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ABSTRACT: Vinylidene chloride/ethyl acrylate (V/E) copolymers were prepared by
photopolymerization using uranyl ion as a photosensitizer at room temperature.
Copolymers were characterized by chlorine estimation, gel permeation chromatogra-
phy, 1H- and 13C-NMR, 2D heteronuclear single quantum correlation (HSQC), and
homonuclear 1H–2D double quantum filter correlation spectroscopy (DQF-COSY) .
Reactivity ratios for the copolymerization of V with E were calculated using the
Kelen–Tudos (KT) and the nonlinear error in variables (EVM) methods. The reac-
tivity ratios obtained from the EVM methods are rV Å 0.80 { 0.15 and rE Å 0.87
{ 0.04. The microstructure was calculated in terms of the distribution of V- and E-
centered triad sequences from 13C{ 1H}-NMR spectra of the copolymers. 2D HSQC
was used to analyze the complex 1H-NMR spectrum and 2D COSY shows the various
bond interactions, thus inferring the possible structure of the copolymers. q 1998
John Wiley & Sons, Inc. J Appl Polym Sci 67: 417–426, 1998

INTRODUCTION vinylidene chloride–methyl acrylate8 copoly-
mers.

13C-NMR spectroscopy in solution has been used In the continuation of our earlier work, we re-
as a powerful experimental technique to deter- port the copolymerization mechanism of V/E us-
mine the intramolecular and intermolecular ing 2D-NMR spectroscopy. A series of copolymers
chain structures of vinyl copolymers1,2–10 can of different compositions were prepared. The re-
give information about the polymerization pro- activity ratios of the comonomers were calculated
cess as the chemical shift is sensitive to struc- using the Kelen–Tudos (KT) and the nonlinear
tural and stereochemical variations.2,3 The error in variables (EVM)9 methods. The compo-
microstructure of vinylidene chloride/ethyl acry- sition of the copolymers is determined from chlo-
late (V/E), a commercially important copolymer4

rine estimation using the Schoneger tech-
whose knowledge is essential to understand the nique.10,11 The triad sequence distribution in
macroscopic properties of the polymers, has not terms of V- and E-centered triads were obtained
been reported as yet. Two-dimensional NMR from the 13C{1H}-NMR spectra of the copolymers
spectroscopy5 has now successfully entered into and are compared with those calculated from sta-
the characterization of the copolymers.6,7 Earlier, tistical model and Monte Carlo (MC) simulation
we reported the compositional assignments for methods.12

The highly complex 1H-NMR of the copolymer
Correspondence to: A. S. Brar. has been assigned to different compositional se-
Contract grant sponsor: Council of Scientific and Industrial quences with the help of 2D HSQC and 2D COSY

Research (CSIR).
experiments. 2D COSY also confirms the various

Journal of Applied Polymer Science, Vol. 67, 417–426 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030417-10 structures proposed for the copolymer chain.
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Table I Copolymer Composition Data and Molecular Weights of V/E Copolymers

Monomer
Content in Copolymer
Feed (Mol Composition
Fraction) (Mol Fraction)

MV n 1 1004 MV w 1 1004

No. fV fE FV FE % Cl % Conversion g/mol g/mol

1. 0.2 0.8 0.21 0.79 15.12 7 16 28
2. 0.3 0.7 0.31 0.69 22.31 2 13 26
3. 0.4 0.6 0.40 0.60 28.61 6 5 13
4. 0.5 0.5 0.49 0.51 35.25 5 5 13
5. 0.6 0.4 0.58 0.42 41.75 5 4 10

MV n Å number average; MV w Å weight average.

EXPERIMENTAL tent of the copolymers. The comonomer mol frac-
tions in the feed and in the copolymer along with

Ethyl acrylate (E) and vinylidene chloride (V) their chlorine contents are tabulated in Table I.
(Fluka) were distilled and stored below 57C. A se- The copolymer composition data thus obtainedries of V/E copolymers containing different mol

were used to calculate the terminal model reactiv-percents of E in the feed were prepared by photo-
ity ratios by the methods of Kelen–Tudos (KT)polymerization using uranyl ion as a photoinitia-
and the error in variables (EVM) method usingtor. Gel permeation chromatography was used to
the RREVM program. In the RREVM program,determine the molecular weight averages. The ex-
the percentage error in measuring the comonomerperimental details for the preparation of copoly-
composition in the feed and in the copolymer weremers, the composition determination, and the
taken as 1 and 3%, respectively. The values of theNMR spectra recording were discussed in our ear-
reactivity ratios obtained from the KT method arelier publication.8 The percent conversion of the co-
rV Å 0.79 { 0.05 and rE Å 0.86 { 0.03. Thesepolymers prepared was kept below 10%. The exact
values were used as the initial estimates in thedegrees of conversion are reported in Table I.
RREVM program and obtained as rV Å 0.80 and
rE Å 0.87. Figure 1 shows a 95% joint confidenceRESULTS AND DISCUSSION
interval plot for this comonomer pair. The theoret-

Reactivity Ratios and Composition Determination ical composition13 curve obtained from the copoly-
mer composition equation using terminal modelThe composition of the V/E copolymers was deter-

mined through the estimation of the chlorine con- reactivity ratios (rV Å 0.80 and rE Å 0.87) along

Figure 1 95% posterior probability contour for V/E comonomer pair.
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MICROSTRUCTURE OF V/E COPOLYMERS 419

tion of V, there is a regular decrease in molecular
weight.

