CHAPTER -5

PREPARATION, CHARACTERIZATION AND PROPERTIES
OF STYRENE-ACRYLIC ESTER AND VINYL ACETATE-
ACRYLIC ESTER POLYMERS

5.1 Preview

5.2 Materials

5.3 Experimental Techniques
5.4 Synthesis of Polymers

5.5 Results and Discussion
(a) FTIR analysis
(b) 'H-NMR analysis
(c) BC-NMR analysis
(d) TGA analysis
(e) DSC analysis
(f) GPC studies
(g) Viscosity measurements

5.6 Conclusion

5.7 References



173
5.1 Preview

Homopolymers of styrene has been shown to have number of properties
leading to a variety of industrial applications. Of growing importance are those
fields which are related to their use in packaging, molded household wares,
containers, machine housing, electrical equipment, toys, water coolers and so
on'. However, molecular inflexibility leaves the pure homopolymers unable to
withstand high rates of mechanical loading, making it brittle under impact and
causing stress-cracking. By copolymerising styrene with other monomers like
acrylates, the deficiencies of polystyrene are tempered with, and desirable
properties can be obtained™”. Copolymers of hydrophobic monomers like
styrene, alkyl acrylates, acrylonitrile and small amounts (1-10%) of polar
unsaturated carboxylated monomers like acrylic acid, methacrylic acid, and
itaconic acid are products of commercial interest due to their applications in
paints, adhesives, binders, thickeners etc.”. Adhesive tape prepared by applying
a mixture of 2-ethyl hexyl acrylate (EHA), methacrylic acid and methyl
methacrylate (MMA) copolymer emulsion with other additives, on
polypropylene (PP), has been reporteds. The terpolymerization of maleic
anhydride-methyl methacrylate-styrene has been extensively studied and
modified by tributyltin oxide to yield terpolymers of biological interest’.

A wide variety of chemical or physical strategies including copolymerization,
polymer blend formation, and cross linking network formation have been

explored to provide multifunctional polymers7. The combination of durability,

Parts of this Chapter have been communicated to J. Appl Polym. Sci,

(communicated) and in Macromolecular Chemistry and Physics (communicated).
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versatility and the ability to tailor molecules relatively easily to specific
application have made acrylic and methacrylic esters main candidates for
numerous and diverse applicationsg’g. Homo and copolyacrylates are of great
interest in many industrial applications because of the wide range of physical
and chemical properties that can be covered by an appropriate choice of the
side groups and copolymer system'®. Acrylates are the most outstanding
products widely used in building blocks (polymethyl methacrylate) for a variety
of polymers, conirolled drug release matrices (polyhydroxymethacrylate),
contact lenses (polyhydroxy acrylates), electro-active polymers (polyphenyl
acrylate), varnishes (polymethyl acrylate) and many others'™%, The
polyacrylates have acquired prime importance in industrial applications and are
also used in various fields such as thin films, fibres, filaments, coatings,

lithography, lacquers, adhesives, printing inks, binder ete.>1°,

A number of alkyl fumarate-vinyl acetate copolymers were reported as flow
improvers for high waxy Borhalla crude oil'”. Graft copolymers prepared by
the polymerization of poly (ethylene oxide) macromonomers with acrylic and
vinyl comonomers have been extensively studied as semi-permeable
membranes for biomedical applications, as well as support systems for the
preparation of microcapsules and nanoparticles'®. Soundararajan et al.!’
reported co/terpolymers of butyl acrylate, styrene and/or maleic anhydride as
top coats lacquers in leather industries. Adhesive properties of terpolymers of
ethyl acrylate, ethyl oa-cyanocinnamate and styrene were investigated by

Angelovici and Kohn™.
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On the otherhand polyvinyl acetate (PVAc) is one of the most important of all
the synthetic thermoplastic adhesives with wide range of industrial
applications®. Tt also finds widespread use as the intermediate for the
commercial production of (i) polyvinyl alcohol and (ii) polyvinyl acetal and as
a sizing material for paper and textiles. Application in gum industry (chewing
gum) is also popular®.

The ability to produce polymers containing long sequences of two or more
different monomers has led to new products with unique and valuable
properties depending on the constitution and ratio of monomeric units and also
on the method of preparation23’24. Free-radical copolymerization is a method of
modifying the properties of polymers. Knowledge of copolymer composition is
an important step in the evaluation of their utility. The accurate estimation of
the copolymer composition and the determination of monomer reactivity ratios
are important for tailor making copolymers with required physico-chemical
properties”™. NMR spectroscopic technique is well established as a convenient
method for determining composition ratio of constituent monomer units in
copolymer23’26. Viscosity of dilute polymer solution gives an insight of the
conformation adopted by polymer chain. Theories based on viscosity also
account for the influences of variables such as temperature and solvent on

conformational changes in solution®?®

. In this regard the present study reports
synthesis and characterization of a series of styrene-acrylate and vinyl acetate-
acrylate copolymers. The change in properties as a function of composition and
constitution of monomers and determination of reactivity ratios of monomers

