increasing temperature, up to 70°C,
has a positive effect on polymer yield. Jignesh H.
Trivedi et al. [6] reported that the presence of UV
light assisted oxidative polymerization along
with ceric ions can optimize copolymerization of
acrylonitrile onto sodium salt of partially
carboxymethylated tamarind kernel powder. S.
Jha et al. [7] exposed a mixture of acrylamide,
polysaccharide, CAN to

microwave radiation to initiate copolymerization

and short-term
onto the surface of polysaccharide. A. Yavla et al.
[8] recently obtained polycarbazole with solid-
polymerization solvent by
imposing solid reactants to high pressure or
ultrasonic waves. However, those modifications
on general synthetic strategy allowed to
incorporate reducing agents containing various

state without
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functional groups like alcohols [9], polyols [10],
amines [11], acids [12], thiols [13], thiourea [14],
and saccharides [15], each more suitable for
different monomers.

Many copolymers obtained through Ce (VI)-
induced redox polymerization were found to be
suitable for different applications. For instance,
E. Kot et al. [16] used CAN and 2,2'-azobis[2-
methyl-N-(2-hydroxyethyl)propionamide] as
oxidizing and reducing agents containing a
degradable moiety, respectively, to
polymerization of acrylamide monomer and
found that such water-soluble polymer had a
potential contribution in the oil and gas industry
by using it as drag reducing-agent (DRA) in water
brine. T. Song et al. [17] polymerized acrylamide
monomer in redox system of arginine and Ce
(IV). The resulting polymer exhibited a gelation
property used as enhanced oil recovery (EOR)
treatment to control
production problem in oil industry. Utilizing Ce
(VD)-redox polymerization to produce conductive
polymers was also conducted by Y. Tatar et al.
[18]. They prepared a block copolymer of
polypyrrole and thienyl end-capped
cyclohexanone formaldehyde resin and its chains
have a conductance property via electroactive
conjugated segment (polypurrole) and spacer
segment (reducing agent). R. Bhosale et al. [19]
recently developed a pH-sensitive polymeric
delivery system by grafting Ghatti gum with
methacrylate chains using chemical

initiate

the excessive water

methyl
oxidative polymerization initiated by CAN. An
attempt to produce super water absorber bio-
polymer from natural sources was successfully
achieved by E. Czarnecka and ]J. Nowaczyk [20].
They grafted starch with acrylic acid through Ce
(VI)-induced redox polymerization process. The
grafted chains are hydrophilic part of resulting
crosslinked Others
hydrogels of cellulose nanofibril and made them
more sustainable to elevated temperatures [21].
They initiated Ce (iV) redox polymerization of
N,N-dimethylacrylamide and butyl acrylate onto

copolymer. modified
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cellulose particles surface. Grafting poly

(acrylamide) on cross-linked poly (4-vinyl
pyridine) was also conducted using CAN as redox
initiator [22]. The resulting copolymer showed a
high-capacity mercury specific sorbent.

As many water-soluble
synthesized within the past few decades, there is
still need more researches focusing on driving
these developments and monomers to produce
new polymers. In this study, cis-2-butene-1,4-diol
was used as monomer and reducing agent to
produce a new water-soluble copolymer. The
copolymer, then, increased its lipophilicity
through introducing long chains of aliphatic
hydrocarbons into backbone. Such a chemical
structure in producing chemicals
important in petroleum industry such as pour

point depressants and drag reducing agents.

monomers were

is useful

Experimental
Materials

Acrylamide (98%) was supplied by BDH and
purified by recrystallization from acetone (99%),
which is polymer non-solvent used in the
fractional precipitation process and supplied by
RDH. p-toluene sulfonic acid (>98.5%), supplied
by Sigma-Aldrich, was used as catalyst for
esterification step. Besides, it was recovered
through dehydration with toluene using Dean-
Stark apparatus in order to azeotrope off the
water at toluene boiling point. Ceric ammonium
nitrate (298.5%) was supplied from Fluka and
used as redox initiator. Toluene (>99.5%), tearic
acid (octadecanoic acid) (99%), pyridine, and
potassium hydroxide were also supplied by
Fluka. Other chemicals include octanoic acid
(99%), cis-2-butene-1, 4-diol (97%), and nitric
acid (70%) were supplied from Merck, Sigma-
Aldrich, and Alpah Chemika, respectively, and
used without further purification.

