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Baroda, India

P. V. C. Rao
Research and Development Centre,
Indian Petrochemical Corporation Ltd., Baroda, India

Free radical solution polymerization has been employed to synthesize
homopolymers of vinyl acetate (VAc), cyclohexyl acrylate (CA),
benzyl acrylate (BA ), and other various acrylates. The method was also
used to synthesize copolymers of vinyl acetate with these various acry-
lates at 50:50 (v/v) feed ratio. To compute reactivity ratios of mono-
mers in P(VAc-CA) and P(VAc-BA), a series of copolymers in the feed
ratio of 80:20, 60:40, 50.50, 40:60, and 20:80 (v/v) of VAc and either
CA or BA were also synthesized. Fineman-Ross and Kelen-Tudos
methods were used to compute reactivity ratios from 'H-NMR spec-
troscopic data. The homopolymers and copolymers were characterized
by FTIR, "H- and >C-NMR, TGA, GPC, and viscosity measurements.
The activation energy of decomposition (E,) of the polymers was cal-
culated from TGA analysis using the Broido method. M,, M,, and
MWD of the polymers were evaluated from GPC data. The intrinsic
viscosities of polymer, in non-theta and in theta (0) solvents were
evaluated using a capillary viscometer. Using intrinsic viscosity and GPC
data, the voluminosity (Vg), shape factor (v), activation parameters of
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viscous flow, root-mean-square end-to-end distance ( <R2>1/ 2), radius of
diffusing particle (r'), and diffusion coefficient (D,) were also com-
puted at various temperatures.

Keywords: Synthesis; Polyacrylates; Copolymers; Properties; Theta
condition

During the past three decades, acrylic copolymers have acquired prime
importance for industrial applications!'. The combination of durability,
versatility, and the ability to tailor molecules relatively easily to specific
applications have made acrylic and methacrylic esters main candidates
for numerous and diverse applications!”. 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 appro-
priate choice of side groups and copolymer systems®. Acrylates are the
most outstanding products, widely used as building blocks (poly[methyl
methacrylate]) for a variety of polymers, controlled drug release matrices
(poly[hydroxy methacrylate]), contact lenses (polyhydroxy acrylates),
electroactive polymers (poly[phenyl acrylate]), varnishes (poly[methyl
acrylate]), and many others>.

A number of alkyl fumarate-vinyl acetate copolymers were reported as
flow enhancers 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
semipermeable membranes for biomedical applications, as well as sup-
port systems for the preparation of microcapsules and nanoparticles!”.
Soundararajan et al.®) reported co/terpolymers of butyl acrylate, styrene,
and/or maleic anhydride, which have been used as top coat lacquers in
the leather industry. Adhesive properties of terpolymers of ethyl acrylate,
ethyl a-cyano-cinnamate, and styrene were investigated by Angelovici
and Kohn®. However, poly(vinyl acetate) (PVAc) is one of the most
important of all the synthetic thermoplastic adhesives with a wide range
of industrial applications!'”’. It also finds widespread use as the inter-
mediate for the commercial production of poly(vinyl alcohol) and
poly(vinyl acetal) and as a sizing material for paper and textiles. Appli-
cation in chewing gum is also popular'!l.

Knowledge of copolymer composition is an important step in the
evaluation of its utility. The accurate estimation of the copolymer com-
position and the determination of monomer reactivity ratios are impor-
tant for tailoring copolymers with the required physico-chemical
properties. The nuclear magnetic resonance (NMR) spectroscopic
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technique is well established as a convenient method for determining the
composition ratio of constituent monomer units in copolymers!'>!3. The
viscosity of a dilute polymer solution gives an insight into the con-
formation adopted by polymer chains. Theories based on viscosity also
account for the influences of variables such as temperature and solvent
on conformational changes in a solution!'¥. In this regard the present
study reports synthesis and characterization of a series of vinyl acetate—
acrylate copolymers. The change in properties as a function of compo-
sition and constitution of monomers and the determination of reactivity
ratios of monomers were also studied and presented in detail.

EXPERIMENTAL

The monomers vinyl acetate (VAc, Fluka, Switzerland), ethyl acrylate
(EA, BDS, Poole, U.K.), methyl acrylate (MA), n-butyl acrylate (BuA),
and methyl methacrylate (MMA, National Chemicals, Baroda, India)
(Figure 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 a
gift from the 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.

