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ABSTRACT:

Sequence distributions of acrylate-methacrylate copolymers were evaluated with

Yamaguchi—-Yokoyama’s pyrogram. The diad concentration ratio of P,(acrylate-acrylate) to
P,(acrylate-methacrylate) was empirically estimated by the peak area ratio of related acrylate
monomer to dimer. Sequence distributions of diad in the ethyl acrylate (EA)-butyl methacrylate
(BMA) copolymer, synthesized under different conditions, were comparatively evaluated. Their
sequence distributions were also possible to evaluate by the peak area ratio of EA-EA dimer to
EA-BMA dimer on their pyrogram. The results from the former method were in good agreement
with those from the latter method. Furthermore, the method principally the same as the former was
applied to evaluate the diad concentration ratios in EA-butyl acrylate (BA)-BMA terpolymers.
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Pyrolysis gas chromatography has been fre-
quently utilized not only for the qualitative
and compositional analysis but also for the
evaluation of the sequence distributions of
copolymers.!~* Recently, the authors de-
scribed a method for determining the com-
positions of acrylic multi-component polymers
by using the characteristic peak area ratio on
their pyrograms.® As the peak area ratios for
acrylates to methacrylates were not precisely
equal to the ratio of their monomer units in the
copolymers, correlation factors between these
ratios were obtained empirically.

In this work, the sequence distributions
of acrylate-methacrylate copolymers were
studied by using the peak area ratio of the re-
lated acrylate monomer to dimer as described
in the previous paper. The ratio should vary
with the sequence distribution of acrylate and
methacrylate units, e.g., the diad concentra-
tion ratio of P,(acrylate-acrylate) to P,(ac-
rylate-methacrylate). Although the sequence
distributions of acrylic copolymers have

been, to a great extent, studied by NMR,°
by the proposed method those of multi-com-
ponent copolymers can be estimated more
easily.

EXPERIMENTAL

Samples

The copolymer samples were synthesized by
the radical polymerization in a flask equipped
with a stirrer, a nitrogen inlet, and an initiator
inlet tube. Polymerization was carried out
always using a monomer mixture (78.4g) in
the presence of xylene (120.0g) and ¢-butyl
peroxyisopropyl carbonate (1.6g, Nippon
Oil & Fat Co.) as a radical initiator, at 120°C
under a nitrogen gas atmosphere. The initi-
ator dissolved in xylene (40.0g) was slowly
added to the monomer mixture with xylene
(80.0g) over 1h, and the polymerization was
discontinued after an additional 3h. By this
method, EA(ethyl acrylate)}-BMA (butyl meth-
acrylate) copolymers (EA/BMA mole ratio=
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9/1, 82, 7/3, 6/4, 5/5, 4/6, 3/7, 2/8 and 1/9),
EA-EMA (ethyl acrylate) copolymers (EA/
EMA mole ratio=8/2, 6/4, 4/6, and 2/8),
BA (butyl acrylate)-MMA (methyl methacry-
late) copolymers (BA/MMA mole ratio=
8/2, 6/4, 4/6, and 2/8) and a EA-BA-BMA
terpolymer (EA/BA/BMA mole ratio=3/3/4)
were obtained. Other polymer series of
EA-BMA copolymers (EA/BMA mole ratio=
5/5, the time of EA addition=5, 10 and
20min) and a EA-BA-BMA terpolymer
(EA/BA/BMA mole ratio=3/3/4, the time
of BA addition=15min) which have differ-
ent sequence distributions, were also obtain-
ed by adding the initiator plus one comono-
mer solution to the other monomer solu-
tion. The composition of the samples was
calculated from the monomer feeds by mea-
suring the residual monomers by gas chro-
matography, and thus the conversion yield
proved to be almost 1009, as for each sam-

ple.

Conditions of Pyrolysis Gas Chromatography
An induction heating pyrolyzer (Curie-point
pyrolyzer; Japan Analytical Industry, Model
JHP-2) was attached to a gas chromatograph
(Hitachi, Model 163). An aliquot of the so-
lution of samples (the amount of polymer was
less than 0.1 mg) was deposited on a piece of
foil, whose curie temperature was 590 °C, and
after removing the solvent, the foils coated
with samples were used for the following pro-
cedure. Then the sample was pyrolyzed at

Table I. Gas chromatographic conditions

Conditions Pyrogram

Glass column (2m x 3mm i.d.) packed with

10% Thermon-3000 on Chromosorb W
(60—80 mesh).

Programmed from 50 to 220°C at SK min™!

Figure 3

Glass column (2m x 3mm i.d.) packed with
109 Silar 10°C on Gaschrom Q

(100—120 mesh).
Programmed from 50 to 220°C at 5K min~*!