Instruments
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FTIR spectra of all samples were recorded
within wavenumber of 400-4000 cm-! using JSCO
FTIR 4200. tH-NMR spectrum was recorded on
400 MHz by Bruker Avance 400 spectrometer
using deuterated methyl sulfoxide-de (DMSO-ds)
as solvent. GPC with RI detector of Waters
BreezeTM 2 HPLC system and THF as eluent was
used to determine molecular weight and some
associated characteristics of the copolymer. The
measurement was carried out using sample
flowrate of 1 mL/min and sample volume of 100
uL at 25°C. Shimadzu, DSC-60 analyzer, was used
for studying kinetic and thermal
characterizations of obtained copolymers. The
heating rate was 10 °C/min under dynamic
atmosphere of N3 at flow rate of 20 mL/min and
TGA/DTG curves were obtained using Shimadzu
thermogravimetric analyzer TGA-50. The heating
rate and N flow rate were 30 °C/min and 30
mL/min, respectively.

Methods

Synthesis of poly(acrylamide-co-cis-2-butene-1,4-
diol)

Acrylamide and cis-2-butene-1, 4-diol were
dissolved in 3 mL of deionized water and charged
into 100 mL one-neck round bottom flask. The
CAN solution was prepared by dissolving 1.35 g
of ceric ammonium nitrate in 50 mL of 0.5 N of
warmed diluted nitric acid, and then it was
injected to the flask containing the pre-heated
monomers solution (50°C). The polymerization
reaction was carried out thermally and
ultrasonically in different time of period, in dark
and under argon atmosphere. Then, the mixture
allowed to cool down to 10°C and poured into a
large volume of acetone. The product of white
solid powder was filtered, recrystallized using
solvent/non-solvent method
acetone, washed with acetone two times, and
dried in vacuum at room temperature for 24

hours [23,24]. The amounts of monomers and

of water and
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redox initiator, conditions of polymerization and
polymer yields are presented in Table 1.

Esterification of poly (acrylamide-co-cis-2-butene-
1, 4-diol)

A mixture of poly(acrylamide-co-cis-2-butene-
1,4-diol) PAM-co-C2BDOL (T9 sample), linear
aliphatic carboxylic acid, and para toluene
sulfonic acid were charged into three-neck round
bottom flask equipped with a simple distillation
apparatus. The amounts of mixture components
are summarized in Table 2. First, the reaction
was carried out as homogenous melt between 90
and 100°C with stirrer under argon. Afterwards, it
was taken place under vacuum to remove
residual water. The product was recrystallized
from acetone, washed with acetone three times,
and dried at room temperature for 24 hours
[25,26].

Hydroxyl number determination

Hydroxyl number is related to free hydroxyl
groups present in polymer chain and determined
using ASTM E222 standard test method [27],
which involves acetylation of 1g copolymer with
25 mL of acetylation reagent (solution of 21 mL
acetic anhydride and 200 mL pyridine) at reflex
temperature for 90 min. This can be conducted
by using reflex apparatus.

After that, 0.5 mL of phenolphthalein indicator
was added to the sample and allowed to titrate
with the 0.5 N KOH solution. This method is also
performed without adding polymer. The hydroxy
number can be calculated as follows:

Hydroxyl number = %‘:ﬁw &)

Where, A is KOH volume (mL) required for
titration of the blank, B is KOH volume (mL)
required for titration of the sample, N; is
normality of the solution, and W is sample
weight.

