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ABSTRACT

Novel trisubstituted ethylenes, alkoxy ring-substituted isopropyl 2-cyano-3-phenyl-2-propeno-
ates, RPhCH = C(CN)CO,CH(CHs), (where R is 2-methoxy, 3-methoxy, 4-methoxy, 2-ethoxy, 3-
ethoxy, 4-ethoxy, 4-propoxy, 4-butoxy, 4-hexyloxy) were prepared and copolymerized with
styrene. The ethylenes were synthesized by the piperidine catalyzed Knoevenagel condensation
of ring-substituted benzaldehydes and isopropyl cyanoacetate, and characterized by CHN analy-
sis, FTIR, '"H and '*C NMR. All the ethylenes were copolymerized with styrene in solution with
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radical initiation (ABCN) at 70°C. The compositions of the copolymers were calculated from
nitrogen analysis and the structures were analyzed by FTIR, 'H and '*C NMR. Decomposition of
the copolymers in nitrogen occurred in two steps, first in the 250-500°C range with residue (2.6-

3.9% wt.), which then decomposed in the 500-800°C range.

1. Introduction

Ring—functionalized trisubstituted ethylenes (TSE), esters
of 2-cyano-3-phenyl-2-propenoic acid, R'PhCH = C(CN)
CO,R? continue to attract attention as compounds with
interesting properties and as comonomers for modifica-
tion of commercial polymers. There are application
reports exemplifying methyl 2-cyano-3-phenyl-2-pro-
penoate, MCPP [1,2]. Thus, ring-unsubstituted MCPP
was employed in studies of beta amino acid-modified
and fluorescently labeled kisspeptin analogues with
potent KISSTR activity [1] and in reversible targeting of
noncatalytic cysteines with chemically tuned electro-
philes [2]. Methoxy ring-substituted MCPP was used in
photorefractive polymer composites [3] as well as in
synthesis of new triazoles for potential antifungal agents
applications [4].

Methoxy ring-substituted ethyl 2-cyano-3-phenyl-2-
propenoate, ECPP was prepared by condensation cata-
lyzed by the L-lysine functionalized polyacrylonitrile fiber
[5]. Methoxy ring-substituted propyl 2-cyano-3-phenyl-2-
propenoate, PCPP was the product of metal-free synth-
esis via cyanuric chloride-mediated three-component
reactions involving a cascade consists of Knoevenagel
condensation/cyano hydration/esterification [6].

It was shown that electrophilic tri- and tetrasubsti-
tuted ethylenes are particularly useful in delineating the
transition from radical chemistry to ionic chemistry [7].

In regards to polymerization reactivity, previous studies
showed that TSE containing substituents larger than
fluorine have very low reactivity in radical homopoly-
merization due to polar and steric reasons. Although
steric difficulties preclude homopolymerization of most
TSE monomers, their copolymerization with a mono-
substituted alkene makes it possible to overcome
these steric problems [8]. Copolymerization of electro-
phylic TSE compounds having double bonds substi-
tuted with halo, cyano, and carbonyl groups and
electron-rich monosubstituted ethylenes such as styr-
ene, N-vinylcarbazole, and vinyl acetate [9-11] show a
tendency toward the formation of alternating copoly-
mers — thus suggesting a way of functionalization of
commercial polymers via introduction of isolated TSE
monomer units.

With the objective to design unique structures, that
could serve as a spring board for further development
of novel compounds and materials with new properties
and applications we have reported synthesis and styr-
ene copolymerization of alkoxy ring-substituted methyl
[12-14], ethyl [15,16], propyl [17], and butyl [18] esters
of 2-cyano-3-phenyl-2-propenoates. Our purposes in
exploration of novel isopropyl 2-cyano-3-phenyl-2-pro-
penoates (ICPP) were twofold: (1) to utilize aldol con-
densation for synthesis of alkenes with a variety of
potentially reactive functional groups; (2) to employ
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conventional radical copolymerization of novel func-
tional comonomers with a commercial monomer
styrene.

Thus, in continuation of our investigation of novel
TSE compounds [19] we have prepared alkoxy ring-
substituted isopropyl 2-cyano-3-phenyl-2-propeno-
ates, ICPP, RPhCH = C(CN)CO,CH(CHs),, where R is 2-
methoxy, 3-methoxy, 4-methoxy, 2-ethoxy, 3-ethoxy,
4-ethoxy, 4-propoxy, 4-butoxy, 4-hexyloxy, and
explored the feasibility of their copolymerization with
styrene. To the best of our knowledge, except for
synthesis of 2-methoxy, 3-methoxy, and 4-methoxy
ring-substituted isopropyl 2-cyano-3-phenyl-2-pro-
penoates [20] there have been no reports on either
synthesis of these compounds, nor their copolymeriza-
tion with styrene.

2. Experimental
2.1. General procedures

Infrared spectra of the ICPP compounds and polymers
(NaCl plates) were determined with an ABB FTLA 2000
FTIR spectrometer. The melting points of the ICPP com-
pounds and the glass transition temperatures (T,), of
the copolymers were measured with TA (Thermal
Analysis, Inc.) Model Q10 differential scanning calori-
meter (DSC). The thermal scans were performed in a
25 to 150°C range on second heat at heating rate of
10°C/min. Ty was taken as a midpoint of a straight line
between the inflection of the peak’s onset and end-
point. The thermal stability of the copolymers was
measured by thermogravimetric analyzer (TGA) TA
Model Q50 from ambient temperature to 800°C at
20°C/min in the flow of nitrogen (20 mL/min). The
molecular weights of the polymers was determined
relative to polystyrene standards in THF solutions with
sample concentrations 0.8% (w/v) by gel permeation
chromatography (GPC) using a Altech 426 HPLC pump
at an elution rate of 1.0 mL/min; Phenogel 5u Linear
column at 25°C and Viscotek 302 Rl detector. 'H and
3C NMR spectra were obtained on 10-25% (w/v) ICPP
or polymer solutions in CDCl; at ambient temperature
using Avance 300 MHz spectrometer. Elemental ana-
lyses of ICPP compounds and the copolymers were
performed by Midwest Microlab, LLC (IN).