Figure §
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590 °C under a flow of nitrogen carrier gas. A
glass column packed with Thermon-3000 or
Silar-10 C was used. The conditions of gas
chromatography are summarized in Table I.
The peak areas were measured by an in-
tegrator (Shimadzu, Chromatopac CRI1A).
Identification of the peak was carried out by a
pyrolysis-gas chromatograph-mass spectrom-
eter system (JEOL, JMS-D300).

RESULTS AND DISCUSSION

Evaluation of Sequence Distributions Using
Peak Area Ratio of Acrylate Monomer to
Dimer
It has been reported that the thermal deg-

radation of acrylate-methacrylate copoly-

mers changes with the sequence distributions
of their associated monomer units.*>7 Figure

1 summarizes the variation of the relative

yields of the monomer to dimer from a copo-

lymer and a homopolymer mixture. With the
increase of the hybrid diad P,(acrylate—
methacrylate) in the polymer, the yield of the
acrylate monomer increased while that of the
acrylate dimer decreased. Therefore, the ratio
of acrylate monomer to dimer yields might be

a good measure for the sequence distributions.
In this work, EA-BMA copolymers as men-

tioned above, were studied to investigate the

relationship bétween the ratio of monomer to

dimer and the sequence distributions. Figure 2

shows the relationship of the ratio of monomer

to dimer and the theoretical ratio of diad
concentrations P,(EA-EA) to P,(EA-BMA)
in the EA-BMA copolymers. The theoretical
diad concentrations were calculated by assum-
ing that the copolymerization proceeded ac-
cording to the Mayo—Lewis equation in every

I mol%, conversion of the polymerization

process. The monomer reactivity ratios were

calculated from the following Q and e values®
for EA and BMA: 0.42 and 0.62; 0.67 and

0.43; respectively. The hybrid concentration

P,(EA-BMA) was estimated by the following

relations: P,(EA-EA)+P,(BMA-BMA) +

Polymer J., Vol. 17, No. 10, 1985
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Figure 2. Relationship between the ratio of related
acrylate monomer/dimer in pyrolytic products and the
diad concentration ratio of P,(acrylate-acrylate)/P,
(acrylate—methacrylate): A, acrylate; M, methacrylate.
Samples: @, EA-BMA; O, EA-EMA; A, BA-MMA
copolymer.

P,(EA-BMA)=1.

From the relationship shown in Figure 2,
the diad concentration ratio P,(acrylate—
acrylate) to P,(acrylate-methacrylate) can be
easily estimated by the acrylate peak area ratio
of monomer to dimer. In practice, the results
obtained in the cases of EA-EMA copolymers
and BA-MMA copolymers showed good
agreement with those of EA-BMA copoly-
mers as shown in Figure 2 (Q and e values for
EMA, BA and MMA: 0.70 and 0.44; 0.43
and 0.53; 0.74 and 0.40).

In six repeated measurements of the
monomer/dimer ratio, the standard deviations
and the coefficients of variation were 0.33 and
2.38% for an EA-BME copolymer (EA/
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Variation of acrylate monomer/dimer ratio in pyrolytic products with sequence distributions.

BMA =4/6), and 0.15 and 5.89%, for another
copolymer (EA/BMA =8§/2).

Evaluation on Sequence Distributions Using

Peak Area Ratio of Dimers

From the relationships shown in Figure 2,
the sequence distributions can be estimated
using the monomer/dimer ratio. To validate
this method (Method 1), we investigated the
diad concentrations by another method using
other peak area ratios.

Figure 3 shows the pyrogram of an
EA-BMA copolymer. EA-BMA hybrid dimer
peaks are observed besides those for the
EA-EA dimer. The relation of the ratio of
dimer peak area EA-EA/EA-BMA and the
ratio of diad concentration P,(EA-EA)/
P,(EA-BMA) is shown in Figure 4. The plot
gives a fairly good straight line (r=0.67). The
diad concentrations can thus be estimated
using the dimer ratio (Method 2). In six re-
peated measurements, the standard deviation
of the dimer ratio and the coefficients of
variation were 0.03 and 5.13% for the former
EA-BMA copolymer (EA/BM=4/6), and
0.14 and 4.119%, for the latter one (EA/
BMA =8)/2), respectively.