Table 1. Amount of mixture components, polymerization conditions and yields of obtained copolymer

cis-2-butene-

S;r:.ple A;l;ynlla:::)il()le 1,4-diol CE(NH4)LZ)(NO3)6(m tli%:lz;cgl(;n Ti:lg]?:;atu Ultrasonic z)i/:)ld
g (mmol)
T1 0.69 (9.8x103)  1.73 (19.6x103) 6 2 50 - 239
T2 1.38 (19.6x103) 1.73 (19.6x103) 6 2 50 - 46.1
T3 1.71 (2.4x103)  1.73 (19.6x10-3) 6 2 50 - 53.6
T4 2.07 (29.5x103) 1.73 (19.6x103) 6 2 50 - 51.4
T5 1.71 (2.4x103)  2.15(2.4x103) 6 2 50 - 36.7
T6 1.71 (2.4x103)  1.73 (19.6x103) 8 2 50 - 56.6
T7 1.71 (2.4x103)  1.73 (19.6x103) 10 2 50 - 39.8
T8 1.71 (2.4x103)  1.73 (19.6x103) 8 4 50 - 59.7
T9 1.71 (2.4x103)  1.73 (19.6x103) 8 6 50 - 65.1
T10 1.71 (2.4x103)  1.73 (19.6x103) 8 6 65 - 57.4
T11 1.71 (2.4x103)  1.73 (19.6x103) 8 24 50 - 66.2
T12 1.71 (2.4x103)  1.73 (19.6x103) 8 2 25 40 kHz 42.6
T13 1.71 (2.4x103)  1.73 (19.6x103) 8 4 50 40 KHz 60.1
T14 1.71 (2.4x103)  1.73 (19.6x103) 8 6 50 40 KHz 64.7
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Table 2. The relative amount by weight of PAM-co-C2BDOL (T9) and aliphatic carboxylic acids in reaction
medium using 1% para toluene sulfonic acid

Percentage carboxylic acid by weight

Sample No. Aliphatic carboxylic acid (W/w %) Yield (%)
T12 Octanoic acid 25 72.5
T13 Octanoic acid 50 75.7
T14 Octanoic acid 75 61.3
T15 Stearic acid 25 65.8
T16 Stearic acid 50 69.9
T17 Stearic acid 75 55.1

OH (o]

cis-2-butene-1,4-diol
(o]

Ol

—_— — . \
=" (R (T
H OH  OH OH H

acrylamide

([
OH OH

H,N

2 OH OH

(o) OH OH

n m

Poly(acrylamide-co-cis-2-butene-1,4-diol)

90-100°C

pTsOH
CH3(CH),COOH
X=60r16

Scheme 1. Chemical equations for synthesis of PAM-co-C2BDOL and its esterified formula with octanoic acid and
stearic acid.

Results and Discussion

Scheme 1 illustrates a schematic diagram of the
expected redox polymerization and esterification
mechanism in present study. The general
mechanism of polymerization using redox
initiator system such as CAN has been defined in
some literatures [28,29] and proceeds in several
steps: propagation,

termination. In a initiation,

redox initiation, and

redox some
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monomers of cis-2-butene-1,4-diol undergo
initiation and produce free radicals by proton
removal from carbon attached with hydroxyl
group and then, electron transfer from the
extracted proton to the oxidizing agent Ce(IV).
During propagation, additional monomer units of
both acrylamide and cis-2-butene-1, 4-diol are
added to the initiated monomer species. High
molar ratio of cis-2-butene-1, 4-diol, compared to

Ce (VI), makes Ce (VI) much more likely react
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with cis-2-butene-1,4-diol than with remaining
active sites in the end of copolymer chains.
Termination step involves recombination and
disproportionation. In the esterification step, a
reaction takes place by nucleophilic attack of
hydroxyl groups that attached to copolymer
backbone to the carbonyls of aliphatic carboxylic
acid.