2.2. Synthesis and characterization of isopropyl 2-
cyano-3-phenyl-2-propenoates

2-Methoxy (=97.5%), 3-methoxy (98%), 4-methoxy (98%),
2-ethoxy (98%), 3-ethoxy(95%), 4-ethoxy (96%), 4-pro-
poxy (=97%), 4-butoxy (95%), hexyloxy (96%) substituted

benzaldehydes, isopropyl cyanoacetate (=98.0%), piperi-
dine (99%) supplied from Sigma-Aldrich Co., were used as
received. The preparation procedure was essentially the
same for all the monomers. In a typical synthesis, equi-
molar amounts of isopropyl cyanoacetate and an appro-
priate benzaldehyde were mixed in equimolar ratio in a
20 mL vial. A few drops of piperidine were added with
stirring. The product of the reaction was isolated by filtra-
tion and purified by crystallization from 2-propanol. The
condensation reaction proceeded smoothly, yielding pro-
ducts, which were purified by conventional techniques.
Melting points of the compounds in crystalline state were
measured by DSC. The compounds were characterized by
FTIR, 'H and *C NMR spectroscopies. No stereochemical
analysis of the novel alkoxy ring-substituted ICPP was
performed since no stereoisomers (E or/and Z) of known
configuration were available.

2.2.1. Isopropyl 2-cyano-3-(2-methoxyphenyl)-2-
propenoate

Yield: 78.0%; mp 72.8°C; "H NMR: 6 8.7 (s, 1H, CH =),
8.3-6.9 (m, 4H, Ph), 5.3 (m, 1H, CH), 3.9 (s, 3H, CH30), 1.3
(d, 6H, CH5); "*C NMR: 6 164 (C = 0), 152 (HC =), 135,
131, 130, 122 (Ph), 116 (CN), 111 (C =), 68 (CH), 56
(OCHs), 22 (CH3); FTIR: (cm™") 3064-2821 (m, C-H), 2224
(m, CN), 1705 (s, C = 0), 1597 (s, C = C), 1278 (s, C-O-
CHs), 769, 710 (s, C-H out of plane). Anal. calcd. for
Ci4H415NO3: C, 68.56; H, 6.16; N, 5.71; Found: C, 68.71;
H, 6.48; N, 5.84.

2.2.2. Isopropyl 2-cyano-3-(3-methoxyphenyl)-2-
propenoate

Yield 82%; 'H NMR 6 8.6 (s, 1H, CH =), 8.1-7.2 (m, 4H,
Ph), 5.1 (m, TH, CH), 3.9 (s, 3H, CH30), 1.4 (d, 6H, (CHs),);
13C NMR & 167 (C=0), 152 (HC =), 131, 130, 126 (Ph),
116 (CN), 104 (C =), 68 (CH), 56 (OCHs), 22 (CHs); IR
(cm™"): 3082-2828 (m, C-H), 2223 (m, CN), 1734 (s,
C = 0), 1223 (s, C-O-CH3), 882, 788 (s, C-H out of
plane). Anal. Calcd. for C;4H,5NOs: C, 68.56; H, 6.16; N,
5.71; Found: C, 67.44; H, 6.27; N, 5.66.

2.2.3. Isopropyl 2-cyano-3-(4-methoxyphenyl)-2-
propenoate

Yield 89%; mp 71.8°C; "H NMR 882 (s, 1H, CH =), 7.9-
7.0 (m, 4H, Ph), 5.1 (m, 1H, CH), 3.9 (s, 3H, OCH3), 1.3 (d,
6H, CHs); ">C NMR 6 166 (C = O), 154 (HC =), 138, 136,
132, 131, 130, 129 (Ph), 116 (CN), 102 (C =), 68 (CH), 56
(OCHs), 22 (CHs); FTIR (cm™"): 3087-2839 (m, C-H), 2220
(m, CN), 1707 (s, C = O), 1228 (s, C-O-CHs), 897 (s, C-H
out of plane). Anal. Calcd. for Ci4H;5sNOs: C, 68.56; H,
6.16; N, 5.71; Found: C, 68.27; H, 6.25; N, 5.67.



2.2.4. Isopropyl 2-cyano-3-(2-ethoxyphenyl)-2-
propenoate

Yield 81%; mp 55.3°C; "H NMR 6 8.8 (s, 1H, CH = ), 8.3
6.8 (m, 4H, Ph), 5.2 (m, 1H, CH), 4.2 (q, 2H, CH,), 1.5 (t,
3H, CHs), 1.4 (d, 6H, (CH3),); ">*C NMR & 166 (C = 0), 152
(HC=),134,131,130,125,112 (Ph), 116 (CN), 111 (C =),
68 (CH), 64 (CH,), 22 (CHs), 15 (CHs); FTIR (cm™):
3074-2829 (m, C-H), 2222 (m, CN), 1722 (s, C = O),
1597 (s, C = (), 1246 (s, C-O-CH3), 896 (s, C-H out of
plane). Anal. Calcd. for C;5H,7;NOs: C, 69.48; H, 6.61; N,
5.40; Found: C, 69.53; H, 6.66; N, 5.48.

2.2.5. Isopropyl 2-cyano-3-(3-ethoxyphenyl)-2-
propenoate

Yield 95%; mp 82.9°C; '"H NMR 6 8.2 (s, TH, CH =), 7.7-
7.1 (m, 4H, Ph), 5.3 (m, 1H, CH), 4.2 (q, 2H, CH,), 1.4 (d,
6H, CH5), 1.2 (t, 3H, CHs); ">*C NMR 6 166 (C = O), 152
(HC =), 135, 131, 129, 125 (Ph), 116 (CN), 111 (C =), 68
(CH), 64 (CH,), 22 (CHs), 15 (CHs); FTIR (cm™):
3078-2834 (m, C-H), 2224 (m, CN), 1728 (s, C = O),
1556 (C = C), 1265 (s, C-O-CHs), 842 (s, C-H out of
plane). Anal. Calcd. for C;5H,7;NOs: C, 69.48; H, 6.61; N,
5.40; Found: C, 67.59; H, 6.78; N, 5.54.