were also studied and presented in detail.
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5.2 Materials
The monomers styrene (S, Fluka, Switzerland), vinyl acetate (VAc, Fluka,
Switzerland), ethyl acrylate (EA, BDH, Poole, England), methyl acrylate (MA),
n-butyl acrylate (BuA) and methyl methacrylate (MMA, National Chemicals,
Baroda, India) (Figure 5.1) were distilled at reduced pressure. The middle
fraction of the distillate was collected and used. The purity of other monomers
n-hexyl acrylate, (HA, 99.0%), cyclohexyl acrylate (CA, 92.9%) and benzyl
acrylate (BA, 99.8%) was checked by Gas Chromatography. These were gifted
by Indian Petrochemical Corporation Limited, Baroda, India and were used
without any further treatment. Technical grade azobisisobutyronitrile (AIBN)
was recrystallized from warm methanol and benzoyl peroxide (BPO, Fluka)
was purified by dissolving it in chloroform at room temperature and
reprecipitating it by adding methanol, before it was used. The solvents were all

freshly distilled before use.

5.3 Experimental Techniques

The FTIR spectrum of the polymers were recorded on a Nicolet FTIR, Impact
400D spectrophotometer. For FTIR spectra, the solid polymers and KBr
(spectroscopic grade) were thoroughly mixed and this mixture was pressed to
form a pellet, whereas liquid polymers were spread over the NaCl cells and the
spectra were recorded. "H and C-NMR spectra of homo and copolymers were
recorded under standard conditions at room temperature in deuterated
chloroform (CDCl;) on a JEOL JNM FX-100, FT-NMR spectrometer operating
at 100 and 25 MHz respectively, for 'H-NMR and BC-NMR. TMS was used as

an internal reference and CDCI; as an internal lock.
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CH=CHY Vs S (styrene)

CH,=CH-0-C-CH; VAc (Vinyl acetatc)
éH2=éH-§-O-éH3 MA (Methy! acrylate)

éH2=éH-§-O-éH2—&H3 EA (Ethyl acrylate)

éH2=éH-g-o-(‘é‘H2)3-éH3 BuA (Butyl acrylate)

éHz‘—‘-éH-g-O-(l‘éHz) 5-(93H3 HA (Hexyl acrylate)
5 6
éH2=éH—g~O‘5Q CA (Cyclohexyl acrylate)

éHZ:éH'g“O“éHT@S BA (Benzyl acrylate)

éH2=é(éH3)-g-0-éH3 MMA (Methyl methacrylate)

Figure 5.1 Molecular structure for the monomers used in the experiments.
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Thermal analysis of the polymers were studied using TGA and DSC
measurements. The TGA of the polymer samples was recorded on a Shimadzu
thermal analyzer DT-30B at a heating rate of 10°C min” in the presence of air.
DSC measurements were carried out for polymers from -75 to 200°C using the
modulated differential scanning calorimetry (MDSC) (MDSC™, TA
Instruments Inc., USA). DSC 2910 system at a heating rate of 10° C min™

under nitrogen atmosphere.

Molecular weights (M, and M,,) and molecular weight distribution (M,/M,)
were determined with respect to standard polystyrene by gel permeation
chromatography (GPC). The Waters associates system used was equipped with
a Waters 700 satellite wise injector, a Waters 510 HPLC solvent pump, three
columns packed with styrogel of nominal pore sizes of 500, 1000 and

10,000 # connected in series, and a RI detector. The elution rate of toluene was

0.8 mL min™". The GPC was calibrated with standard polystyrene samples of
molecular weights in the range 15,000 - 4,70,000.

Viscosity measurements of the dilute solution of the homo and copolymers in
1,4-dioxane were carried out using an Ubbelohde dilution viscometer
suspended in a thermostated bath at the required temperature (£ 0.05°C).
Measurements for each solution were repeated five to six times. Densities of

the solutions at different temperatures were assumed to be those of solvent at

that temperature®.,

5.4 Polymer Synthesis
The synthesis of homopolymers were done as reported earlier”’”. Polyvinyl
acetate (PVAc) synthesis was carried out as given in Chapter 4. Homopolymer

polyacrylate(s) were synthesised as follows : 20.0 mL of acrylate(s) in 60.0 mL
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of DMF (except cyclohexyl acrylate where solvent was 1,4-dioxane) and 0.1%
(w/v) of BPO as an initiator were taken in a three necked flask under a nitrogen
atmosphere. The reaction mixture was stirred at 85°C for a period of 9h. The
three-necked flask was equipped with a water condenser and was placed in a
thermostated water bath at 85°C. The reaction mixture after polymerization was
poured into an excess of doubly distilled water to precipitate out the
polymer(s). The polymer thus obtained was purified by reprecipitation from a
solvent system into a non-solvent system and finally dried in vacuo before

characterization.