13C-NMR Studies

A representative 13C{1H}-NMR spectrum of a V/
E copolymer (VÅ 50.0 mol % in the feed) in CDCl3

at room temperature is shown in Figure 3. The
various resonance peaks were assigned by com-
paring the copolymer spectrum with those of ho-
mopolymers. The resonance signals due to the
methyl group ({CH3) of E is insensitive to tac-
ticity. The methine and quaternary carbon reso-
nances showed multiplets, indicating that they
are sensitive toward the compositional sequences
and can be used for the assessment of the copoly-
merization mechanism. The resonance signals
like the carbonyl carbon signal (C|O) appearing
in the region d173.0–175.0 ppm and the oxymeth-
ylene carbon of the side-chain ({OCH2) signalFigure 2 Theoretical composition curve obtained us-
appearing in the region d60.0–62.0 ppm due toing reactivity ratios rV Å 0.80 and rE Å 0.87 along with
E units, though, show a multiplet, but as theseexperimentally determined copolymer composition (s).
resonances are complex because of overlapping
with one another, they cannot be used for pre-
dicting the copolymerization behavior. The b-with experimentally determined copolymer com-

positions is shown in Figure 2. The molecular methylene ({CH2) resonance signal which is due
to both V and E monomeric units is extended overweight averages of the copolymer are given in Ta-

ble I. With the constant increase in the composi- a wide range from d34.7–63.5 ppm which appears

Figure 3 75 MHz 13C{1H}-NMR spectrum of the V/E copolymer (FV Å 0.5).
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Figure 4 Expanded methylene carbon resonance signal of V and E monomeric units
in the 75 MHz 13C{1H}-NMR spectrum.

in three different regions, viz., d61.9–63.5, d49.0– of the chlorine atom from the methylene carbon,
which produces a deshielding effect to the carbon51.7, and d34.7–38.2 ppm assigned to VV, VE,

and EE diads, respectively, based on the position placed at the a and b positions and a shielding
effect to the carbon at the g position. A similar
inductive effect is also produced by the ester
group, although the intensity is comparatively
less. The further splittings in the methylene diads
observed in 13C{1H}-NMR is then assigned to tet-
rad sequences, viz., d62.61, d62.08–62.51, and
d61.73 ppm for VVVV, VVVE, and EVVE tetrads,
respectively, of the VV region and d50.85–51.50,
d50.20, and d49.25–49.80 ppm for VVEV, VVEE,
and EVEE tetrads, respectively, of the VE region.
In the EE diad region, tetrads are labeled as
d37.75–38.05 ppm (VEEV), d36.0–37.0 ppm
(VEEE), and d35.02–35.96 ppm (EEEE). All
these assignments are made in accordance with
the variation in signal intensity with composition.
This is depicted in Figure 4.

The methine carbon of the E unit appears be-
tween d39 and 41.8 ppm. The signals in the region
d40.8–41.3 ppm increase in intensity, while the
signals at d39.74, d40.0, and d40.15 ppm decrease
in intensity with increase in the concentration of
E units in the copolymer. By comparison with the
13C{1H}-NMR spectrum of poly(ethyl acrylate),
the signal at d40.8–41.3 ppm was assigned to
EEE compositional triads and the compositional
variation in the intensity of the signals at d39.74,
40.0, and 40.15 ppm shows that these signals can
be assigned to VEV triad sequences. The signals
at d40.4, 40.5, and 40.6 ppm were assigned to EEVFigure 5 Expanded methine carbon resonance signal

of E monomeric unit in the 13C{1H}-NMR. triad sequences. By observing the variation in the
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Table II Triad Compositions Calculated from NMR Spectra, Monte Carlo Simulations, and the
Alfrey–Mayo Model in V/E Copolymers