2.2.6. Isopropyl 2-cyano-3-(4-ethoxyphenyl)-2-
propenoate

Yield 86%; mp 87.1°C; "H NMR § 8.2 (s, 1H, CH =), 8.1-
7.2 (m, 4H, Ph), 5.2 (m, TH, CH), 4.2 (q, 2H, CH,), 1.5 (t,
3H, CHs), 1.4 (d, 6H, CHs); 3*C NMR 6 164 (C = 0), 154
(HC =), 138, 132, 122, 112 (Ph), 116 (CN), 107 (C =), 68
(CH), 64 (CH,), 22 (CHs), 14 (CHs3); FTIR (cm™):
3035-2805 (m, C-H), 2218 (m, CN), 1713 (s, C = O),
1590 (C = (), 1254 (s, C-O-CHs), 846 (s, C-H out of
plane). Anal. Calcd. for C;5H,7;NOs: C, 69.48; H, 6.61; N,
5.40; Found: C, 69.37; H, 6.77; N, 5.35.

2.2.7. Isopropyl 2-cyano-3-(4-propoxyphenyl)-2-
propenoate

Yield 79%; mp 70.4°C; "HNMR 882 (s, 1H, CH =), 8.1-7.2
(m, 4H, Ph), 5.1 (m, TH, CH), 3.9 (t, 2H, CH,0), 1.7 (m, 2H,
CH,CH,0), 1.3 (d, 6H, CHCHs), 1.2 (d, 3H, CH3CH,CH,Ph);
BCNMR 6166 (C=0), 152 (HC =), 135,131, 130, 122,112
(Ph), 116 (CN), 111 (C =), 70 (CH5CH,CH,0), 68 (OCH), 23
(CH5CH,CH,0), 22 (OCHCH3), 10 (OCH,CH,CHs); FTIR (cm-
~1): 3035-2805 (m, C-H), 2216 (m, CN), 1713 (s, C = O),
1521 (C = C), 1254 (s, C-O-CHj3), 846 (s, C-H out of plane).
Anal. Calcd. for Ci6H19NOs: C, 70.31; H, 7.01; N, 5.12;
Found: C, 70.38; H, 7.12; N, 5.16.

2.2.8. Isopropyl 2-cyano-3-(4-butoxyphenyl)-2-
propenoate

Yield 58%; mp 72.5°C; '"HNMR 6 8.2 (s, 1TH, CH =), 8.0, 7.0
(m, 4H, Ph), 5.2 (t, TH, OCH), 4.1 (t, 2H, C3H,CH,0), 1.8 (m,
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2H, C,HsCH,CH,0), 1.5 (m, 2H, CH;CH,CH,CH,0), 1.4 (d,
6H, CHs), 1.0 (t, 3H, CH3CH,CH,CH,0); *C NMR 6 166
(C=0), 152 (HC =), 138, 131, 130, 122, 112 (Ph), 116
(CN), 111 (C = ), 69 (C3H,CH,0), 68 (CH), 31
(CoHsCH,CH,0), 22 (CHs5);, 20 (CH3CH,CH,CH,0), 14
(CH3CH,CH,CH,0); FTIR (em™): 3034-2808 (m, C-H),
2216 (m, CN), 1711 (s, C = 0O), 1585 (C = C), 1256 (s, C-O-
CHs), 837 (s, C-H out of plane). Anal. Calcd. for C;7H,,NOs:
C,71.06; H, 7.37; N, 4.87; Found: C, 70.83; H, 7.28; N, 4.91.

2.2.9. Isopropyl 2-cyano-3-(4-hexyloxyphenyl)-2-
propenoate

Yield 64.0%; mp 56°C; '"H NMR & 8.8 (s, 1H, CH =), 7.8,
6.9 (m, 4H, Ph), 4.8 (m, 1H, CH), 4.3 (t, 2H, CH,0), 1.8 (m,
2H, CH,CH,0), 15 (d, 6H, CHs), 14 (m, 2H,
CH,CH,CH,0), 1.3 (m, 2H, CH,CH,CH,CH,0), 1.2 (m,
2H, CH,CH,CH,CH,CH,0), 0.9 (t, 3H, CH5CH,); >°C NMR
6 166 (C = 0), 152 (HC =), 135, 131, 130, 122 (Ph), 116
(CN), 111 (C = ), 69 (CH0), 68 (CH), 31
(CH>CH,CH,CH50), 29 (CH,CH,0), 26 (CH,CH,CH,0),
22 (CHsCH,), 21 (CHCHs), 14 (CHsCH.); FTIR (cm™):
3056-2808 (m, C-H), 2222 (m, CN), 1720 (s, C = 0),
1585 (C = C), 1245 (s, C-O-CH3), 924 (s, C-H out of
plane). Anal. Calcd. for C;oH,5NOs: C, 72.35; H, 7.99; N,
4.44; Found: C, 72.32; H, 7.90; N, 4.39.

2.3. Synthesis of styrene — ICPP copolymers

Styrene (=99%), 1,1"-azobiscyclohexanecarbonitrile (98%),
(ABCN), and toluene (98%) supplied from Sigma-Aldrich
Co., were used as received. Copolymers of the ST and the
ICPP compounds, P(ST-co-ICPP) were prepared in 25-mL
glass screw cap vials at ST/ICPP = 3 (mol) the monomer
feed using 0.12 mol/L of ABCN at an overall monomer
concentration 2.44 mol/L in 10 mL of toluene. The copo-
lymerization was conducted at 70°C. After 5 hours the
mixture was cooled to room temperature, and precipi-
tated dropwise in methanol. The composition of the
copolymers was determined based on the nitrogen con-
tent. The compounds were characterized by FTIR, 'H and
'3C NMR spectroscopies. Thermal behavior was studied by
DSC and TGA.

2.3.1. Styrene - isopropyl 2-cyano-3-(2-
methoxyphenyl)-2-propenoate copolymer

Yield: 16.2%; 'H NMR: § 7.6-6.0 (Ph), 5.2-4.9 (CHCH3),
4.3-3.6 (CH30), 3.8-2.2 (CH), 3.7-1.6 (CH,), 1.1-0.4 (CHs);
3C NMR: § 165-163 (C = 0), 143-121 (Ph), 118-110
(CN), 71-68 (CH), 60-53 (OCHs), 45-40 (CH,) 39-32 (CH),
22-18 (CH5); FTIR: (cm™") 3064-2821 (m, C-H), 2231 (m,
CN), 1734 (s, C = 0), 1246 (s, C-O-CHs), 789 (s, C-H out of
plane). Anal. for N, 2.70.
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2.3.2. Styrene - isopropyl 2-cyano-3-(3-
methoxyphenyl)-2-propenoate copolymer

Yield 12.3%; 'H NMR & 7.6-6.0 (Ph), 5.2-4.9 (CHCH3),
4.3-3.6 (CH30), 3.8-2.2 (CH), 3.7-1.6 (CH,), 1.1-0.4 (CH3);
13C NMR: 6 165-163 (C = 0), 143-121 (Ph), 118-110
(CN), 71-68 (CH), 60-53 (OCHjs), 45-40 (CH,) 39-32 (CH),
22-18 (CH5); FTIR (cm™'): 3087-2839 (m, C-H), 2240 (m,
CN), 1732 (s, C = 0), 1228 (s, C-O-CH3), 928 (s, C-H out of
plane). Anal. for N, 2.00.