The percentage of reaction mixture affects
polymerization yields, as seen in Table 1. Adding
equimolar monomers results in copolymer yield
of 46.1% when using 6 mL of CAN solution. A
better yield obtained when acrylamide and cis-2-
butene-1, 4-diol in a ratio of 1.25:1. Likewise,
there was a noticeable improvement in yield
after adding another 2 mL of CAN solution with
the yield increasing 65.1%. Adding more than 8
mL of CAN solution results in
polymerization yields. Furthermore, the amount
of polymer product generally depends on time
and this can be clearly seen when polymerization
performed for 24 hours, about 66.2% at 50°C and

lower

8 mL of CAN solution. Many articles reported that
redox polymerization with CAN performed at
temperature between 35-55°C [30,31]. In the
current study, no visible improvement was
in the yield when temperature
exceeded 50°C, up to 65°C, and insignificant yield
when temperature is 25C even when the mixture
is subjected to the ultrasonic waves of 40 KHz.
However, using a sonochemical method, a slight
improvement in yield can be notice.

observed

Characterization
FT-IR analysis

Figure 1 shows the FTIR spectra of PAM-co-
C2BDOL (T9 sample), esterified PAM-co-C2BDOL
with octanoic acid and there corresponding
monomers. The cis-2-butene-1, 4-diol is an
aliphatic compound containing a double bond
(C=C) which shows absorption band at 1640 cm-
1. Band at 3022 cm is assigned to stretching

100

Acrylamide

50

0r 1

C=0 stretch
(amide)

| |
100 cis-2-butene-1,4-diol

50

%T
o

100

50

100

50

4000

C=0 stretch
(ester)

1 L 1 n 1 n 1 "
2500 2000 1500 1000 500
Wavenumber [cm™)]

Figure 1. FT-IR of PAM-co-C2BDOL, PAM-co-C2BDOL+Octanoic acid, and its corresponding monomers.
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adjacent bonds (=C-H). The broad band between
3150 cm! and 3600 cm is related to hydroxy
groups (0-H) stretching. Methylene group (CHz)
appears at 2930 cm-! and 2873 cm'! as a result of
symmetric and asymmetric bonds stretching,
respectively. Acrylamide
characteristics absorption bands; two bands at
3349 cm! and 3185 cm! assigned to (N-H)
bonds stretching of amino group, band at 1611
cm! assigned to (N-H) bonds bending, strong
band at 1672 cm! related to (C=0) stretching of
carbonyl group [32]. It is notable that C=C bond
stretching appears within the region of (C=0)
stretching of carbonyl group. The FTIR of
poly(acrylamide-co-cis-2-butene-1,4-diol)

indicated existence of all bands related to
hydroxyl and amide groups. The absences of
absorption band at 3040 cm! assigned to (=C-H)
bond stretching confirms the success of the
copolymerization by redox initiator (Ce**). The
esterified poly(acrylamide-co-cis-2-butene-1,4-
diol) spectrum indicated appearance of three
new bands; a strong band at 1732 cm-! assigned
to carbonyl (C=0) stretching of formed ester
group and the two bands at 1168 cm-! and 1290
cm! also related to (C-O) formed ester group
[33], and this confirms the esterification of

shows four

b € ¢ H,O Solvent
) d d
f
HoN 'o) OH OH|
& &

N

poly(acrylamide-co-cis-2-butene-1,4-diol)
achieved by nucleophilic attack of hydroxyl
groups containing copolymer to carbonyl of
octanoic acid and this also confirms the validity
of the proposed reaction scheme.

was

1H-NMR analysis

1H-NMR spectra of PAM-co-C2BDOL copolymer
and esterified formula are depicted in Figure 2. A
copolymer spectrum, Figure 2a, indicates signal
peaked at 1.4 ppm assigned to protons of
methylene groups (a). The adjacent protons (b)
of methene groups constituted backbone of
copolymer appears a signal peaked at 2.2 ppm.
While other adjacent protons (c) of methene
groups indicate signal at 1.6 ppm. Due to de-
shielding of electron density caused by neighbor
hydroxy groups, protons (d) of methene groups
have almost same chemical environment and
show a signal at higher chemical shift, at 3.5 ppm.
The signal at 3.7 ppm is related to the protons (e)
of hydroxy groups. Protons (f) of amin groups
have a much higher electron de-shielding. They
recorded a multiple peaked between 6.8 and 7.2
ppm [34,35]. The 1H-NMR of
copolymer, Figure 2b, shows some differences.

esterified

— DMSO-ds (a)

b CcC . b
f d d J (b)
HoN (] o {ln
] =IC Cc \= (o]
o o
& Hz,c\m[;1 h cr&
L HC ~
(e (el d o
CHy W ¢ h
—
AN L
10 9 8 7 6 5 4 3 2 1 0 -1 ppm

Figure 2. 1H-NMR spectra (a) PAM-co-C2BDOL, (b) esterified copolymer (PAM-co-C2BDOL+Octanoic acid).
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Figure 3. GPC curves of obtained copolymers.