Copolymerization of VAc with CA and BA was carried out in dif-
ferent feed ratios of the two 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 reac-
tion setup remained the same as reported earlier!’”. The copolymeriza-
tion was stopped at a low conversion (below 10%). It was then poured in
an excess of double-distilled water to precipitate copolymers. The
homopolymer, poly(vinyl acetate), is soluble in methanol. The precipitate
was then treated with methanol to remove PVAc homopolymer. The
homopolymers 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.

The synthesis of homopolymers PVAc and polyacrylate(s) was done as
reported earlier!'%131% Copolymers of VAc with various acrylate(s),
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FIGURE 1 Molecular structure and carbon assignments for monomers.

namely, MA, EA, BuA, HA, CA, and BA, in initial feed ratios of 50:50
(v/v) were also prepared in dimethyl formamide (DMF) using benzoyl
peroxide as the free radical initiator at 85°C. The reaction setup was the
same as reported earlier!'”. The reaction mixture after polymerization
was poured into an excess of double-distilled water to precipitate out the
polymers. The precipitated product was further purified by removal of
the respective homopolymers in a selective solvent-nonsolvent system,
and dried in vacuo before characterization.
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The Fourier transform infrared (FTIR) spectrum of the polymers was
recorded on a Nicolet FTIR, Impact 400D spectrophotometer. For FTIR
spectra, the solid polymers and KBr (spectroscopic grade) were thor-
oughly mixed, and this mixture was pressed to form a pellet, then 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 on a
JEOL JNM FX-100, FT-NMR spectrometer operating at 100 and
25 MHz, respectively, for 'H-NMR and "*C-NMR. Tetramethylsilane
(TMS) was used as an internal reference and CDCl; as an internal lock.

Thermal analyses of the polymers were made using thermogravimetric
analysis (TGA) 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. Molecular weights (M,, and M,,) and
molecular weight distribution (M,,/M,,) were determined with respect to
polystyrene standard by gel permeation chromatography (GPC). The
Waters Associates system used was equipped with a model 700 injector, a
model 510 HPLC solvent pump, three columns packed with Styragel of
nominal pore sizes of 500, 1000, and 10,000 A connected in series, and a
refractive index (RI) detector. The elusion rate of toluene was 0.8 mL min~".
The GPC was calibrated with polystyrene standards of molecular weights in
the range 15,000 to 4,700,000.

Viscosity measurements of the dilute solution of the homo- and
copolymers in 1,4-dioxane, isopropyl alcohol (IPA), and nitromethane
(NM) were carried out using an Ubbelohde dilution viscometer sus-
pended 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 temperaturel'”),

RESULTS AND DISCUSSION

FTIR Analysis

The structures of vinyl acetate-co-acrylate copolymers were deduced
from FTIR spectra of polymer films spread over the NaCl cell. FTIR
spectra of copolymers showed a band at 610 cm ™', characteristic of a
vinyl acetate unit due to the out-of-plane CH,-CO, bend!'”. The C=0
stretching of the ester group was observed at a 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
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observed at 1246 and 1180 cm ™', respectively, whereas an out-of-plane
C-H bend of acrylate moieties was observed at 773 cm™'. Beside this,
aliphatic stretching absorption of C-H, due to —CH, and —CH3, appears
at 2942 and 2861 cm~'. The assignments were done with the help of the

literature datal'®16-181,

"H-NMR Analysis

Assignments of 'H-NMR signals based on comparisons with pre-
viously published spectra of homopolymers!'®2% determined 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 correspond to
methylene backbone protons of VAc and CA, respectively. The methine
backbone protons («CH-) 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 (¢CH-) of the VAc unit overlapped with a signal
associated with the proton of the —OCH group of the CA unit (appeared
at around 4.70 ppm) and —CH>»- adjacent to the phenyl group of BA
(appeared at around 4.93 ppm) and hence could not be distinguished.
The aromatic protons of the BA wunit give a distinct signal at
0="7.25 ppm, whereas the signal around é =1.97 ppm is associated with
acetoxy protons (—OCOCH;) of the VAc unit.