2.3.3. Styrene - isopropyl 2-cyano-3-(4-
methoxyphenyl)-2-propenoate copolymer

Yield 13.2%; '"H NMR & 7.6-6.0 (Ph), 5.2-4.9 (CHCH),
4.3-3.6 (CH;0), 3.8-2.2 (CH), 3.7-1.4 (CH,), 1.1-0.4 (CHs);
13C NMR: 6 165-163 (C = 0), 143-121 (Ph), 118-110
(CN), 71-68 (CH), 60-53 (OCHs), 45-40 (CH,) 39-32 (CH),
22-18 (CH3); FTIR (cm™): 3087-2839 (m, C-H), 2231 (m,
CN), 1734 (s, C = 0), 1228 (s, C-O-CH3), 897 (s, C-H out of
plane). Anal. Calcd. for N, 2.32.

2.3.4. Styrene - isopropyl 2-cyano-3-(2-
ethoxyphenyl)-2-propenoate copolymer

Yield 14.7%; 'H NMR & 7.6-6.0 (Ph), 5.2-4.9 (CHCH,), 4.3-
3.6 (CH;0), 3.8-2.2 (CH), 3.7-1.6 (CH,), 1.1-0.4 (CHs); *C
NMR: § 165-163 (C = O), 143-121 (Ph), 118-110 (CN),
71-68 (CH), 6052 (OCH,), 45-40 (CH,); 39-32 (CH), 22-18
(CH5),, 20-14 (CH5); FTIR (cm™'): 3074-2829 (m, C-H),
2240 (m, CN), 1736 (s, C = O), 1266 (s, C-O-CHs), 962 (s,
C-H out of plane). Anal. N, 2.20.

2.3.5. Styrene - isopropyl 2-cyano-3-(3-
ethoxyphenyl)-2-propenoate copolymer

Yield 16.7%; 'H NMR & 7.6-6.0 (Ph), 5.2-4.9 (CHCHy), 4.3-
3.6 (CH50), 3.8-2.2 (CH), 3.7-1.6 (CH,), 1.1-0.4 (CH5); *C
NMR: 6 165-163 (C = O), 143-121 (Ph), 118-110 (CN),
71-68 (CH), 60-53 (OCH,), 44-39 (CH,); 38-30 (CH), 21-17
(CH5),, 20-13 (CH5); FTIR (cm™): 3078-2834 (m, C-H),
2243 (m, CN), 1754 (s, C = 0), 1285 (s, C-O-CHs), 887 (s,
C-H out of plane). Anal. for N, 2.66.

2.3.6. Styrene - isopropyl 2-cyano-3-(4-
ethoxyphenyl)-2-propenoate copolymer

Yield 12.2%; 'H NMR & 7.6-6.0 (Ph), 5.3-4.9 (CHCH3),
4.3-3.5 (CH50), 3.8-2.1 (CH), 3.7-1.6 (CH,), 1.1-0.4 (CH3);
>C NMR: 6 165-163 (C = 0), 143-121 (Ph), 118-110
(CN), 72-67 (CH), 60-52 (OCH,), 44-40 (CH,) 39-31 (CH),
22-18 (CH3)5, 19-13 (CH5); FTIR (cm™"): 3035-2805 (m,
C-H), 2231 (m, CN), 1734 (s, C = O), 1250 (s, C-O-CHs),
846, 756 (s, C-H out of plane). Anal. for N, 2.18.

2.3.7. Styrene - isopropyl 2-cyano-3-(4-
propoxyphenyl)-2-propenoate copolymer

Yield 14.2%; 'H NMR 6 7.7-6.1 (Ph), 5.3-4.9 (CH), 4.2-3.7
(CH,0), 1.9-1.5 (CH5CH,CH,0), 1.5-1.2 (CHCHs), 1.3-0.8
(CH3CH,CH,0); "*C NMR 6 166-163 (C = 0), 142-122
(Ph), 120-110 (CN), 73-67 (CH3CH,CH,0), 68-65 (OCH),
26-21 (CH3CH,CH,0), 24-19 (OCHCHs), 12-8 (OCH,
CH,CH5); FTIR (cm™'): 3035-2805 (m, C-H), 2232 (m,
CN), 1734 (s, C = 0), 1254 (s, C-O-CHj3), 756, 829 (s,
C-H out of plane). Anal. for N, 2.40.

2.3.8. Styrene - isopropyl 2-cyano-3-(4-
butoxyphenyl)-2-propenoate

Yield 13.8%; 'H NMR & 7.8-6.0 (Ph), 5.4-4.9 (CH), 4.3-4.0
(G3H,CH,0), 1.9-1.7 (CHsCH,CHy0), 1.7-1.2 (CHsCH,
CH,CH,0), 1.6-1.3 (CHCH3), 1.2-0.7 (CH3CH,CH,CH,0); *C
NMR 6 168-163 (C=0), 141-118 (Ph), 120-112 (CN), 71-68
(C3H,CH,0), 72-66 (CH), 34-31 (CHsCH,CH,0), 24-20
(CHCHs), 22-18 (CH5CH,CH,CH,0), 17-13 (CH5CH,CH,
CH,0); FTIR (cm™): 3034-2808 (m, C-H), 2231 (w, CN),
1736 (s, C = 0), 1256 (s, C-O-CHs), 874 (s, C-H out of
plane). Anal. for N, 1.84.

