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ABSTRACT

his study was designed to investigate the effect of molar ratio of 1-octene and type as well as concentration of

Lewis acids on the free radical copolymerization of butyl methacrylate (BMA) with 1-octene. The synthesized
copolymers have been substantially described by FTIR, '"H NMR, GPC and DSC. The quantitative '"H NMR and
GPC demonstrated that by increase in the molar ratio of 1-octene and Lewis acids to BMA, the incorporation of
1-octene in the copolymer backbone enhanced, M, reduced and polydispersity became narrower. The maximum
incorporation of 1-octene (13.7%) was observed for sample CSC7 having [1-octene/BMA] of 3 mol% and [AICL,/
BMA] of 1.5 mol%. The DSC results confirmed the NMR and GPC outcomes, suggesting a decrease in T, by
increasing 1-octene in the copolymer backbone. Moreover, it is found that temperature has a remarkable influence
on the copolymerization behavior. The results also showed that by substituting the acrylate monomer from butyl
methacrylate to butyl acrylate, the incorporation of 1-octene increased. Polyolefins J (2022) 9: 85-91
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INTRODUCTION

In the last few decades, copolymerization of non-polar
and polar monomers with a variety of compositions
and architectures has received great research interests.
Recent studies have demonstrated that the major
properties of the aforementioned copolymers can be
controlled by the choice of monomer and catalyst as
well as feeding ratio, which could make them desired
materials for many industrial applications [1-3].
Among these copolymers, the copolymers of a-olefin
and acrylates could own substantial chemical resistance
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and barrier characteristics. Also, these copolymers
have defined functionalities, which are important
for adhesion to substrates and further modification
as well [4, 5]. Previous studies are full of interesting
outcomes related to the synthesis of a-olefin/acrylates
copolymers. However, the synthesis of a-olefin/
acrylates copolymers with controlled composition
and molecular weight is still demanding. It has been
demonstrated that a-olefin/acrylates copolymers could
be synthesized either via late transition metal-mediated
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polymerization or via free radical polymerization
[6, 7]. The copolymers synthesized by free radical
polymerization often are rich in acrylates due to the
higher reactivity of acrylate monomers than a-olefin
ones. Therefore, for the synthesis of these copolymers
with higher incorporation of a-olefin at lower
polymerization temperature and pressure, the addition
of Lewis and Brensted acids to the aforementioned
system has been suggested [8, 9].

Lutz and coworkers [10] studied the alternating
copolymer by CRP in the presence of Lewis acids.
According to their finding, the Lewis acids could
coordinate with the carbonyl group of meth (acrylate)
monomer. They could decrease the density of electron
of'the conjugated double bond and increase the acrylate
radical reactivity. Variety of Lewis acids such as
AlICl,, AL,O, and scandium triflate have been reported
to enhance a-olefin mole fraction [11-13]. Nagel et al.
[14] reported that both reaction rate and incorporation
of 1-hexene were improved by addition of scandium
triflate to AIBN-initiated copolymerization of methyl
acrylate and methyl methacrylate.

Recently, several literatures have been published on
the copolymerization of acrylate and 1-alkene using
controlled radical polymerization. Venkatesh and
coworkers [15, 16] investigated the copolymerization
of l-octene with methyl acrylate and methyl
methacrylate using ATRP. They reported that the
copolymers having 20 mol% of 1-octene were attained.
Also, by increasing the more fraction of 1-octene, the
incorporation of this a-olefinic monomer enhanced.
However, in the presence of higher mole fraction of
1-octene the copolymerization became more difficult
to control. Carlson et al. [17] reported that presence of
scandium triflate in the free radical copolymerization
of 1-hexene with acrylamide could increase the alkene
incorporation in the copolymer chain.