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

N 1(—OCOCH;,)
VA¢ ™ [(—~OCOCHj;) + 3I(2CH-)

(1)

where I(—OCOCH;) and I(«CH-) represent the total peak intensities of
the proton resonances of —OCOCHj; of the VAc unit and of the «CH- of
the CA unit, respectively. The acetoxy proton of VAc resonates at
~1.97 ppm, whereas the «CH- 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 I.

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

Lo __ SI(-CHy)
VA¢ ™ 51(—CH,-) + 2I(Ph)

(2)

where [(—CH,-) and I(Ph) represent the peak intensities of the methylene
protons of the VAc unit and of the phenyl protons of the BA unit,
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respectlvely The mole fractions of monomers in the relevant copolymers
of various compositions calculated using "H-NMR are listed in Table 1.

Monomer reactivity ratios r; (VAc) and r, (CA or BA) could thus be
Calculated graphlcally using the equation proposed by Fineman and Ross
(FR)P!

X(Y =1 X2
%ZHY—Q (3)

where X = M;/M, and Y = m;/m, (as defined in Table I). On plotting
X(Y~—1)/Y versus X?/Y, the slope and intercept yielded r; (VAc) and r,
(CA or BA). The values obtained for reactivity ratios are r; (VAc) =
0.089 and r, (CA) = 1.109 for VAc and CA in P(VAc-CA) copolymer,
and r; (VAc) = 0.155 and r, (BA) = 0.390 for VAc and BA in P(VAc-
BA) copolymer.

The reactivity ratios were also determined according to the Kelen-
Tudos (K.T.) procedure®”. The resulting values of reactivity ratios
estimated were r; (VAc) = O 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 values obtained by the methods
of F.R. and K.T. agree very well with each other.

The nature of the copolymer sequence of P(VAc-CA) and P(VAc-BA)
copolymer systems is alternating!®!. The systems are in the range of
0 < 1, < 1. Since the product rir; (0.092 and 0.076 for P[VAc-CA] and
P[VAc-BA] copolymer, respectively; r; and r, were used from the K.T.
method) is closer to zero than to unity, there is a great tendency for M;
and M, to alternate in the polymeric chain!'®**!. The copolymer com-
position versus initial monomer composition plot (Figure 2) for the
P(VAc-BA) copolymer was sigmoidal and crossed the ideal line at the
point where M1 = m; = 0.390, indicating the azeotropic copolymer
composition®” Theoretlcally, the value was obtained from the following
equation and was very close (0.392) to the experimental value:

1—r,
2—1,—1,

M gritical = Micritical = (4)

The Q and e values of the Alfrey-Price Q,e scheme!®®! for CA and BA
were determined by using experimentally obtained values of the corre-
sponding reactivity ratios. The values of e, = —0.88 and Q, = 0.026 from
the literature were used for VAc, and e; and Q; were evaluated for CA
and BA using the following equations:

e, = e+ (|In ryry))”? (%)
Q) = Qy/ryexp [ey(e) —ey)] (6)
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FIGURE 2 Copolymer composition (m;) vs. initial monomer composition (M;)
plot for P(VAc-BA) copolymers.

The values were found to be e; = 0.665 and Q; = 0.075 for cyclohexyl
acrylate (CA) and ¢; = 0.725 and Q; = 0.035 for benzyl acrylate (BA),
respectively.

13C.NMR Analysis

The proton decoupled *C-NMR spectrum of all the polymers shows
characteristic resonance signals at their positions corresponding to their
constituent monomeric units. The representative '*C-NMR spectrum of
the VAc-acrylate copolymers (in 1:1 [v/v] of the two monomers) was
recorded in CDCIl; at room temperature. The assignments of various
resonance peaks due to different carbon atoms were made using the
literature datal'® 2% as well as comparison with the previously published
spectra of homopolymers®¥. The chemical shift values corresponding to
various carbon atoms present in the homopolymers and copolymers are
listed in Tables II and III respectively.

As shown in Table III, '*C-NMR spectra of all the copolymers showed
two distinct and well-resolved carbonyl carbon resonances of the VAc
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as well as the acrylate monomeric units appearing, respectively, at 6 =
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 sensi-
tivities are observed. The quaternary carbon of the MMA unit also
appears as a multiplet at around 6 = 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 II and III for various homopolymers and for copolymers,
respectively.