2.3.9. Styrene - propyl 2-cyano-3-(4-
hexyloxyphenyl)-2-propenoate copolymer

Yield 12.1%; 'H NMR & 7.9-6.0 (Ph), 5.2-4.6 (CH), 4.5-4.1
(CH,0), 1.9-1.7 (CH,CH,0), 1.8-14 (CHCHs), 1.6-1.3
(CH,CH,CH,0), 1.5-1.2 (CH,CH,CH,CH,0), 14-1.2
(CH,CH,CH,CH,CH,0), 1.2-0.6 (CHsCH,); "C NMR 6
168-163 (C = O), 141-120 (Ph), 118-114 (CN), 72-67
(CH,0), 68-65 (CH), 33-28 (CH,CH,CH,CH,0), 30-27
(CH,CH,0), 28-24 (CH,CH,CH,0), 23-20 (CHsCH,),
22-19 (CHCH3), 18-13 (CH3CH,); FTIR (cm™): 3056-2808
(m, C-H), 2241 (w, CN), 1734 (s, C = O), 1259 (s, C-O-CHjs),
937 (s, C-H out of plane). Anal. N, 1.86.

3. Results and discussion
3.1. Synthesis of monomers

All isopropyl 2-cyano-3-phenyl-2-propenoate (ICPP)
compounds were synthesized by Knoevenagel con-
densation [21] of appropriate benzaldehydes with iso-
propyl cyanoacetate, catalyzed by base, piperidine
(Scheme 1).

The condensation reaction yielded crystalline pro-
ducts. No stereochemical analysis of the novel alkoxy
ring-substituted ICPP was performed since no stereoi-
somers (E or/and Z) of known configuration were
available.
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Scheme 1. Synthesis of isopropyl 2-cyano-3-(R-phenyl)-2-pro-
penoates where R is 2-methoxy, 3-methoxy, 4-methoxy, 2-
ethoxy, 3-ethoxy, 4-ethoxy, 4-propoxy, 4-butoxy, 4-hexyloxy.

3.2. Homopolymerization

An attempted homopolymerization of the ICPP com-
pounds in the presence of ABCN did not produce any
polymer as indicated by the lack of a precipitate in
methanol. The inability of the monomers to polymerize
is associated with steric difficulties encountered in
homopolymerization of 1,1- and 1,2-disubstituted ethy-
lenes [8]. Homopolymerization of ST under conditions
identical to those in copolymerization experiments
yielded 18.3% of polystyrene, when polymerized for
30 min.

3.3. Copolymerization

The novel synthesized ICPP compounds copolymerized
readily with ST under free-radical conditions (Scheme 2)
forming white flaky precipitates when their solutions
were poured into methanol.

The conversion of the copolymers was kept below 20%
to minimize compositional drift (Table 1). Nitrogen ele-
mental analysis showed that between 18.0 and 28.0 mol%
of ICPP is present in the copolymers prepared at ST/
ICPP = 3 (mol), which is indicative of relatively high reac-
tivity of the ICPP monomers towards ST radical which is
typical of alkoxy ring-substituted esters of 2-cyano-3-phe-
nyl-2-propenoates [12-18]. Since ICPP monomers do not
homopolymerize, the most likely structure of the copoly-
mers would be isolated ICPP monomer units alternating
with short ST sequences (Scheme 2).
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The copolymers prepared in the present work are all
soluble in ethyl acetate, THF, DMF and CHCl; and inso-
luble in methanol, ethyl ether, and petroleum ether.

The molecular weights were measured by GPC in
THF. According to GPC analysis the copolymers had
weight-average molecular masses 59.4 to 723 kD
(Table 1). The GPC traces of ST-ring-substituted ICPP
copolymers displayed a unimodal peak (Figure 1) char-
acteristic of other ST copolymers with alkoxy ring-sub-
stituted propenoate esters [12-18].

Relative reactivities of ST and the ICPP monomers in
the copolymerization can be estimated by application
of the copolymerization equation for the terminal copo-
lymerization model [8]

my/my = [Mi] (r1 [Ma] + [Ma] (IMi] + r2 [Ma] (1)

where m; and m, are mole fractions of ST and ICPP
monomer units in the copolymer, [M;] and [M;] are
concentrations of ST and an ICPP in the monomer
feed, and r; and r, are monomer reactivity ratios, r; = k-
st-st/Kstacep @and ry = kicppicpe/Kicpp-st- In the absence of
self-propagation of ICPP monomers (kicpp.icpp =0, 1, = 0),
the Equation (1) yields

mi/my = i ((Mi] /[Ma]) + 1 )

Equation (2) assumes a minimal copolymer composi-
tional drift during a copolymerization reaction, i.e., a
low conversion. The fact that ICPP monomers do not
self-propagate allows the use of Equation (2) for a
single-point estimation of the relative reactivity of
ICPP monomers with respect to ST; it is represented
by the 1/r; = ksticpp/kstsT ratio (the rate constant
ratio of attaching an ICPP molecule vs. a ST molecule
to a ST-ending growing polymer chain). Thus relative
reactivities (1/r;) for the ICPP monomers decrease in the
following row R = 3-ethoxy (1.91) >2-methoxy (1.84) >4-
propoxy (1.51) >4-methoxy (1.23) >2-ethoxy (1.14) >4-
ethoxy (1.12) >4-hexyloxy (0.94) >3-methoxy (0.89) >4-
butoxy (0.84). These ratios indicate that the alkoxy ring-
substituted ICPP monomers are slightly more reactive

Scheme 2. Copolymerization of ST and the alkoxy ring-substituted isopropyl 2-cyano-3-phenyl-2-propenoates, RPhCH = C(CN)
CO,CH(CH3),. R is 2-methoxy, 3-methoxy, 4-methoxy, 2-ethoxy, 3-ethoxy, 4-ethoxy, 4-propoxy, 4-butoxy, 4-hexyloxy.
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Table 1. Molecular characteristics of ST-ICPP copolymers®,

Conversion Nitrogen % mole % mole My?
R % wt% ST ICPP kD
2-CH30 16.2 2.70 72.5 275 723
3-CH;0 12.3 2.00 814 18.6 65.6
4-CH;0 13.2 232 775 225 63.4
2-C,Hs0 14.7 2.20 784 216 61.3
3-C,Hs0 16.7 2.66 720 28.0 59.4
4-C,HsO 12.2 2.18 78.7 213 62.7
4-C3H,0 14.2 2.40 74.9 25.1 62.2
4-C,Hs0 13.8 1.84 82.0 18.0 62.8
4-CH;50 121 1.86 80.8 19.2 64.9