Synthesis of styrene homopolymer and styrene-acrylate copolymers were
carried out in benzene medium : 20.0 mL [50:50 (v/v) of styrene and an
acrylate] of total monomer in 30.0 mL of benzene was taken in a three-necked
flask. The reaction set up was similar to that used for synthesis of
polyacrylate(s). AIBN (0.2 g) was used as the initiator. The reaction mixture
was stirred for a period of 9 h under a nitrogen atmosphere at 70°C. Polymers

were obtained by pouring the reaction mixture into the non-solvent, methanol,
except for P(styrene-methyl acrylate) and P(styrene-ethyl acrylate) [i.e. P(S-
MA) and P(S-EA)] copolymers, respectively. These polymers were precipitated
in excess of n-hexane. The precipitated products were further purified by

removal of the respective homopolymers in selective solvent-nonsolvent

systems.

Copolymerization of styrene (S) with cyclohexyl acrylate (CA) and benzyl
acrylate (BA) were also carried out in different feed 90:10, 75:25, 60:40, 40:60
and 20:80 (v/v) styrene and acrylate(s) respectively. The recipe for the
synthesis of copolymer 75:25 (v/v) of styrene and acrylate(s) was as follows :
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7.5 mL styrene, 2.5 mL acrylate(s) and 0.1 g AIBN were taken in 15.0 mL
benzene. The polymerization reaction was carried out under nitrogen
atmosphere at 70°C. The reaction set up remains the same as described in
earlier paragraph. The copolymerization was stopped at low conversion (below
10%). Then the resulted copolymers were precipitated by a large quantity of
methanol. The homopolymer, PS, is insoluble in acetone although the
copolymers are soluble. The precipitate was then treated with acetone to
remove polystyrene homopolymer. The homopolymers PBA and PCA are
soluble in warm nitromethane, hence, these polymers were separated from the
copolymers using warm nitromethane. The copolymers were washed well with

methanol and dried in vacuo before characterization.

Copolymers of vinyl acetate with various acrylate(s) were prepared in DMF
(60.0 mL) using benzoyl peroxide as the free radical initiator at 85°C. For each
polymer, the initial total monomer concentration was 20.0 mL [50:50 (v/v) of
vinyl acetate and acrylate], and that of the initiator was 0.2 g. Appropriate
amounts of monomers, initiator and solvent were mixed in a three necked flask
under nitrogen atmosphere. The reaction mixture was stirred at 85°C for a
period of 9 h. The three necked flask was equipped with a water condenser and
was placed in a thermostated water bath at 85°C. The reaction mixture after
polymerization was poured into an excess of doubly distilled water to
precipitate out the polymers. The precipitated products were further purified by

removal of the respective homopolymers in selective solvent - nonsolvent

system, as described below.

Copolymerization of vinyl acetate (VAc) with cyclohexyl acrylate (CA) and
benzyl acrylate (BA) were also carried out in different feed ratios of the two
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monomers. The ratios chosen for study were 80:20, 60:40, 50:50, 40:60 and
20:80 (v/v) of vinyl acetate and acrylate(s), respectively. The recipe for the
synthesis of copolymer 80:20 (v/v) of VAc and acrylate(s) was as follows :
6.0 mL VAc, 1.5 mL acrylate(s) and 0.075 g AIBN were taken in 22.5 mL 1,4-
dioxane. The polymerization reaction was carried out under nitrogen
atmosphere at 85°C. The reaction set up remains the same as described earlier.
The conversion was restricted to below 10% in order to satisfy the usual
copolymerization equation (approximately 1 h). After the desired time,
copolymers were precipitated by pouring the mixture in excess of distilled
water. The homopolymer, polyvinyl acetate, is soluble in methanol. The
precii)itate was then treated with methanol to remove PVAc homopolymer. The
homopolymer PCA and PBA are soluble in p-xylene and hence these polymers
were separated from the copolymers. The copolymers were washed well with

methanol and dried in vacuo before characterization.

5.5 Results and Discussion

(a) FTIR analysis :

FTIR spectra of various homopolymers [Fig. 5.2, PMA and PCA] and
copolymers [Fig. 5.3, P(S-MA) and P(S-BA)] are presented. All the polymers

showed characteristic IR absorptions which agreed very well with those

20,30

reported in the literature™ . The homopolymers (Fig. 5.2) show characteristic

absorption bands due to ester group (C=O stretch) at 1733 em™. C-0-C
symmetric and assymmetric stretches were observed at 1266 and 1176 cm'l,
respectively. The symmetrical and assymmetrical bending vibrations of
C-CH; were also seen at 1452 and 1374 cm'l, respectively, whereas an

out-of-plane C-H bend was observed at 760 cm™. Other prominent absorption
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peaks were at 2937 and 2860 cm’™'. These are due to aliphatic (C-H) stretches of
-CH; and -CHj;. The FTIR spectra of various copolymers (Fig. 5.3) showed

characteristic absorption bands due to their respective acrylate monomer units.

Besides, additional absorptions due to the benzene ring of the styrene monomer

units were also observed at 1501, 1602 and 3037 cm™ 23!,

00304 =3930 4 N

x

F066 S600 5006 Talels)
Wavenumber {(cm—! )

Figure 5.2 : Representative FTIR spectrum of homopolymers (a) PCA and (b) PMA.
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Figure 5.3 : Representative FTIR spectrum of copolymers
(a) P(S-MA) and (b) P(S-BA).