Signals at 2.3 ppm, 1.6 ppm, 1.3 ppm, and 2.3
ppm related to protons (g), protons (h), proton
(i), and protons (j), respectively, of methyl and
methylene groups that constituted aliphatic
branches. Furthermore, there is an obvious
decrease in protons (e) signal. That means there
is some free hydroxy groups are still intact
within copolymer chains. Many literatures
reported that esterification process involves
absence or decrease of protons (d) signal and
deshielding of protons (d) signal to 4.1 ppm [36].

GPC analysis and hydroxyl value calculations

The line curves in Figure 3 represent GPC
analysis of resulting copolymer; PAM-co-
C2BDOL, PAM-co-C2BDOL+0Octanoic acid, and
PAM-co-C2BDOL+Stearic acid, while the dashed
curves are their cumulative percentages. The
former has number average molecular weight
(M,) of 47336 g/mol. With aid of hydroxyl value
calculations, the average number of hydroxyl
groups in each single chain was nearly 247 and
monomers incorporated in copolymer structure
is about 77% acrylamide and 23% cis-2-butene-
1,4-diol. Other related characteristics include
weight  average weight  (My),
Polydispersity index (PDI) are listed in Table 3.

molecular
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Esterification of copolymer add long aliphatic
chains and more molecular weights to
copolymer. This is clearly seen in the GPC curves
of both esterified copolymers which indicated
number average molecular weight of 84768
g/mol and 92151 g/mol for PAM-co-
C2BDOL+Octanoic acid and PAM-co-
C2BDOL+Stearic acid, respectively. Esterification
of copolymer and octanoic acid showed that
around 80% of hydroxyl groups containing
copolymer involved in esterification reaction.
While, lower percentage of hydroxyl groups
contributed in esterification reaction in presence
of stearic acid, nearly 69%. This may due to
increase of steric hindrance as reactants have
larger spatial size [37]. This also reflects on PID
of resulting copolymers in which the latest has
boarder curve and boarder PID than others,
about 1.98.

TGA, DTG, and DSC analysis

The thermal properties of PAM-co-C2BDOL (T9
sample) and its esterified formula with octanoic
acid and stearic acid were investigated and
depicted in Figure 4, which shows DSC & TGA
line graphs at temperatures ranging from 35 °C
to 400 °C for DSC and from 35 °C to 600 °C for
TGA. Thermal decomposition for PAM-co-
C2BDOL, Figure 4a, showed four distant stages of
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Table 3. Copolymers molecular weight characteristics obtained from GPC curves

Sample name & No. Mhn (g/mol) Mw (g/mol) Mz (g/mol) PID
PAM-co-C2BDOL (T9) 47336 82108 141614 1.73
PAM-co-C2BDOL+Octanoic acid (T14) 84768 157310 294244 1.85
PAM-co-C2BDOL+Stearic acid (T16) 92151 182827 329339 1.98
weight loss. In the first stage, a slight weight respectively, and this combined with two

loss at 80°C is due to removal of moisture and
this corresponds to indicating a broad
endothermic peak in DSC curve. DSC analysis
Indicates occurrence of endothermic transition
around 178 oC prior the second stage of mass loss
related to glass transition.