2Conditions: ST/ICPP: 3 (mol)/Toluene/70°C/5 hrs.
Pby GPC in THF

5.42
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Figure 1. GPC data for P(ST-co-ICPP) copolymer (R = 2-Metoxy).

than styrene in the addition to a ST-ended polymer
radical. The above reactivities of isopropyl cyanophe-
nylpropenoates are relatively close to those of methyl
cyanophenylpropenoates [12-14], (1/r;) 3-methoxy
(2.83) >3-ethoxy (1.50) >2-ethoxy (1.30) >4-ethoxy
(0.94) >4-propoxy (0.83) >2-methoxy (0.70) >4-butoxy
(0.84) >4-methoxy (0.59) >4-hexyloxy (0.30) and propyl
cyanophenylpropenoates [17] where the order of rela-
tive reactivity (1/r;) is 3-ethoxy (2.06) >-methoxy (2.02)
>4-methoxy (1.72) >2-methoxy (1.33) >4-ethoxy (1.12)
>4-butoxy (1.07) >2-ethoxy (0.95) >4-propoxy (0.93).
Reactivities of alkoxy ring-substituted ICPP monomers
are higher than those of ethyl cyanophenylpropenoates
[15,16], 3-methoxy (0.88) >2-methoxy (0.68) >3-ethoxy
(0.66) >4-hexyloxy (0.42) >4-methoxy (0.40) >4-propoxy
(0.34) >4-ethoxy (0.25) >4-butoxy (0.20) and lower than
those of alkoxy ring-substituted butyl cyanophenylpro-
penoates [18] 2-cyano-3-phenyl-2-propenoates: 4-
methoxy (6.56) >3-methoxy (2.97) >2-methoxy (2.72)
>4-butoxy (2.20) >3-ethoxy (2.18) >4-propoxy (2.15)
>4-hexyloxy (1.78) >4-ethoxy (1.66) >2-ethoxy (1.48).

3.4. Copolymer structure

The structure of ST-ICPP copolymers was characterized
by FTIR and NMR spectroscopy. A comparison of the
spectra of the monomers, copolymers and polystyrene
shows, that the reaction between the ICPP monomers
and ST is a copolymerization. FTIR spectra of the copo-
lymers show overlapping bands in 3350-2680 cm™'
region corresponding to C-H stretch vibrations. The
bands for the ICPP monomer unit are 2240-2228 (w,
CN), 1756-1710 (s, C = 0), and 1280-1210 cm™' (m,
C-0). Phenyl rings of both monomers show ring stretch-
ing bands at 1516-1320 cm™' as well as a doublet
778-610 cm™', associated with C-H out-of-plane defor-
mations. These bands can be readily identified in styr-
ene copolymers with TSE monomers containing cyano
and carbonyl groups.

Our earlier microstructure analysis of ST copolymers
with 2-phenyl-1,1-dicyanoethene [22], as deduced from
high resolution 'H and '>C NMR spectroscopy (DEPT,
HETCOR, NOESY and JMODXH), demonstrated the for-
mation of both head-to-tail and head-to-head alternat-
ing monomer structures, as well as short ST sequences.
The 300 MHz "H NMR spectrum of ST copolymer with
isopropyl 2-cyano-3-(3-methoxyphenyl)-2-propenoate is
presented in Figure 2.

The "H NMR spectra of the ST-ICPP copolymers show
a broad double peak in a 7.5-5.7 ppm region corre-
sponding to phenyl ring protons. A resonance at 5.3-
5.0 ppm is assigned to the methineoxy proton of iso-
propyl ester in both head-to-tail, H-T (structure A) and
head-to-head, H-H (structure B) alternating ST-ICPP
structures. A signal at 4.2-3.8 ppm is assigned is
assigned to the ICPP methoxy protons. Broad overlap-
ping resonances at 3.9-3.3 ppm are assigned to the
methylene protons of H-T structures and methine pro-
tons of ST in H-H structures. Overlapping resonances at
3.5-2.5 ppm are assigned to mithine protons of ICPP in
both A and B structures. Resonance in 2.4-210 is
assigned to mithine proton in A structure and methy-
lene protons of ST monomer unit in B structure close to
the ICPP, which are more subjected to deshielding than
the ones in polystyrene (structure C). A broad reso-
nance peak in 2.0-0.9 ppm range is attributed to the
methine and methylene protons of ST monomer
sequences, whereas the absorption in 1.0-0.2 ppm is
assigned to methyl groups of ICPP isopropyl ester.

The 75 MHz '>C NMR spectrum of ST copolymer with
isopropyl  2-cyano-3-(3-methoxyphenyl)-2-propenoate
shown in Figure 3 also supports the suggested skeletal
structure of the copolymers.

The peak in 172-163 ppm range is assigned to the
carbonyl of the ICPP isopropyl group. Quaternary carbons
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Figure 2. The 300 MHz "H NMR spectrum of P(ST-co-ICPP) copolymer (R = 3-OCHs).

Ph ,1§\b

£ &e 9g’

Phe Ph
£l
f‘(l)=0
0
o
b,b',b",d

aaa" -
c,c.d

T T T T
160 140 120 100

80 60 40 20 0

ppm

Figure 3. The 75 MHz "3C NMR spectrum of P(ST-co-ICPP) copolymer (R = 3-methoxy).

of both phenyls, ST and ICPP, absorb in 144-135 ppm
range with the rest of ring carbon resonances at 135-120
ppm. Double nitrile carbon signal in both H-T (A) and H-H
(B) alternating ST-ICPP structures is observed in 120-110
ppm range. Signal at 72-68 ppm is assigned methineoxy
carbon of isopropyl ester in both A and B structures.
Absorption at 59-55 ppm is assigned to ICPP methoxy
carbons. Overlapping resonances at 53-35 ppm are
assigned to methine and quaternary carbons of ICPP in
A and B alternating ST-ICPP structures. Resonances in

50-42 ppm are assigned to ST methylene carbons in all
three structures, AB, and C. Signals 23-15 ppm are
assigned to methyl carbons of isopropyl group of ICPP.
Broadening of the NMR signals in the spectra of the
copolymers (independent of magnetic field strength) is
apparently associated with head-to-tail and head-to-head
structures, which formed though the attack of a styrene-
ended radical on both sides of ICPP monomer or/and
participation of both free monomers and monomer
donor-acceptor complexes [8] The FTIR and NMR data
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showed that these are true copolymers, composed of
both ICP and ST monomer units.