The structures of VAc-acrylate copolymers were deduced from FTIR spectra of
polymer films spread over the NaCl cell. FTIR spectra of copolymers (Fig. 5.4)
show band at 610 cm™, characteristic of vinyl acetate unit due to the
out-of-plane CH,-CO, bend . The C=0 stretching of ester group was
observed at higher frequency (1750 cm™) than normal carboxyl
absorption. C-CH; symmetric and asymmetric bending vibrations were
observed at 1451 and 1370 cm™, respectively. Other prominent absorption
peaks due to symmetrical (v; O-C-O) and asymmetrical stretching (v,; O-C-O)
vibration were observed at 1246 and 1180 cm’, respectively, whereas an
out-of-plane C-H bend of acrylate moieties was observed at 773 cm™. Besides
this, aliphatic stretching absorption of C-H, due to -CH, and -CH; appears at
2942 and 2861 cm™. The assignments were done with the help of the literature
data303!
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Figure 5.4 Representative FTIR spectra of copolymers
(a) P(VAc-HA) and (b) P(VAc-CA)
(b) 1H-NMR analysis :
The 'H-NMR spectra of the homopolymers [Fig. 5.5 : (a) PS, (b) PCA and
(c) PBA] and copolymers [Fig. 5.6 : (a) SCA-2 and (b) SBA-5] along with
assignments of various resonance signals are shown. "H-NMR spectra show the

resonance signals corresponding to their structures (Fig. 5.1).
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Figure 5.5 : Representative "H-NMR spectrum of homopolymers
(2) PS, (b) PCA and (¢) PBA in CDCl,.
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Figure 5.6 : Representative "H-NMR spectrum of copolymers
(a) P(S-CA), i.e. SCA-2 [CA=20.0 mol% in the feed] and
(b) P(S-BA), i.e. SBA-5 [BA=75.0 mol% in the feed] in CDCL.

Polystyrene homopolymer [Fig. 5.5(a)] resonance signals appeared at 7.05-6.52
(benzene ring), 1.85 (aCH- connected with benzene ring), and 1.43 ppm

(BCH,-backbone protons)3 !, whereas 7.21 (benzene ring), 4.93 (-CH;-adjacent
to phenyl group), 2.35 (aCH-) and 1.62 ppm (BCHj-) are the resonance signals

corresponding to poly benzyl acrylate (PBA) [Fig. 5.5(c)]. Figure 5.5(b)
represents the signal, around 8=4.70 ppm associated with protons of -OCH
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group and resonance signals appeared at 1.76 and 2.25 ppm are due to five
methylene groups. The methine backbone proton (aCH-) and backbone
methylene proton (BCH,-) resonate between 06=3.69-3.63 and 1.38 ppm,

respectivelyg'o.

The "H-NMR spectra of the VAc containing copolymers are shown in Figure
5.7. Assignments of 'H-NMR signals based on comparisons with
previously published spectra of homopolymers®>2 allowed determination that
the product contained vinyl acetate (VAc) and acrylate repeat units. The
resonance signals appearing at 6 = 1.71-1.83 and 1.35 ppm are corresponding
to methylene backbone protons of VAc and CA, respectively. The methine
backbone proton (aCH-) of the VAc and CA monomeric units resonate as
broad signals at & = 4.95 - 4.58 and 3.69 - 3.63 ppm, respectively. The methine
backbone signal (aCH-) of VAc unit overlapped with signal associated with
proton of -OCH group of CA unit (appeared at around 4.70 ppm) and -CH,-
adjacent to phenyl group of BA (appeared at around 4.93 ppm) and hence could
not be distinguished. The aromatic protons of BA unit give distinct signal at 6
= 7.25 ppm whereas the signal around & =197 ppm is associated
with acetoxy protons (-OCOCH;) of VAc unit.
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Figure 5.7 : Representative "H-NMR spectra of copolymers P(VAc-CA) [CA =63.0
mol % in the feed] and (b) P(VAc-BA) [BA = 29.4 mol % in the feed] in CDCl;.

The copolymer compositions were determined by 'H-NMR spectra [Fig. 5.6:
(a) and (b)]. The distribution of protons in the two units is important in
distinguishing the monomers in the copolymer chain®. The «CH- and BCH,-

protons of styrene, CA and BA as well as phenyl protons of styrene and BA are
almost indistinguishable. Hence, in the present study aromatic protons (~7
ppm) of styrene and -OCH proton (~4.48 ppm) of CA are chosen for the

estimation of styrene composition in the P(S-CA) copolymer. The mole
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fraction of styrene (m;) in the copolymer P(S-CA) was determined using the
following relation :

m=—"— ¢Y)
Apy t 5A.ocH

where App and A ocy represents the 'H-NMR resonance peak areas of protons
on phenyl and -OCH groups, respectively. The styrene composition in the P(S-
BA) copolymer was evaluated using the distinct peaks of methylene
protons (~4.57 ppm, adjacent to phenyl group) and the peak intensity
corresponds to the total number of protons of a particular group. The mole

fraction of the copolymer was calculated by the following equation25 :

Intensity of methylene protons (Icuz) 2my

= 2)
Intensity of total protons (Iy) 10 my + 8 my

The equation (2) is based on the fact that there are 10 protons in BA and 8
protons in styrene and BA with 2 methylene protons gives distinct resonance
peak for methylene group at 4.57 ppm. From this and m; = 1-my, the following
equation was derived.