The second stage of weight loss was started
above 195 °C and ended with copolymer weight
loss of 19.76%. This event is an endothermic
reaction peaked at 265 °C and it may be due to
undergo irreversible intra- and inter- molecular
etherification reaction at the hydroxyl groups
and imidization reactions at the amide groups
with the release of NHz; H20 and minor
quantities of CO2 [38]. In the third and the fourth
stages, a major thermal decomposition of
copolymer, about 34% mass loss, started around
320 °C with Tmax of 342°C. This also combined
with a strong peak of exothermic reaction. Some
literatures ascribe this reaction to thermal
degradation of copolymer backbone [28,39]. The
esterified copolymers exhibited some different
thermal tends, as shown in Figure 4b and c,
which there is multiple stages of weight loss
above 150 ©°C. Introducing ester alkyls as
appended groups to copolymer via esterification
process can reduce glass transition temperature
(Tg) to around 101 °C and 109 °C for octanyl ester
copolymer stearyl copolymers,
respectively. The overall hydrogen bonding
network was weakened due to the existence of

and ester

ester groups. Prescence of hydrogen bonding
network leads to make the forces that holding
the chains together stronger [40]. For that same
reason, initiating of the second and the third
staged of thermal decomposition were taken
place at lower temperatures, compared with un-
esterified copolymer, around 160 °C and 270 °C,
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endothermic peaks in DSC curve and this may
also due to reaction between amide, hydroxyl,
and ester groups. Almost half of the alkyl ester
copolymer is decomposed in the fourth and the
fifth stages. This may attribute to thermal
degradation of alkyl ester branches as well as
backbone chain which they make up most of
copolymer. This comes in good agreement with
some literatures [41,42]. The result suggested
that the heat resistance of alkyl ester copolymer
showed some improvement less than 340 °C.
However, this can also affect in increasing the
copolymer weight loss above 340 °C, lowering in
Ty and lowering in Tmax in @ minimal extent, about
14 °C and 17 °C for octanyl ester copolymer and
stearyl ester copolymers, respectively.

Kinetics of thermal decomposition

The Coats-Redfern
decomposition
activation energy and frequency factor through
different reaction models, as giving in Table 4.
These are model-fitting mainly based on a one-
step kinetic equation, giving the following
equation [43-45].

g _ g AR B
In( = ) =In Er—— (2)

solid-state
determining the

model is
used in

Where, R is gas constant, T is temperature in
Kelvin, f is heating rate, E, and A are activation
energy and frequency factor
decomposition which directly determined from
slope and intercept at Y axis of plot g(x) against

of thermal

1000/T, respectively, and « is degree of
decomposition

process, as described in Equation 3.

conversion in the thermal

o =t 3)

Mmg— myf
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Figure 4. TAG, DTG and DSC analysis of (a) PAM-co-C2BDOL, (b) PAM-co-C2BDOL+Octanoic acid, and (c) PAM-
co-C2BDOL+Stearic acid.

Table 4. Chemical reaction models for thermal decomposition used for determination of Eq in current study

Mode name 9(x)
The first order -In(1-a)
The second order (1-a)1-1
One dimensional diffusion o’
Diffusion control (Janders) [1-(1-a)'/3]?
Diffusion control (Crank) 1-(2/3) a-(1-a)?/3
Contracting cylinder 1-(1-)12
Contracting sphere 1-(1-)13
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Table 4. Chemical reaction models for thermal decomposition used for determination of Eq in current study

Mode name 9(x)
The first order -In(1-a)
The second order (1-a)1-1
One dimensional diffusion o

Diffusion control (Janders) [1-(1-a)1/3]?
1-(2/3) a-(1-a)?/3
1-(1-a)/2

1-(1-0)13

Diffusion control (Crank)
Contracting cylinder

Contracting sphere

Table 5. Activation energies and R? correlation of chemical reaction models for thermal decomposition of
copolymers, the heating rate is 30 °C /min