3.4. Thermal behavior

Thermal transitions of the ST-ICPP copolymers were ana-
lyzed by differential scanning calorimetry. All the copoly-
mers were amorphous and show no crystalline DSC
endotherm on repeated heating and cooling cycles. The
glass transition temperatures T, of the copolymers were
measured by DSC. The second heating results were
obtained in all cases so that the samples become drier
without ‘thermal memory’. Figure 4 shows DSC trace of ST
copolymer with isopropyl 2-cyano-3-(3-methoxyphenyl)-
2-propenoate. Table 2 shows glass transition values for the
ST-ICPP copolymers prepared in this work with no correla-
tion to the size and position of the ICPP alkoxy ring sub-
stitution apparently due to non-uniform composition,
monomer unit distribution, and/or molecular weight and
MWD. A single T4 value was observed for all the copoly-
mers with values close or higher than polystyrene (104°C)
[23]. We compared glass transitions of styrene copolymers

with different esters of cyanophenylpropenoates. Thus T
values of ST-ICPP copolymers are lower than those of the
ST copolymers with methyl cyanophenylpropenoates [12-
14] (°C), 3-methoxy (220) >4-methoxy (210) >4-ethoxy
(179) >2-methoxy (172) >4-butoxy (147), 4-propoxy (131)
>3-ethoxy (126) >2-ethoxy (120) >4-hexyloxy (110), ethyl
cyanophenylpropenoates [15,16], 3-methoxy (174) >2-
methoxy (161) >4-methoxy (146) >4-butoxy (136) >4-pro-
poxy (127) >4-ethoxy (125) >3-ethoxy (115) >4-hexyloxy
(96), and propyl cyanophenylpropenoates [17] 2-methoxy
(153) >2-ethyl (142) >3-methoxy (136) >4-ethoxy (125) >3-
ethyl (122) >4-butyl (118) >4-methoxy (110) >4-propyl
(107), and higher than butyl cyanophenylpropenoates
[18], 3-ethoxy (80) >3-methoxy (78) >4-propyl (73) >2-
methoxy (71) >2-ethoxy (70) >4-ethoxy (67) >4-hexyloxy
(64) >4-methoxy (62) >4-butoxy (60).

Information on thermal stability of the copolymers was
obtained from thermogravimetric analysis (Table 2).
Figure 4 shows TGA of the P(ST-co-ICPP) copolymer. The
copolymer has lower thermal stability than is reported for
polystyrene (PS) [24], the onset of decomposition at 221°C
(PS 350°C), 10% weight loss at 287°C (PS 425°C), 50%
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Figure 4. DSC and TGA of P(ST-co-ICPP) copolymer (R = 3-methoxy).

Table 2. Thermal behavior of P(ST-co-ICPP) copolymers.

TGA
R Ty °C Onset of decomp., °C 10% wt loss, °C 50% wt loss, °C Residue at 500 °C, wt%
2-CH;0 102 231 276 325 34
3-CH50 104 221 287 362 3.9
4-CH;0 105 246 294 334 3.1
2-C,Hs0 103 242 290 334 29
3-C,H50 104 216 287 363 3.8
4-C,Hs0 101 210 285 337 2.6
4-C3H,0 98 232 277 336 3.2
4-C4,H,0 96 174 234 283 33
4-CgHq30 93 205 282 351 3.1




weight loss at 362°C (PS 428°C). Lower thermal stability of
the ST-ICPP copolymers apparently associated with pre-
sence of ICPP quaternary carbon in the chain similarly to
poly-alpha-methylstyrene [25]. Decomposition of the
copolymers in nitrogen occurred in two steps, first in the
250-500°C range with residue (2.6-3.9% wt), which then
decomposed in the 500-800°C range. The decomposition
products were not analyzed in this study, and the
mechanism has yet to be investigated.

4. Conclusions

Novel trisubstituted ethylenes, alkoxy ring-substituted
isopropyl 2-cyano-3-phenyl-2-propenoates were pre-
pared and copolymerized with styrene. The composi-
tions of the copolymers were calculated from nitrogen
analysis and the structures were analyzed by IR, H' and
3C NMR. The thermal gravimetric analysis indicated
that the copolymers decompose in two steps, first in
the 250-500°C range with residue (2.6-3.9%wt), which
then decomposed in the 500-800°C range.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

[1]1 Camerino MA, Liu M, Moriya S, et al. Beta amino acid
modified and fluorescently labelled kisspeptin analogues
with potent KISS1R activity. J Peptide Sci. 2016;22:406-414.

[2] Serafimova IM, Pufall MA, Krishnan S, et al. Reversible
targeting of noncatalytic cysteines with chemically
tuned electrophiles. Nat Chem Biol. 2012;8:471-476.

[3] Kippelen B, Hendrickx E, Ferrio K, et al. Photorefractive
polymer composites with short response times. J
Imaging Sci Technol. 1999;43:405-412.

[4] Fahmy HTY. Synthesis of some new triazoles as potential
antifungal agents. Boll Chim Farm. 2001;140:422-427.

[5] Li P, Liu Y, Ma N, et al. L-Lysine functionalized poly-
acrylonitrile fiber: A green and efficient catalyst for
Knoevenagel condensation in water. Catal Letters.
2018;148:813-823.

[6] Wan J-P, Jing Y, Liu Y, et al. Metal-free synthesis of
cyano acrylates via cyanuric chloride-mediated three-
component reactions involving a cascade consists of
Knoevenagel condensation/cyano hydration/esterifica-
tion. RSC Adv. 2014;4:63997-64000.

[7]1 Hall HK Jr, Padias AB. Organic and polymer chemistry of
electrophilic tri and tetrasubstituted ethylenes. J Polym
Sci Part A Polym Chem. 2004;42:2845-2858.

[8] Odian G. Principles of polymerization. 4th ed. Hoboken
(NJ): Wiley-Interscience; 2004.

[9] Hall HK Jr, Daly RC. Electron-deficient trisubstituted ole-
fins. A new class of reactive comonomers. Macromol.
1975;8:22-31.

(10]

(11

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

DESIGNED MONOMERS AND POLYMERS @ 171

Hall HK Jr, Ykman P. Trisubstituted ethylenes containing
halo, cyano, and carbomethoxy substituents. Macromol.
1977;10:464.