4o
my = ————— 3
It - Icmz

Integrated peak intensities were employed for this calculation. So, my is the

mole fraction of BA and m; (=1-my) is that of styrene. Based on equation 3, the

mole fraction of styrene was calculated by measuring the intensities of

methylene protons and total protons from the spectra of all copolymer samples.
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The mole fraction calculated for styrene in P(S-CA) and P(S-BA) copolymers

of various compositions, are listed in Table 5.1.

The average copolymer composition [mole fraction of vinyl acetate, my,. in
P(VAc-CA) copolymer] can be readily obtained by using the equation
I (-OCOCH;)

Myac™= (4)
I (-OCOCH;) + 31 (aCH-)

where I (-OCOCHj;) and I(aCH-) represent the total peak intensities of the
proton resonances of -OCOCHj; of VAc unit and of the aCH- of the CA unit,
respectively. The acetoxy protons of VAc resonates at ~ 1.97 ppm, whereas
oCH- proton of CA resonates at 3.69-3.63 ppm. The composition of

copolymers as determined by 'H-NMR along with the feed composition is
given in Table 5.2.

The vinyl acetate mole fraction (mysc) in P(VAc-BA) copolymer was
calculated using the peak intensity of methylene group of VAc unit and phenyl
group of BA unit using the following relation

5I(BCH,-)
Mype = (5)
5T (BCH,) + 2I (Ph)

where, I (BCH,-) and I (Ph) represent the peak intensities of the methylene
protons of VAc unit and of phenyl protons of BA unit, respectively. The mole

fractions of monomers in the relevant copolymers of various compositions

calculated by using "H-NMR are listed in Table 5.2,
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Monomer reactivity ratios r;(S or VAc) and r,(CA or BA) could thus be
calculated graphically using the equation proposed by Fineman and Ross

(F.R.)33

XX-1)/Y =1, XY -1 (6)

where X = M;/M, and Y = m,;/m, (as defined in Table 5.1 & 5.2). On plotting
X(Y-1)/Y versus X*/Y (Fig. 5.8), the slope and intercept yielded r; (S or VAc)
and r, (CA or BA). The values obtained for r; and r; are r(S) = 0.930 and
r, (CA) = 0.771 for styrene and CA in P(S-CA) copolymers, whereas
ri(S) = 0.755 and r; (BA) = 0.104 for styrene and BA in P(S-BA) copolymer
and r; (VAc) = 0.089 and r; (CA) = 1.109 for VAc and CA in P(VAc-CA)
copolymer, whereas r;(VAc) = 0.155 and r, (BA) = 0.390 for VAc and BA in
P(VAc-BA) copolymer.

150

100
G
5.0
00
o 50 100
F

Figure 5.8 : Fineman-Ross plot for copolymerization of styrene with benzyl acrylate.
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The reactivity ratios were also determined according to Kelen-Tudos (K.T.)
procedure®. The resulting values of reactivity ratios estimated were r; (VAc) =
0.083 and r, (CA) = 1.109 and r; (VAc) = 0.164 and r, (BA) = 0.461, for VAc
with CA and BA in P(VAc-CA) and P(VAc-BA) copolymer, respectively. The
value obtained by the method of F.R. and K.T. agree very well with each other.

The rir, value (Table 5.3) of S-CA copolymer is 0.717 indicates that the
copolymer should have random distribution of monomeric units with a
tendency toward alternation, whereas the low value of 0.079 of rjr, for S-BA
system indicates alternate distribution of monomeric units®, Several values of
r; and ry, depending on temperature and reaction conditions, are reported in the

literature® for the various monomer pairs and are presented in Table 5.3.

The nature of the copolymer sequence of P(VAc-CA) and P(VAc-BA)
copolymer systems are alternating”. The systems are lying in the range
of 0< ryr, < 1. Since the product ryr, [0.092 and 0.076 for P(VAc-CA) and
P(VAc-BA) copolymer respectively, r; and r, were used from K.T. method] are
close to zero than to unity, there is a great tendency for M; and M, to alternate

in the polymeric chain**'.

The copolymer composition vs initial monomer composition plot (Fig. 5.9 &
5.10) was sigmoidal and it crossed the ideal line at the point where
M;=m; = 0.766 and 0.785 for P(S-CA) and P(S-BA) copolymer respectively,
and for P(VAc-BA) copolymer it crossed the ideal line at the point 0.390,
indicating the azeotropic copolymer composition for these systems™.
Theoretically the values were obtained from the following equation which was

very close to the experimental value.
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Figure 5.9 : Copolymer composition (m;) Figure 5.10 : Copolymer composition
Vs initial monomer composition (IM;) plot (m;) Vs initial monomer composition
for P(S-CA) copolymers. (M;) plot for P(VAc-BA) copolymers.