Feed Mole Triad Compositionsa

Fraction
Sample No. of V Triads NMRb 13C{1H} Alfrey Mayo Monte Carloc

1 0.3 VVV 0.13 0.07 0.05
VVE 0.38 0.38 0.33
EVE 0.49 0.55 0.62
EEE 0.39 0.45 0.45
EEV 0.50 0.44 0.44
VEV 0.11 0.11 0.11

2 0.4 VVV 0.17 0.12 0.10
VVE 0.45 0.45 0.44
EVE 0.38 0.43 0.46
EEE 0.37 0.32 0.35
EEV 0.50 0.49 0.48
VEV 0.13 0.19 0.17

3 0.5 VVV 0.25 0.20 0.18
VVE 0.48 0.49 0.49
EVE 0.27 0.31 0.33
EEE 0.22 0.22 0.19
EVE 0.48 0.50 0.49
VEV 0.30 0.28 0.32

4 0.6 VVV 0.35 0.30 0.31
VVE 0.47 0.49 0.49
EVE 0.17 0.21 0.20
EEE 0.18 0.14 0.09
EVE 0.42 0.46 0.43
VEV 0.40 0.40 0.48

5 0.7 VVV 0.47 0.42 0.45
VVE 0.46 0.46 0.44
EVE 0.07 0.12 0.11
EEE 0.06 0.07 0.04
EVE 0.37 0.40 0.33
VEV 0.57 0.53 0.63

6 0.8 VVV 0.63 0.58 0.62
VVE 0.32 0.36 0.34
EVE 0.05 0.06 0.04
EEE 0.01 0.03 0.02
EVE 0.27 0.29 0.21
VEV 0.72 0.68 0.77

a V- and E-centered triad fractions add up to unity.
b Triad fractions obtained using quaternary carbon and methine carbon resonance signals for V- and E-centered triads, respec-

tively, of the 13C-NMR.
c Triad fractions calculated using average reactivity ratios of rV Å 0.80 and rE Å 0.87.

resonance signal intensities, the assignment was agreement with theoretical values obtained using
rV Å 0.80 and rE Å 0.87 in Harwood’s statisticaldone up to the pentad level as shown in Figure 5.

The relative fractions of EEE, EEV, and VEV tri- model and Monte Carlo simulation14 methods
(Table II) .ads were calculated from area measurements of

these various resonance signals. Within experi- The signals, because of the dichloro-substituted
carbons of V in the copolymers, are sharp andmental error, values of E-centered triads are in
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422 BRAR AND MALHOTRA

Figure 6 Expanded quaternary carbon resonance region of V monomeric unit of the
13C{1H}-NMR spectrum in the V/E copolymer.

well separated. By following trends in the series Figure 6, which is in accordance with that pre-
dicted by Henrichs.15 The relative fractions of theof spectra, the various groups of signals are as-

signed up to the pentad level as represented in VVV, VVE, and EVE triads were obtained by mea-

Figure 7 Variation of V- and E-centered triad fractions obtained from theoretical
calculation (solid lines) and NMR spectroscopy (symbols) for the V/E copolymer plotted
against feed mol fraction (FV ) of V.
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MICROSTRUCTURE OF V/E COPOLYMERS 423

Figure 8 300 MHz 1H-NMR spectrum of V/E copolymer (FV Å 0.5).

suring areas under the respective triad sequences. Figure 8. The side-chain methyl protons are as-
These triad fractions, when compared with triad signed to d1.24 ppm (labeled A). The oxymethy-
fractions obtained using reactivity ratios rVÅ 0.80 lene protons ({OCH2) of the side chain appear
and rEÅ 0.87 in Harwood’s statistical model, were the most downfield at d4.1 ppm (labeled E). The
found to be in excellent agreement (Table II) . methine and the b-methylene proton signals of

Figure 7 shows the plots of normalized V- and the main chain overlap, covering the region d1.5–
E-centered triad concentrations against the mol 3.9 ppm. These signals are distinguished using
fraction of V. The variation of V- and E-centered the 2D 13C{

1H-HSQC NMR spectrum [Fig.
triads are as expected with a maximum fraction of 9(a)] , which gives the direct correlation of proton
EEV and VVE triads reaching a 0.45 and 0.55 mol and carbon atoms. Since in the 13C-NMR spec-
fraction of V, respectively. In the figure, the solid trum the methine region (d39.7–41.2 ppm) is
lines represent the theoretically calculated (Alfrey completely separable from the methylene reso-
Mayo) triad fractions, whereas symbols represent nance signals and is correlated to protons at
the experimentally determined (NMR) triad frac- d2.25–2.45, d2.8–3.1, and d3.3–3.6 ppm, the re-
tions. gions d2.25–2.45, d2.8–3.1, and d3.3–3.6 ppm

The Monte Carlo (MC) simulation method was thus correspond to the methine protons of EEE,
also used to monitor the changes in copolymer EEV, and VEV triads (labeled C1, C2, and C3) in
sequence behavior during the course of polymer- the 1H-NMR spectrum. 2D HSQC shows the cross
ization and the V- and E-centered triads obtained peaks which help to label the 1H-NMR up to pen-
from this method are also in good agreement with tad sequences, viz., d39.74/3.39 ppm for VVEVV,
the experimentally calculated values from NMR

d39.96/3.47 ppm for EVEVV, and d40.15/3.53
which is predicted from the correlation coefficient.