To the best of our knowledge, Lewis acid-mediated
copolymerization of butyl meth acrylate with 1-octene
has notbeen studied so far. Butyl methacrylate is a polar
monomer that offers extraordinary properties such as
adhesion, printability, paint ability, surface property,
etc. in copolymerization with 1-octene. Therefore, in
this particular study, free radical copolymerization of
BMA and 1-octene was undertaken and the influence of
type and concentration of Lewis acid as well as molar
ratio of monomers on the copolymer characteristics
has been investigated.
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EXPERIMENTAL

Materials

In this study, all chemicals and reagents were attained
from Merck (Germany). Butyl methacrylate (> 99%)
and 1-octene (98%) were distilled using CaH, under
vacuum, and then stored under inert atmosphere.
2,2’-Azobis(isobutyronitrile) (AIBN, 98%) was
recrystallized from methanol. Aluminum chloride
(AICIL,, anhydrous, 99.99%), aluminum oxide (AL,O,,
> 98%), toluene (> 99%) and methanol (99.8%) were
used as received.

Synthesis of copolymers

The copolymerization of butyl methacrylate and
l-octene was performed in a round-bottom flask
under an inert atmosphere. Initially, the materials
were accurately weighed according to the recipes in
Table 1 and added into a 25 mL round-bottom flask.
Toluene was utilized as a media of reaction. The
reaction mixture was stirred in a 70°C oil bath for
6 h. The prepared samples were cooled, filtered and
precipitated in an excess amount of methanol. The
precipitated copolymers were dried under vacuum at
about 60°C. According to the gravimetric analysis, the
monomer conversion based on butyl methacrylate was
at least 80%.

Characterization

NMR

All nuclear magnetic resonance (NMR) experiments
were performed on a Bruker Avance 400 mHz NMR
spectrometer (Germany). The sample concentration
was about 5% (w/v). 'H NMR spectra were attained
using 32 K data points, spectral width 16 ppm,
acquisition time 1.56 s, relaxation delay 10 s, pulse
width 30° and 4 scans.

FTIR

Characterization of the synthesized copolymers was
also performed using Fourier transform infrared
spectroscopy (FTIR, Bruker-IFS48 spectrometer,
Germany) in the wave number range of 4000 to 400
cm™.
GPC

Gel permeation chromatography (GPC) analyses were
carried out on an Agilent 1100 (USA) equipped with a
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Table 1. Data of copolymer at different molar ratios of 1-octene and Lewis acids to BMA®.

Sample Name [1-octene/BMA] [AICI /BMA] 1'°°t(i'1‘;;')°°rp‘ M_(x104)®) M, (x104)®) pb)
CscC1 1 0.5 8.2 3.0 5.8 1.89
CSsC2 1 1.5 8.9 2.0 3.1 1.65
CSC3 2 1.5 124 1.9 3.0 1.56
CSC4 3 0.25 8.2 2.5 3.7 1.81
CSC5 3 0.5 10.3 2.2 3.8 1.75
CSC6 3 1 111 1.7 2.8 1.54
CSC7 3 1.5 13.7 1.5 24 1.52
CSO1 1 0.5 6.2 4.1 7.4 1.81
CS02 1 1.5 7.5 3.9 7.0 1.79
CSO03 2 1.5 9.4 3.8 6.4 1.68
CS04 3 0.25 7.2 3.9 71 1.80
CS05 3 0.5 9.3 3.9 6.7 1.72
CS06 3 1 9.6 3.7 6.5 1.61
CSO07 3 1.5 1.7 2.3 3.6 1.59

@ Conditions: BMA, 2 gr; AIBN, 0.01 gr; Toluene, 30% w/v; 70°C, 6 hr.

® Measured by GPC

differential refractometer detector and PLgel 5 pm OH-
MIXED C 300 x 7.5 mm (containing Agilent PS standard)
at 30°C. The concentration of solution was 1 g/L.

DSC

In order to record the glass transition temperature
of the synthesized samples, differential scanning
calorimetry (DSC) measurement was carried out at

the rate of 5 °C/min-1 and temperature range of -50 to
50°C using PL-DSC (England).

RESULTS AND DISCUSSION

Free radical polymerization is the one of most straight-
forward techniques to prepare acrylates/1-alkene copo-
lymers. In this technique, addition of Lewis acid and
its coordination to carbonyl group leads to an initial
charge on the related sp>-hybridized carbons. The ter-
minal radical species of acrylate-Lewis acid complex
are well-active in order to consecutively propagate with
moderately electron-rich 1-alkene [18]. Therefore, the
characterization of the synthesized copolymer and the
influence of type and concentration of Lewis acid as
well as molar ratio of monomers on the copolymer
characteristics will be examined in the following.