The Q and e values of Alfrey-Price Q, e scheme®® for CA and BA were
determined by using experimentally obtained values of the corresponding
reactivity ratios. The values of e; = -0.8 and Q, = 1.0 from the literature were
used for styrene and e; and Q; were evaluated for CA and BA using the
following equations
er=eyx(llnrr, |)* ®

Q1= Qy/ r2 exp [e (e1-e2)] ©))
The wvalues found to bee;=1.38 and Q; =0.19 for CA and e; = 0.80 and
Q; = 0.37 for BA respectively.
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(c) BC-NMR analysis :

The proton decoupled Be.NMR spectrum of all the polymers shows
characteristic resonance signals at their respective positions corresponding to
their constituent monomeric unit/s. The *C-NMR spectrum of homopolymers
recorded in CDCl; at room temperature, are shown in Figure 5.11. In BcNMR
signals due to the carbons of long alkyl side chains were observed in the region
14-42 ppm. The assignment of various resonance peaks due to different carbon
atoms were done using the additive shift parameters for hydrocarbonszg’w. In
such calculations, an assumption was made for that the ester groups do not

influence the chemical shifts of the methylene groups, but are only affected by

i ——
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Figure 5.11 : Representative >C-NMR spectrum of homopolymers
(a) PHA, (b) PCA and (¢) PBA in CDCL,.
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substitutions as far removed as the 8 position (i.e. o effect of +9.1, § = +9.4,
y = -2.5 and 8 = +0.3 ppm). The calculations of shift were done using the
formula, the predicted shift parameter, 6 = 2.5 + £nd, where A4 is the additive
shift parameter; and » is the number of carbon atoms for each shift parameter

(methane adsorbs at 2.5 ppm upfield from TMS whereas alkane groups
unsubstituted by heteroatoms absorbs downfield from TMS to about 60 ppm).

For PHA, 6 should be predicted for all the five side-chain carbon atoms.
Beginning with terminal methyl, the predicted shift parameters were 13.8, 22.9
and 32.0 ppm. The -OCH,-group absorbs at 64.9 ppm. The observed values
were in good agreement with the calculated values. The 85 and &g shows little
downfield values due to the influence of heteroatoms. Besides this absorptions,

the methine (CH-) absorbs at 41.6 ppm and methylene (BCH,-) group at 35.6

ppm, whereas C=O resonated at 174.4 ppm4’26. In all these polyacrylate(s), the

carbonyl carbon do not show any splitting but the methylene carbons show
splitting due to configurational effects (Fig. 5.11). In case of PS and PBA, the
methylene and methine carbons of phenyl ring are resonated at 126.0, 128.6,
132.0 and 135.6 ppm, whereas cyclohexyl group methylene and methine of

PCA also absorb at their respective positions as shown in Figure 5.11.

The representative *C-NMR spectrum of the VAc-acrylate copolymers [in 1:1
(v/v) of the two monomers] recorded in CDCl; at room temperature are shown
in Figure 5.12. The assignment of various resonance peaks due to different

carbon atoms were done using the literature data®**?

as well as comparison
with the previously published spectra of the homopolymers'®. The chemical

shifft values corresponding to various carbon atoms present in the
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homopolymers and copolymers are listed in Tables 5.4-5.6. Unlike in the
homopolymers of acrylates, the carbonyl carbon in all these copolymers shows
splitting. Also various splitting patterns are observed in resonances of
backbone methylene - and methine. The splitting is influenced by the
composition of the copolymers and is due to configurational and sequence

distribution effects.

I i |
) M
Ji L M o

=5 6 a5 o
& (ppm)

Figure 5.12 : Representative *C-NMR spectrum of
(a) P(VAc-BuA), (b) P(VAc-CA) and (¢) P(VAc-BA) in CDCl.
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As shown in Figure 5.12 and Table 5.6, "C-NMR spectrum of all the
copolymers showed two distinct / well resolve carbonyl carbon resonances of
the VAc as well as the acrylate monomeric units appearing, respectively,
at 8 =169.97 - 170.11 and 174.07 - 174.79 ppm. These are singlets and do not
show any tacticity or sequence distribution effect. However for P(VAc-MMA)
triplet peaks showing compositional and configurational sensitivities are
observed. The quaternary carbon of the MMA unit also appear as a multiplet at
around & = 43.81 - 44.65 ppm, showing its sensitivity to copolymer tacticity>.
All the methylene, methine, methyl and methoxy carbons resonate at their
respective positions as presented in Tables 5.4 - 5.6 for various homopolymers

and for copolymers, respectively.