0 Diffusi Diffusi
Sample The first The second . n.e tuasion tusion Contracting Contracting
name order order dimensional control control cylinder sphere
diffusion (Janders) (Crank) y P
Ex R2 Ex R2 Ex R2 Ex R2 Ex R2 Ex R2 Ex R2
(KJ/mol) (%) (KJ/mol) (%) (KJ/mol) (%) (KJ/mol) (%) (KJ/mol) (%) (KJ/mol) (%) (KJ/mol) (%)
PAM-co- 97 99 97 96 95
731 1.112 48.154 9 70.644 2.2 26.721 2961 95.2
C2BDOL 36.73 5 6 1 8.15 5 0.6 1 62.26 L 6 3 62.96 5
PAM-
C2BDOL+ 97 10994 99 11755 94 149.26 96 137.77 96 95
78.549 65.048 65.33 95.7
Octanoic 3 4 3 1 7 1 9 1 2
acid
PAM-co-
C2BDOL+ 98 99 146.01 96 19097 98 17443 97
Stearic 103.634 9 150.89 7 8 3 ) & 6 9 84.362 84.362 97.9
acid
Where, m, is initial weight of sample, m; is shows noticeable increasing in activation

sample weight at any given temperature, and my
is final weight of sample after decomposition
complete. The results vary and are given in Table
5. All the of the
copolymers are all above 90%, which means the
curves fitting the data well [46]. Typical Coats-
Redfern models for tested copolymers are

correlation coefficients

following second order near the maximum
decomposition temperature in the fourth stage of
weight loss and fitted to the experimental data
with high R2? correlation up to 99.7%, which
confirms the validity of chosen second order
model. This also can be depicted as plot in Figure
5 which the straight lines represent linear fit by
the second order. The slope can be used to
calculate activation energies. The PAM-co-
C2BDOL shows E; of 61.112 KJ/mol (R2=99.1%).
Adding ester alkyl groups to copolymer chains
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energies and this has significant effect on
increase the thermal stability of copolymer under
elevated temperature. It can be also seen that E,
of PAM-co-C2BDOL+Stearic acid is 150.89 K] /mol
(R2 = 99.7) and higher than PAM-co-
C2BDOL+Octanoic acid. This may due to aliphatic
side-chains in which stearyl ester groups has
twice carbon atoms of octanyl ester group.

Conclusion

In this study, copolymers of (acrylamide-co-cis-
2-butene-1, 4-diol) containing alkyl esters as
successfully  synthesized.
Manipulating the concentrations of reactants,
initiator, and reaction conditions can optimize
yields of poly (acrylamide-co-cis-2-butene-1, 4-
diol), copolymer,

branches  were

octanoyl  ester and
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octadecanoyl ester copolymer up to 65.1%,
75.7%, and 69.9%, respectively. Characterization
of those copolymers was performed using FTIR
and 'H-NMR, which improved copolymerization
of  acrylamide cis-2-butene-1,4-diol
Moreover, analyses
demonstrated that esterification reaction of alkyl
acids and poly (acrylamide-co-cis-2-butene-1,4-
diol) was accomplished through nucleophilic
attack of copolymer hydroxyl
carboxylic acid groups of aliphatic
Determination of molecular weight by GPC
analysis and hydroxyl number by acid-base
titration showed that redox polymerization by
CAN gives copolymer with a good PDI and
contains about 77% acrylamide and 23% cis-2-
butene-1, 4-diol. In addition, 80% of total
hydroxyl groups involved in esterification
reaction with octanoic acid, while
percentage reacted with stearic acid, about 69%.
TGA data reveals that copolymer thermal
degradation proceeds in four steps of weight loss.
Adding alkyl ester to copolymer can affect
thermal stability. Thermal degradation steps
increased to five steps and the weight loss was
enhanced below 340°C. Results also showed that
alkyl ester groups increase aliphatic contains in
copolymer which has also the potential effect for
increasing weigh loss percentage at Tmax. DSC
analysis showed that alkyl
segments which have a lower Tg than their

and

monomers. have also

alcohols to
acids.

lower

esters are soft

corresponding copolymers. Kinetics analysis of
thermal decomposition using model-fit methods
was conducted to explore E, at the region of Tmax.
Most models showed good R? correlation and the
seconder order model is more valid than others
with Rz =99.7%. The model revealed that E,
generally increased with an increase in the size
of linear aliphatic alkyl ester group.
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