Characterization of the synthesized poly(BMA-co-
1-octene) copolymer

FTIR was used to verify the chemical structure of
poly(BMA-co-1-octene) copolymer. As it can be seen
from Figure 1, the absorption peaks in the range of
3000-2800 cm! correspond to the stretching vibrations
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of C-H bands for sp® carbon atoms (CH, CH,and CH,
groups of 1-octene). The peaks appeared at 1465 cm’!
and 1375 cm™ are attributed to the bending vibrations
of C-H bands from CH, and CH, groups, respectively.
The sharp peak at wave number of about 1720 cm’!
and the peaks at about 1230 cm™, 1140 cm™ and 1060
cm are related to the acrylate carboxyl group and C-
O-C stretching vibration, respectively. The character-
istic absorption peak at the wave number of 720 cm’!
corresponds to the bending vibrations associated with
the CH, groups in the open chain (long-chain band) of
1-octene units.

Moreover, the absence of absorption peak in the
range of 1670-1640 cm™, attributed to the stretching
vibration of C=C bands, confirms the synthesis of
poly(BMA-co-1-octene) copolymer [19].

The chemical structure of the prepared copolymers

Transmittance

11
N

sp3 C-H stretch 1730

4000 3400 2800 2200 1600 1000 400

Wave number (cm™!)

Figure 1. FTIR spectrum of poly(BMA-co-1-octene)
copolymer (sample CSC7) synthesized by free radical
polymerization in the presence of AICI, at 70°C.
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Figure 2. 'H NMR spectrum of poly(BMA-1-octene)

copolymer (Sample CSC7) synthesized by free radical
polymerization in the presence of AICI, at 70°C.

was further investigated by 'H NMR. Figure 2
demonstrated the 'H NMR of the synthesized
poly(BMA-co-1-octene). It could be observed that the
chemical shifts appeared at 0.89-2.20 ppm are related
to the variety of saturated aliphatic protons of -CH,
-CH,, and -CH, groups of poly(BMA-co-1-octene)
copolymer. It should be mentioned that triple peaks
at the chemical shift range of 0.89-1.0 ppm are attrib-
uted to the -CH, protons of 1-octene unit. However,
the peak at 3.96 ppm is assigned to the -CH, protons
of ester group of BMA. It is well-documented that
the signals at chemical shift range of 1.0-2.0 ppm are
assigned to the -CH, and -CH protons of 1-octene as
well as -CH, protons of BMA [19]. The incorporation
of 1-octene in the copolymers was designated from
the relative areas of the proton resonance intensity of
-CH, -CH,, and -CH, groups of 1-octene unit and the
-OCH, of BMA unit. This equation can be declared as:

b/2

a—6b/12+b/2 ()

Mole fractionof BMA =

Mole fraction of 1—octene =1— Mole fraction of BMA
2)

Effect of monomer feed ratio and Lewis acids on
the copolymerization of BMA and 1-octene

The incorporation of molar percentage of l-octene
in the copolymer chain plays a significant role in the
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Figure 3. 1-Octene incorporation, relative molecular mass
and B as a function of molar ratio of 1-octene to BMA (at
constant [AICI3/BMA] of 1.5 mol%).

copolymerization characteristics [20]. Table 1 repre-
sents the influence of molar ratio of 1-octene and both
AlCI, and AlL,O, to BMA on the incorporation of 1-octene
and molecular weight as well as polydispersity of
the final products. The results clearly demonstrated
that the molar ratio of 1-octene to BMA has a positive
correlation with the incorporation of 1-octene in the
copolymer backbone. Similar result was reported by
Kaur et al. [21]. Moreover, as depicted in Figure 3,
the linear decrease of M, with incorporation of 1-octene
and narrower polydispersity (D) of prepared
poly(BMA-co-1-octene) were observed. The maximum
incorporation of 1-octene (13.7%) was detected for
sample CSC7 having [1- octene/BMA] of 3mol% and
[AICL/BMA] of 1.5 mol%.