(d) TGA analysis :

Thermal behaviour of the homopolymers and copolymers were studied by
thermogravimetry. The nature of the thermograms of all the homopolymers and
styrene containing copolymers were found to be similar showing one step
decomposition (Fig. 5.13a). Most of the polymer samples were stable upto
300°C and started loosing weight above this temperature (Table 5.7). The
thermal behaviour of VAc-acrylates copolymer e.g. P(VAc-CA), P(VAc-BA)
and P(VAc-EA) copolymers are given in Figure 5.13b. The nature of the
thermograms of all the copolymers were also found to be similar showing
single step decomposition. Most of these copolymers were stable upto 388°C
though PVAc and other homopolymers show lower initial decomposition
temperature'®, The decomposition observed in the temperature range of 320-
590°C is perhaps due to the break down of polymer initiated from the weak
sites (e.g. unsaturated chain ends, branching, head-to-head linkages etc.) as
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observed earlier*®. The activation energy of decomposition (E,) values (Table
5.7) showed that PMA exhibited lowest thermal stability than PEA, whereas
the other polymers i.e. PBuA and PHA exhibited higher thermal stability at a
heating rate of 10°C miq'l. All the copolymers also followed the similar pattern

i.e. with increasing linear chain length of the pendant group present in the

copolymers, thermal stability increases.

0

0 b

o S|

8 2

2 50t - 50

g o

IG) s 75k
400 500 600 : ' ‘
Temperafure (<C) 300 400 500 600
- Temperature (°C)

Figure 5.13(a) : Representative TGA Figure 5.13(b) : Representative TGA
plots of (7) P(S-EA), (A) P(S-CA) and plots of (@) P(VAc-CA), (A) P(VAc-BA)
(O) PCA at heating rate of 10 K min™! and () P(VAc-EA) at heating rate of 10
in air. K min” in air.

The data listed in Table 5.7 give the initial decomposition temperature (IDT),
maximum rate of decomposition (Tmax), complete decomposition temperature

(FDT) and also the activation energies (E,) calculated using standard relations
suggested by Broido®'.

In In (1/Y”) = -E,/R (1/T) + constant (10)
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where Y” [= (W, - Wy) / (W,-Wo)] is the fraction of the number of initial
molecules not yet decomposed; W, Weo (=0) and Wo are the weight at time ‘t’,
the weight at infinite time, and the initial weight respectively. A plot of
In In (1/Y”) versus (1/T) [eq.10] gives an excellent approximation to a straight
line over a range of 0.999<Y”>0.001. The slope is related to the activation
energy. Representative plots are shown in Figures 5.14(a & b). E, values for

vinyl acetate copolymer systems are almost same except the copolymer with
CA unit.

10 1.0
QOr 0.0¢ o
~ o
% Lo} L -0
c £
£ z
-20} -2.0
Ll 15 L 1.3 15

13
o
1/T % 103 (kh T v 10° (k)

Figure 5.14(a) : Representative Broido Figure 5.14(b) : Representative Broido
plots for (a) (7) P(S-EA), (A) P(S-CA) plots for (@) P(VAc-CA), (A) P(VAc-BA)
and (O) PCA., and (¢) P(VAc-EA).

(e) DSC analysis :

DSC curves for PS and polyacrylates are shown in Figure 5.15. From the DSC
curves, the glass transition temperature (Ty) of polymers were obtained.
Polyacrylates have low values of T, but as the styrene unit is incorporated in

the copolymers of acrylates their T, values increase (Table 5.7). The T, values
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obtained for all these polymers agree well with those reported in literature®®7.

The onset T,, T, at point of inflection and peak T, values are 93.5, 100.2 and
104.7°C respectively for PS and are mentioned in Figure 5.15.

70 90 1o 130
T T Y T -2
-7.0F -
. N ..."L'::.
—~ | T, 9350 1-102
£ 00.2C(IT™,
% "8 O " %, AN
e 1047°C N
E i — .’.='I - ‘ '-._.‘..“ \‘\ o _l L 2
\.\‘ ...... ] \
~. e, \
\_ — *» \\
-S0F St T RN
L - : - N Y
-20 -10 O 10 20 30
Temperature (°C)
Figure 5.15 :Representative DSC thermogram of homopolymers: (...... )PS,(—)PCA

(——-) PMA and (—.——) PEA at heating rate 10 K min™ in N, atmosphere.
P

(f) GPC studies :

The approximate number average (M,), weight average (M,,), Z-average (M,)
and viscosity average (M,) molecular weights of homopolymers
poly(cyclohexyl acrylate) (PCA) and polybenzyl acrylate (PBA), determined by
gel permeation chromatography (Fig. 5.16) are 2.24 x 10°, 2.42 x 10°, 2.59 x
10° and 2.42 x 10° for PCA and 8.72 x 10°, 1.67 x 10°,2.62 x 10° and 1.67 x 10°
for PBA, respectively. The molecular weight distribution (MWD) were found
to be 1.08 and 1.91 for PCA and for PBA respectively.
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Figure 5.16 : Typical GPC chromatogram for polycyclohexyl acrylate.