TGA Analysis

The thermogravimetric analysis (TGA) was done to study the thermal
decomposition of polymers and also to determine the activation energy
for decomposition. The TGA studies under air provide information
useful for industrial processing needs (e.g., extrusion, injection, molding,
calendering, etc.). Furthermore, the presence of air/oxygen introduces
some “‘leveling” effect and hence shows significant differences in the
stability of homo- and copolymers of the same family. TGA curves of
P(VAc-CA), P(VAc-BA), and P(VAc-EA) copolymers are given in Figure 3.
The natures of the thermograms of all the copolymers were found to be
similar, showing single-step decomposition. Most of the copolymers were
stable up to 380°C, although PVAc and PMA homopolymers showed
lower initial decomposition temperatures!'”. The thermal degradation of
PVACc results in the formation of acetic acid and thereby forms a double
bond in the main polymer chain. Subsequent degradation leads to color
development due to polyene (conjugated double bond) formation'®”. On
further heating, the polyenes decompose, giving hydrogen, methane,
C,-hydrocarbons, carbon dioxide, and carbon monoxide. The decom-
position of copolymers observed in the temperature range of 320°-590°C
is perhaps due to the breakdown of polymer initiated from the weak sites
(e.g., unsaturated chain ends, branching, head-to-head linkages, etc.) as
observed earlier®®. The activation energy of the decomposition (E,) was
determined using the well-known Broido method?. A straight line was
obtained on plotting In In (1/Y’) versus (1/T) (Figure 4). The slope of the
linear plot gives activation energy of decomposition®”. The data listed in
Table IV gives the initial decomposition temperature (IDT), temperature
of the maximum rate of decomposition (Tp,..), the complete decom-
position temperature (FDT), and the activation energy of decomposition
(Ea). The activation energy (E,) of decomposition values (Table 1V)
shows that both the homopolymers and copolymers synthesized from
new monomers, namely BA and CA, exhibited higher thermal stability
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FIGURE 3 Representative TGA plots of (¢) P(VAc-CA), (A) P(VAc-BA), and (®)
P(VAc-EA) at heating rate of 10 K- min~" in air.

than methyl and ethyl acrylate polymers. The higher stability of these
polymers could be due to the presence of phenyl and cyclohexyl groups in
the polymers. Additionally, PVAc shows higher thermal stability than the
respective acrylate copolymers.

GPC Analysis

The approximate number-average (M,), weight-average (My),
z-average (M,), and viscosity-average (M,) molecular weights of homo-
polymers polycyclohexyl acrylate (PCA) and polybenzyl acrylate
(PBA), determined by gel permeation chromatography, are 2.24 x 10°,
2.42 % 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
distributions (MWD) were found to be 1.08 and 1.91 for PCA and PBA,
respectively.
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FIGURE 4 Representative Broido plot of (e) P(VAc-CA), (A) P(VAc-BA), and
(®) P(VAC-EA).

Viscosity Studies

The conformation properties of polymer chains can be determined in
dilute solutions'”. The intrinsic viscosity [5] can be obtained by using
the well-known Huggins and Kraemer equations!'”. The [] values of
all the polymers are presented in Table V. It can be seen that [#] decreases
as the temperature increases, and [y] versus T plots are linear with a
negative slope. The decrease in [1] with increasing temperature indicates a
decrease in hydrodynamic volume of polymer molecules. This is due to
conformational and solvent association changes with increasing tem-
perature!®”). Increase in temperature of a polymer solution generates two
antagonistic effectsi®”). First, increase in solvent power, i.c., solubility of
the polymer in a solvent increases. This results in uncoiling of the poly-
mer chains, leading to increase in [#] with temperature. Second, increase
in temperature may lower the rotational barrier, thereby enhancing the
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TABLE IV Thermal analysis results for various (VAc-acrylate) copolymers
(50:50, v/v feed ratio)