In order to have deep insight in the copolymerization
of BMA and 1-octene, the influence of molar ratio of
AICI, and Al,O, to BMA was analyzed. As depicted in
Figure 4, with intensification of molar ratio of AICI,
to BMA, the incorporation of 1-octene rises, M_declines
and the D becomes wider. Similar trend was observed
when AL O, was used as Lewis acid. For example, at
constant [1-octene/BMA] of 3 mol%, when molar ratio
of AICI3 enhanced to 1.5 mol% from 0.25 mol%, the
incorporation of 1l-octene grew up to 11.7% from
7.2%. These results indicated that the increase in the
molar ratio of the Lewis acid to BMA leads to improve
the complexation of acid with C=0 band of BMA,
suggesting higher electrophilicity of - C=C of BMA

Table 2. Effect of molar ratio of 1-octene to BMA on the Tg of the synthesized copolymers.

Sample Name [1-octene/BMA] [AICI/BMA] 1-octene incorp. M, (x107%) T, (°C)
(mol%) <

CSsC1 1 0.5 8.2 3.0 19.2

CSC5 3 0.5 10.3 2.0 12.9
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Figure 4. 1-Octene incorporation, relative molecular mass CS(1,1.5) CS(2,1.5) CS(3,1.5)

and B versus molar ratio of AICI3 to BMA (at constant
[1-octene/BMA] of 3 mol%).

which is valuable for copolymerization of BMA with
1-octene [22]. It is worth pointing out that by increas-
ing Lewis acid in the free radical polymerization sys-
tem, the radical concentration enhances, demonstrating
a prompt action of acids on the AIBN decomposition,
being beneficial for growing of polymerization rate
[23]. However, compared to AlO, the incorporation
of 1-octene was more in the presence of AICI, (Figure
5). This is since, in the case of Lewis acids, the charge
or size ratio at the center of the metal is one of the crucial
evaluations of their strength which directly relates to
their ability to promote the copolymerization [24].

It is crucial to mentioned that the glass transition
temperature (T ) predominately depends on molecular
weight and copolymer composition [25, 26]. Table 2
presents the effect of molar ratio of 1- octene to BMA
on the T, of synthesized copolymers. As shown in this
table, an increase in the molar ratio of the 1-octene to
BMA led to a reduction in M, and consequently decre-
ment in T . These results are in good agreement with
the GPC and 'H NMR data.

Effect of polymerization temperature

To investigate the effect of reaction temperature on the
incorporation of 1-octene, the temperature is declined
from 70°C to 60°C and the corresponding results are
depicted in Figure 6. As can be seen from this figure,
the copolymerization of BMA and 1-octene shows the

Sample name

Figure 5. Effect of different Lewis acid types on the 1-octene
incorporation in the copolymer backbone at different
[1-octene/BMA] (1, 2 and 3 mol%) and constant [Lewis acid/
BMA] (1.5 mol%).

sensitivity to the reaction temperature. In detail, a
decrease in the reaction temperature led to a decline
in the incorporation of l-octene in the copolymer
backbone. In fact, a decrease in the reaction temperature
reduces the effective collisions and the terminal
radical species of acrylate-Lewis acid complex which
is directly related to the incorporation of 1-octene to
the copolymer backbone [27]. Moreover, reduction in
the reaction temperature could directly influence the
decomposition rate of AIBN [28].

Effect of monomer type

In order to further study, the effect of type of acrylate
monomer on the incorporation of 1-octene was inves-
tigated. According to Table 2, incorporation of 1-octene
was higher when the butyl acrylate was used as monomer.
The GPC results also approved the higher incorporation
of 1-octene by demonstrating the lower M . It is worth
noting that there is a noticeably less steric hindrance
to the copolymerization in the case of the butyl acrylate
than the butyl methacrylate, which satisfactorily
describes the alteration in the M and the incorporation
of 1-octene [29]. Also, in comparison with BMA,
the influence of Al,O, complexing to carbonyl on the
—C=C group is more robust in the case of butyl acrylate,

Table 3. Effect of type of acrylate monomer on the incorporation of 1-octene in the copolymer backbone.