(g) Viscosity measurements :

The intrinsic viscosity [n] is one of the most important source of information
on the size and shape of polymer molecules®’. The intrinsic viscosity [n] can be
obtained by using the well known Huggins and Kraemer equations®. The [n]
values of all the polymers are presented in Tables (5.8 & 5.9). It can be seen
that [n] decreases as the temperature increases and [n] vs T plots are linear
with negative slopesg. This indicates that the swelling of the polymer chains is
not much in these systems and the critical solution temperature are lower for
these polymer solutions. This is due to the decreased thermodynamic affinity
with increased temperatureSs. Moreover (Table 5.8) it can be recognized that
the intrinsic viscosities of all the styrene containing copolymers having linear
pendant group, increased with increasing chain length of the pendant group.
However, in case of homopolymers, the intrinsic viscosities decreased with
increase in chain length of the pendant group. From the values of intrinsic

viscosity (Table 5.8), it is observed that the intrinsic viscosity in a solvent is
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depending on the interaction between polymer and solvent as well as among
the polymer chains. Besides this, the chemical composition and constitution,
the homogeneity and the length of sequences of chemically identical monomer

units also affect the [n] value®®,

The intrinsic viscosity data were used to compute activation parameters of the

viscous flow using the well known procedure suggested by Frenkel &
Eyring® . It is observed that AH y of all the styrene containing systems in
1,4-dioxane are more or less constant and the average was found to be 15.6

0.2 kJ mol . The entropies of activation of the viscous flow (AS ;) were also

low and positive22 +17 mol” K. The values obtained for change in the free
energy (AG"ys), enthalpy (AH',;) and entropy (AS’y) of activation for the
viscous flow for VAc-acrylate copolymers are listed in Table 5.9. It is observed
that AH";; and AS"; of all the systems calculated at 0.8 g dL! concentration in
1,4-dioxane are more or less constant quantities, independent of temperature
and the average was found to be 10.3 + 0.1 k J mol” and 2.5+0.2
J mol? K7 respectively. These low values and constancy of AH'; values
signify that the systems are not cross-linked, whereas low and positive values
of AS" indicate that the polymer structures were reasonably ordered in 1,4-
dioxane. The AG"y;s values can hence be computed for all these systems and

was found to decrease with increase in temperature.

Voluminosity, Vg (i.e. a measured volume of solvated polymer) were evaluated
by plotting  against concentration C in g dL”™! where
[n°-1]

x= (11)
[C(1.357,°°-0.1)]
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and 7, is the relative viscosity of the polymer solution.

The plot was linear and extrapolated to C = 0, and the intercept yielded Vg. It
can be seen that Vg decreases with increase in temperature. This is due to the
desolvation effect (Tables 5.8 & 5.9)*..

The shape factor, ‘v’ (which suggest conformation of macromolecules in

solution) was obtained from the equation

[n]=vVg (12)

The v values were found to be 2.5 + 0.1 for all the systems at three

temperatures indicating polymer coils are spherical in nature and are not

affected by temperature®>.

Some of the molecular parameters of polymers were calculated using solution
viscosity data. The root-mean square end-to-end distances of homopolymers

PCA and PBA chains were determined using the well-known relation*!
Nl =¢o<R*>"*/M, (13)

where , ¢, is universal constant, commonly known as the Flory- Fox constant
and M, is the number average molecular weight of the polymers. The
calculated values of <R>'? obtained at various temperatures are presented in
Table 5.10. As temperatt.lre increases, <R>"* values decrease indicating

coiling of the polymer chain in solution.

The radius of the diffusing particle (r’) was calculated from the well-known

Einstein equation®”**.

[n]=10nNr?/3M, (14)
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where N is Avogadro’s number. The values of 1’ thus obtained for PAC and
PAB homopolymers at different temperatures are listed in Table 5.10. These

were found to be independent of temperature.

The quantitative relationship between the coefficient of diffusion Dy and the
radius of particles was obtained by Einstein equation’”*?

De=RT/6nnr’'N (15)

where 1 is the viscosity of 1,4-dioxane. The values of D, obtained are

tabulated in Table 5.10. It is observed from the data that D, increases as the

temperature increases.



215

5.6 Conclusion :

On the basis of the above mention results, it can be concluded that the free
radical copolymerization reaction of S/VAc with CA/BA systems studied
follows the classical copolymerization theory. FTIR, 'H- and “C-NMR
spectroscopy provided evidence for the structure and composition of the
copolymers. The reactivity ratios measured via "H-NMR and calculated by
Fineman-Ross and Kelen-Tudos methods agree very well with each other. The

reactivity ratios of the monomers obtained by 'H-NMR spectroscopy did show

relatively higher reactivity of the styrene than that of respective acrylic esters.
The values of r;r, of monomers present in vinyl acetate- acrylate copolymers
suggested great tendency for monomers to alternate in the polymeric chain.
Single stage decomposition was observed for all copolymers. The activation
energy of the decomposition for styrene copolymers increases as the linear
alkyl chain length of the pendant group increased. The increase in pendant
group chain length showed opposite effect on intrinsic viscosity i.e. for
homopolymers it decreased whereas for copolymers with styrene it increased.
The viscosity activation parameters indicate that the polymers in 1,4-dioxane

solution are not cross linked and have reasonably ordered structure.
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