ppm for EVEVE sequences, and similarly, d40.37/The correlation coefficient for both NMR–Alfrey
2.85 ppm for VEEVV, d40.48/2.90 ppm forMayo and NMR–MC is R Å 0.975.
EEEVV, and d40.61/2.98 ppm for EEEVE pentad
sequences. The pentads of the EEE triads overlap

1H-NMR and 2D-NMR Studies in the 1H-NMR at d2.38 ppm. All these assign-
ments are shown in Table III. The 2D HSQC spec-The 1H-NMR spectrum of the V/E copolymer (Fv

Å 0.5) in CDCl3 recorded at 27.67C is shown in trum [Fig. 9(b)] also gives clear information re-
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424 BRAR AND MALHOTRA

Figure 9 (a) 75 MHz 2D-HSQC NMR spectrum of the V/E copolymer (FV Å 0.5).
(b) Expanded region of the 2D-HSQC NMR spectrum.
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Table III Information Obtained from the 2D HSQC Spectrum

Chemical Shift (ppm)
Label in

Region 13C{1H} 1H Assignment 1H-NMR

Methyl 13.5–14.5 1.16–1.35 — A

Oxymethylene of side chain 60.0–62.0 4.05–4.25 — E

Methine 41.21, 40.99, 40.79 2.38 EEEEE, VEEEE, VEEEV C1

40.61 2.98 EEEVE C2
40.48 2.90 EEEVV(VEEVE)
40.37 2.85 VEEVV

40.15 3.53 EVEVE C3
39.96 3.47 EVEVV(VVEVE)
39.74 3.39 VVEVV

Methylene of main chain 35.02–35.96 1.56–2.1 EEEE B
36.0–37.0 — EEEV (VEEE)
37.75–38.05 — VEEV

49.25–49.80 2.1–3.2 EVEE D
50.20 — EVEV(VVEE)
50.85–51.50 — VVEV

61.73 3.8 EVVE F
62.08–62.51 3.57 EVVV(VVVE)
62.61 3.39 VVVV

garding the b-methylene protons. The methylene are triad-sensitive, show the J coupling with the
methylene protons. In the VEV triad, the centralprotons which are spread in three different re-
methine proton is coupled to the same type ofgions are assigned, viz., d1.55–2.1 ppm for meth-
methylene protons (V type) on either side whichylene protons incorporated between {CHCOO-
appear at d3.53/3.05 ppm. The methine proton ofCH2CH3 on both sides (labeled B), d2.1–3.2 ppm
the VEE (EEV) triad is coupled to both types offor methylene protons in between {CHCOO-
methylene protons, viz., V type (d2.90/3.08 ppm)CH2CH3 on one side and {CCl2 on the other (la-
and E type (d2.98/2.68 ppm). Another cross peakbeled D), and d3.3–3.9 ppm for methylene incor-
appearing at d2.38/2.75 ppm is due to the cou-porated between {CCl2 on both sides (labeled
pling of methine protons of the EEE triad withF). 2D HSQC helps to assign the methylene pro-
methylene protons of the E type on both sides.tons on 1H as tetrads, viz., d3.39 ppm for VVVV,

The coupling between methylene protons isd3.57 ppm for VVVE (EVVV), and d3.8 ppm for
also very much evident in the COSY spectrum,EVVE. All the tetrads of the VE and EE diad
which could be due either to head-to-head methyl-region are spread over d2.1–3.2 ppm and d1.56–
ene–methylene couplings or because of coupling2.10 ppm, respectively. Further splittings are
between unequivalent protons of the methylene inseen for each of the tetrads on the 1H, which indi-
the unsymmetrical sequences. Since in the COSYcates that 1H-NMR is more sensitive than is 13C-
spectrum no methine–methine coupling (CH{NMR for the methylene region. These splittings
CH) cross peaks are seen, and for the two quater-may be due either to higher compositional se-
nary carbon (CCl2{CCl2) linked together, thequences or to configurational splittings.
COSY spectrum does not show cross peaks, there-The 1H-2D COSY NMR of the V/E copolymer
fore no such linkages are possible in the polymer(FV Å 0.5) recorded in CDCl3 is shown in Figure
chain.10, which gives a better insight for studying the

polymer structure. The cross peaks at d4.1/1.25
CONCLUSIONSppm show the coupling between the oxymethylene

proton (OCH2) of the side chain and the methyl The microstructure of V/E was determined with
the help of 13C{1H}-NMR spectroscopy. The V/E(CH3) proton. The methine (CH) protons, which
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Figure 10 300 MHz 1H-NMR 2D-COSY spectrum of V/E copolymer (FV Å 0.5).
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