Sample Name [1-octene/acrylate] [ALO /acrylate] ! -oct(er:zlt:/n)corp. M, (x10%) M (x10+) P

(]
BMA-co-1-octene 3 1.5 1.7 23 3.6 1.59
BA-co-1-octene 3 1.5 18.9 1.2 1.8 1.65

Polyolefins Journal, Vol. 9, No. 2 (2022)
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Figure 6. Effect of reaction temperature on the incorporation
of 1-octene in the copolymer backbone.

due to the lack of electron-donating effect of the
methyl group [11].

CONCLUSION

In this particular study, free radical copolymerization
of BMA and 1-octene was carried out in the presence
of AICI, and AL O,. The effect of monomer feed ratio
and the type and concentration of Lewis acids was
investigated. The preparation of poly(BMA-co-1-
octene) copolymer was confirmed by FTIR as well as
"H NMR spectroscopy. It was revealed that an increase
in the molar percentage of 1-octene and Lewis acid led
to an increase in 1-octene incorporation and a decrease
in M. Compared to the Al O,, using AICI, improved
the incorporation of Il-octene in the copolymer
backbone. The DSC results confirmed the results of
'"H NMR and GPC tests, indicating a reduction in T,
by increasing the molar ratio of 1-octene to BMA.
Lowering the reaction temperature decreased the
incorporation of I-octene. The results also showed
that at similar conditions, the substitution of BMA by
BA led to an increase in 1-octene incorporation due to
lower steric hindrance of BA than BMA.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

90

REFERENCES

1. Kebritchi A, Nekoomanesh M, Mohammadi F,
Khonakdar H, Wagenknecht U (2019) Thermal
behavior of ethylene/l-octene copolymer
fractions at high temperatures: Effect of hexyl
branch content. Polyolefins J 6:127-38

2. Phan MT, Van Luu B, Pham LN (2021) Synthesis
and elaboration of modified comb type (maleic
anhydride-a-tetradecene) copolymers for cold
flow improvers of biodiesel. Vietnam J Sci
Technol Eng 63:13-19

3. Fu X, Zhu L, He B, Zhu L (2020) Influence of
Monomer Ratio on the Performance of Poly
(octadecyl acrylate-co-styrene) as Pour-Point
Depressants. Energ Fuel 34: 6791-6798

4. Mu H, Zhou G, Hu X, Jian Z (2021) Recent
advances in nickel mediated copolymerization of
olefin with polar monomers. Coordin Chem Rev
435: 213802

5.  Kukrety A, Sharma B, Senthilkumar T, Gupta
P, Jain SL (2021) Design, synthesis, and
performance evaluation of poly (long-chain
a-olefin-co-acrylates) as multifunctional
additives for lubricating base oils. Polymer Bull
28:1-4

6. Guo L, Liu W, Chen C (2017) Late transition
metal catalyzed a-olefin polymerization and
copolymerization with polar monomers. Mater
Chem Front 1:2487-2494

7. Li G, Xu G, Ge Y, Dai S (2020) Synthesis of
fluorinated polyethylene of different topologies
via insertion polymerization with semifluorinated
acrylates. Polym Chem 11: 6335-6342

8. Xiao C, Jiang L, Dan Y (2019) Effect of long-
chain branch of poly (methyl acrylate-co-1-
octene) on the wvulcanization and mechanical
properties. Ind Eng Chem Res 58: 7857-7865

9. Venkatesh R, Harrisson S, Haddleton DM,
Klumperman B (2004) Olefin copolymerization
via  controlled  radical  polymerization:
copolymerization of acrylate and I-octene.
Macromolecules 37: 4406-4416

10. Lutz JF, Kirci B, Matyjaszewski K (2003)
Synthesis of well-defined alternating copolymers
by controlled/living radical polymerization in the
presence of Lewis acids. Macromolecules 36:
3136- 3145

11. Wu Z, Wang Z, Wang BW, Peng CH, Fu X
(2019) Visible-light-induced living/controlled

Polyolefins Journal, Vol. 9, No. 2 (2022)



Jozaghkar M.R. et al.