IDT® Tonax FDT® Weight loss E.°
Samples (°C) (°C) Q) (%) (kJ mol™")
PVAc 351 378 416 68 203.2
PMA 320 415 500 89 92.0
PEA 380 441 510 87 136.3
PCA 400 445 508 80 174.8
PBA 435 503 535 80 188.2
P(VAc-MA) 390 468 538 76 114.5
P(VAc-EA) 446 503 567 68 114.0
P(VAc-CA) 388 455 490 60 142.0
P(VAc-BA) 426 497 533 62 149.5

“Initial decomposition temperature.
®Final decomposition temperature.
“Calculated using Broido method at a heating rate of 10°C min™" in air.

degree of rotation about a skeletal bond, forcing the molecular chains to
assume a more compact, coiled configuration. This leads to a decrease in
[#] with increase in temperature. In the present case, the second phe-
nomenon probably predominates over the first and thus a decrease in [#]
with a rise in temperature is observed. It is found that isopropyl alcohol
(IPA) is a theta (0) solvent for PCA at 29.6° C and nitromethane (NM) is a 0-
solvent for PBA at 46.6° C. The intrinsic viscosities [17] of PCA and PBA were
also determined over a wide temperature range above the 8-temperature in IPA
and NM, respectively. The [#]y values for PCA and PBA were determined by
extrapolating [n] versus T plot up to the 6-temperature.
The intrinsic viscosity expansion factor is determined by

o = [nly/Inly (7)

where [n]r and [n]y represent the intrinsic viscosities in ordinary and 6-
solvents, respectively. The values obtained for PCA and PBA are 1.08 and
1.49, respectively. This indicates that PBA is more swollen than PCA in their
respective 0-solvents.

The intrinsic viscosity data were used to compute activation param-
eters of the viscous flow using the procedure suggested by Frenkel dnd
Eyring® The values obtained for change in the free energy (AGV“)
enthalpy (AHVIS) and entropy (AS76 ) of activation for the viscous flow are
listed in Table V. It is observed that AH7£S and AS 7is 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 averages were
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found to be 10.3 0.1 kJ mol™! and 2.5 £0.2 J mol™' K™', respec-
tively. These low and constant values of AH?é 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 AGVlS
values can hence be computed and were found to decrease with increase
in temperature.

Voluminosity, Vg (i.e., a measured volume of solvated polymer), was
evaluated by plotting y against concentration ¢ in g dL~' where

(7> — 1]
e (1.35 75 — 0.1)] ®)

y:

and 7, is the relative viscosity of the polymer solution.

The plot was linear and extrapolated to ¢=0, and the intercept
yielded Vg. It can be seen that Vg decreases with increase in temperature
due to the desolvation effect (Table V)!%.

The shape factor, v (which suggests conformation of macromolecules
in solution), was obtained from

[n] =v Vg (9)

The v values were found to be 2.5+ 0.1 for all the systems at three
temperatures, indicating that polymer coils are spherical in nature in 1,4-
dioxane 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!®’

] = ¢o(R%)? /M, (10)

where ¢ is the universal constant, commonly known as the Flory-Fox
constant. The relative viscosities of these polymers are not much hlzgher
than unity. Hence, the solvent is assumed to be a 8-solvent and (R2 an
be calculated. The calculated values of (Rz)l/ * obtained at various tempera-
tures are presented in Table VI. As temperature increases, (R?) 12 values
decrease, indicating coiling of the polymer chain in solution.

The radius of the diffusing particle (') was calculated from!'*3%

[7] = 10n N r*/3M,, (11)

where N is Avogadro’s number. The values of 1’ thus obtained for PAC
and PAB homopolymers at different temperatures are listed in Table VI
and were found to be independent of temperature.

The quantitative relationship between the coefficient of diffusion D,
and the radius of particles was obtained by!'*>*!
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D, =R T/6m na' N 12
0 / Mg

where #; is the viscosity of solvent. The values of Dy, tabulated in Table
VI, show that D, increases as the temperature increases.

CONCLUSIONS

The free radical copolymerization reaction of VAc with CA/BA sys-
tems follows classical copolymerization theory. FTIR and '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 values of rjr, suggested a strong tendency for
monomers to alternate in the polymeric chain. Single-stage decomposi-
tion was observed for all copolymers. The viscosity activation parameters
indicate that the polymers in 1,4-dioxane solution are not cross-linked
and have reasonably ordered structures.
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