Kharas GB. Trisubstituted ethylene copolymers. In
Polymeric materials encyclopedia, Salamone JC (Ed.)
CRC Press. Boca Raton (FL). 1996;11:8405-8409.

Eaker JM, Dian BC, Elenteny ME, et al. Novel copolymers
of trisubstituted ethylenes with styrene: 1. Alkyl and
alkoxy phenyl substituted methyl 2-cyano-3-phenyl-2-
propenoates. Macromol Rep. 1995;32:13-23.

Kim K, Blaine DA, Brtek LM, et al. Synthesis and radical
copolymerization of trisubstituted ethylenes with styr-
ene. 6. Alkoxy, phenoxy, and cyano ring-substituted
methyl 2-cyano-3-phenyl-2-propenoates. J Macromol
Sci Part — Chem. 2000;37:841-851.

Kharas GB, Pierce EE, Aguirre KC, et al. Novel copoly-
mers of styrene. 13. oxy ring-substituted methyl 2-
cyano-3-phenyl-2-propenates. J Macromol Sci Part -
Chem. 2014;51:465-469.

Kharas GB, Molina ES, Pierce EE, et al. Novel copolymers
of styrene. 5. Oxy ring-substituted ethyl 2-cyano-3-phe-
nyl-2-propenoates. J Macromol Sci Part - Chem.
2013;50:271-275.

Kharas GB, Diener CA, Barbarawi HA, et al. Novel copo-
lymers of alkyl and alkoxy ring-substituted ethyl 2-
cyano-3-phenyl-2-propenoates  and styrene.  J
Macromol Sci Part - Chem. 2004;41:889-896.

Kharas GB, Dos Santos CF, Gao Y, et al. Novel copoly-
mers of styrene. 2. Oxy ring-substituted propyl 2-cyano-
3-phenyl-2-propenoates. J Macromol Sci Part - Chem.
2016;53:600-604.

Kharas GB, Feng H, Aranda C, et al. Novel copolymers of
styrene. 2. alkoxy ring-substituted butyl 2-cyano-3-phe-
nyl-2-propenoates. J Macromol Sci Part - Chem.
2015;52:504-5009.

Pride RL, Anderson CJ, Aelion MS. Synthesis and styrene
copolymerization of novel trisubstituted ethylenes: 1.
Alkyl ring-substituted isopropyl 2-cyano-3-phenyl-2-pro-
penoates. J Macromol Sci Part — Chem. 2018;55:355-361.
Ramireddy N, Abbaraju S, Ding D, Hadi A, et al
Organocatalyzed enantioselective synthesis of 2-
amino-4H-chromene derivatives. J Heterocyclic Chem.
2017;54:677-691.

Smith MB, March J. Addition to carbon-hetero multiple
bonds, in March’s advanced organic chemistry. Vol.
Ch.16. New York (NY): J. Wiley & Sons; 2001. p. 1225.
Kharas GB, Murau PA, Watson K, et al. Microstructure of
Styrene Copolymers with 2-Phenyl-1,1-dicyanoethene.
Polym Int. 1992;28:67-74.

Ellison CJ, Mundra MK, Torkelson JM. Impacts of poly-
styrene molecular weight and modification to the
repeat unit structure on the glass transition-nanocon-
finement effect and the cooperativity length scale.
Macromol. 2005;38:1767-1778.

Petrson JD, Vyazovkin S, Wight CA. Kinetics of the
thermal and thermo-oxidative degradation of polystyr-
ene, polyethylene and Poly(propylene). Macromol
Chem Phys. 2001;202(6):775-784.

Li'na Y, Sufen C, Yong H, et al. Thermal degradation
kinetics of poly-alpha-methylstyrene. High Power Laser
Part Beams. 2012;24(10):2400-2404.



	Abstract
	1. Introduction
	2. Experimental
	2.1. General procedures
	2.2. Synthesis and characterization of isopropyl 2-cyano-3-phenyl-2-propenoates
	2.2.1. Isopropyl 2-cyano-3-(2-methoxyphenyl)-2-propenoate
	2.2.2. Isopropyl 2-cyano-3-(3-methoxyphenyl)-2-propenoate
	2.2.3. Isopropyl 2-cyano-3-(4-methoxyphenyl)-2-propenoate
	2.2.4. Isopropyl 2-cyano-3-(2-ethoxyphenyl)-2-propenoate
	2.2.5. Isopropyl 2-cyano-3-(3-ethoxyphenyl)-2-propenoate
	2.2.6. Isopropyl 2-cyano-3-(4-ethoxyphenyl)-2-propenoate
	2.2.7. Isopropyl 2-cyano-3-(4-propoxyphenyl)-2-propenoate
	2.2.8. Isopropyl 2-cyano-3-(4-butoxyphenyl)-2-propenoate
	2.2.9. Isopropyl 2-cyano-3-(4-hexyloxyphenyl)-2-propenoate

	2.3. Synthesis of styrene – ICPP copolymers
	2.3.1. Styrene – isopropyl 2-cyano-3-(2-methoxyphenyl)-2-propenoate copolymer
	2.3.2. Styrene – isopropyl 2-cyano-3-(3-methoxyphenyl)-2-propenoate copolymer
	2.3.3. Styrene – isopropyl 2-cyano-3-(4-methoxyphenyl)-2-propenoate copolymer
	2.3.4. Styrene – isopropyl 2-cyano-3-(2-ethoxyphenyl)-2-propenoate copolymer
	2.3.5. Styrene – isopropyl 2-cyano-3-(3-ethoxyphenyl)-2-propenoate copolymer
	2.3.6. Styrene – isopropyl 2-cyano-3-(4-ethoxyphenyl)-2-propenoate copolymer
	2.3.7. Styrene – isopropyl 2-cyano-3-(4-propoxyphenyl)-2-propenoate copolymer
	2.3.8. Styrene – isopropyl 2-cyano-3-(4-butoxyphenyl)-2-propenoate
	2.3.9. Styrene – propyl 2-cyano-3-(4-hexyloxyphenyl)-2-propenoate copolymer


	3. Results and discussion
	3.1. Synthesis of monomers
	3.2. Homopolymerization
	3.3. Copolymerization
	3.4. Copolymer structure
	3.4. Thermal behavior

	4. Conclusions
	Disclosure statement
	References