&3

IPPI

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

radical copolymerization of 1-octene and acrylic
monomers mediated by organocobalt complexes.
Macromolecules 53: 212-222

Kaur S, Singh G, Gupta VK (2019) Solid acid
clay mediated copolymerization of methyl
acrylate and 1-octene: 2D NMR substantiation of
predominant alternating comonomer sequence. J
Polym Sci Pol Chem 47: 2156-2162

Kaur S, Singh G, Kothari AV, Gupta VK (2009)
Methyl acrylate/1-octene copolymers: Lewis
acid- mediated polymerization. J Appl Polym Sci
111:87-93

Carlson RK, Lee RA, Assam JH, King RA,
Nagel ML (2015) Free-radical copolymerisation
of acrylamides, acrylates, and a-olefins. Mol
Phys 113: 1809-1822

Venkatesh R, Klumperman B (2004) Olefin
copolymerization via  controlled radical
polymerization: copolymerization of methyl
methacrylate and 1-octene. Macromolecules
37:1226-1233

Venkatesh R, Harrisson S, Haddleton DM,
Klumperman B (2004) Olefin copolymerization
via  controlled  radical  polymerization:
copolymerization of acrylate and 1-octene.
Macromolecules 37: 4406-4416

Carlson RK, Lee RA, Assam JH, King RA,
Nagel ML (2015) Free-radical copolymerisation
of acrylamides, acrylates, and a-olefins. Mol
Phys 113: 1809-1822

Keyes A, Basbug Alhan HE, Ordonez E, Ha U,
Beezer DB, Dau H, Liu YS, Tsogtgerel E, Jones
GR, Harth E (2019) Olefins and vinyl polar
monomers: bridging the gap for next generation
materials. Angew Chem Int Edit 58: 12370-
12391

Saikia M, Baruah U, Borphukan S, Saikia
PJ, Saikia BK, Baruah SD (2019) Controlled
copolymerization of 1l-octene and butyl
methacrylate via RAFT and their nonisothermal
model-free thermokinetic decomposition study. J
Polym Sci Pol Chem 57: 2093-2103.

Zhao N, Cheng R, Dong Q, He X, Liu Z, Zhang
S, Terano M, Liu B (2014) Tuning the short chain
branch distribution of ethylene and 1-hexene
copolymers by SiO,-supported silyl chromate
catalyst with different Al-alkyl co-catalysts.
Polyolefins J 1: 93-105

Kaur S, Singh G, Kothari AV, Gupta VK (2009)
Methyl acrylate/1-octene copolymers: Lewis

Polyolefins Journal, Vol. 9, No. 2 (2022)

22.

23.

24.

25.

26.

27.

28.

29.

acid- mediated polymerization. J Appl Polym Sci
111: 87-93

Xiao C, YuY, Jiang L, Dan Y (2018) Insight into
copolymerization of methyl (meth) acrylate and
1- octene with aluminum trichloride. Ind Eng
Chem Res 57: 16604-16614

Lutz JF, Kirci B, Matyjaszewski K (2003)
Synthesis of well-defined alternating copolymers
by controlled/living radical polymerization in the
presence of Lewis acids. Macromolecules 36:
3136- 3145

Luo R, Chen Y, Sen A (2008) Effect of lewis
and brensted acids on the homopolymerization
of acrylates and their copolymerization with
1-alkenes. J Polym Sci Pol Chem 46: 5499-5505
Jozaghkar MR, Jahani Y, Arabi H, Ziaee F (2018)
Preparation and assessment of phase morphology,
rheological properties, and thermal behavior of
low-density polyethylene/polyhexene-1 blends.
Polym-Plast Technol Eng 57: 757-765

Kim HJ, HanJ, Son Y (2020) Effect of a monomer
composition on the mechanical properties and
glass transition temperature of a waterborne
polyurethane/graphene oxide and waterborne
polyurethane/MWCNT nanocomposite. Polymers
12: 2013

Jozaghkar MR, Ziaee F, Ardakani HR, Ashenagar
S, Jalilian M (2019) Kinetics of high-temperature
bulk thermal polymerization of methyl styrene.
Iran J Polym Sci Technol 32: 227-240

Odian G (2004) Principles of polymerization.
John Wiley & Sons

McCurdy KG, Laidler KJ (1964) Rates of
polymerization of acrylates and methacrylates in
emulsion systems. Canadian J Chem 42: 825-829

91