To evaluate applicability of Method 1, the
analytical results are compared with those
from the Method 2. For this comparison, the
copolymer samples are synthesized by adding
EA monomer plus an initiator to BMA
monomer, to obtain the copolymer of EA/
BMA ratio of 5/5 in mole ratio. In this po-
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Table II. Analytical diad concentrations of samples (EA/BMA =5/5)
The time Diad concentration
of EA Monomer
t1 a b
Sample addition /Dimer Method 1 Method 2
min P,(EA-EA) P,(EA-BMA) P,(BMA-BMA)P,(EA-FA) P,(EA-BMA) P,(BMA-BMA)
A 0 9.9 0.25 0.50 0.25 0.26 0.48 0.26
B 5 6.7 0.30 0.40 0.30 0.29 0.42 0.29
C 10 5.5 0.32 0.36 0.32 0.32 0.36 0.32
D 20 5.1 0.33 0.34 0.33 0.33 0.34 0.33
2 Using the ratio of EA monomer to dimer.
°® Using the ratio of EA-EA to EA-BMA dimer.
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Figure 3. Typical pyrogram of EA-BMA copolymer
(EA/BMA mole ratio=8:2); Peaks 1, EA; 2, BMA; 3,
EA-EA dimer (1) CH,-CH,-CH, ; 4, EA-EA
00C,Hs; COOC,H;
dimer (2) CH,=C—CH,—CH, 5,EA-BMA dimer (1)

00C,H; COOC,H,
H,
H,-CH,-CH

00C,H, COOC,H, ¢,
H,
CH,=C—CH,—CH

00C,H; COOC,H,

EA-BMA dimer (2)

lymerization, the samples which have dif-
ferent sequence distributions of monomer
units can be obtained by changing the dura-
tion of EA addition. Table II shows the
analytical results of diad concentrations. As
the duration of EA addition becomes longer,
the concentration P,(EA-EA) becames larg-
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Figure 4. Relationship between the peak area ratio of
EA-EA dimer/EA-BMA dimer in pyrolytic products
and the diad concentration ratio of P,(EA-EA)/P,(EA-
BMA).

er, and the results from Methods 1 and 2
show in good agreement. Thus, we con-
clude that the sequence distributions can be
evaluated by using the acrylate monomer/
dimer ratio.

Application to Sequence Distributions of EA-

BA-BM A Terpolymers

The sequence distributions of EA-BA-
BMA terpolymers which were synthesized
in different ways, were comparatively eval-
uated using the acrylate monomer/dimer
ratio. The polymerization was carried out to
obtain the terpolymers with the EA/BA/BMA
ratio of 3/3/4 (mole ratio), in two different

Polymer J., Vol. 17, No. 10, 1985
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Table III. Results of pyrolytic analysis
The time of Analytical . Monomer/Dimer®
BA addition composition
Sample
min EA BA BMA EA BA
A 0 28.1 31.7 40.2 5.3 49
B 15 28.1 29.4 42.5 6.1 3.6

2 'The composition (mole ratio) calculated by pyrolysis analysis proposed in the previous paper.

® Peak area ratios in the pyrogram.

1 3
10
789
6
45
0 10 20 30 40
Retention time, min

Figure 5. Typical pyrogram of EA-EA-BMA ter-
polymer: Peak 1, EA; 2, BA; 3, BMA; 4, EA-EA dimer
(1); 5, EA-EA dimer (2); 6, EA-BMA dimer (1)+(2); 7,
EA-BA dimer (1); 8, EA-BA dimer (2); 9, BA-BMA
dimer (1) +(2); 10, BA-BA dimer (1) +(2).

ways: i.e., addition of the initiator solution to
the monomer mixture of EA, BA and BMA
(Sample A); and addition of the initiator plus
BA monomer solution to the monomer mix-
ture of EA and BMA (Sample B).

Figure 5 shows the pyrogram of EA-BA-
BMA terpolymer, including peaks for EA-EA,
BA-BA dimer and EA-BA hybrid dimer as
acrylic dimers. Table III shows the analyti-
cal compositions of the samples by the use of
the peak area ratio of monomer to dimer
for EA and BA cited in the same table. To
calculate the ratio of monomer to dimer,
the EA-BA hybrid dimer peak area in the
pyrogram was divided by considering the rel-

Polymer J., Vol. 17, No. 10, 1985

Table IV. Ratio of diad concentrations evaluated
using acrylate monomer/dimer ratio

[P,(EA-EA) [P,(BA-BA)
Sample  +P,(EA-BA)] +P,(EA-BA))
/P,(EA-BMA) /P,(BA-BMA)
A 1.0 1.0
B 0.9 1.5

ative sensitibity for FID detector of EA and
BA, and added to the EA-EA and BA-BA
dimer peak areas, respectively. The analytical
compositions obtained by the former method
proposed in the previous paper® were in good
agreement with those of samples. Therefore it
may be said that the monomer/dimer ratios for
EA and BA indicate the sequence distributions
of samples.

The diad content ratio of P,(acrylate-
acrylate) to P,(acrylate-methacrylate) could
be estimated from the same relation for the
ratio of monomer to dimer as shown in Figure
2. In cases of EA-BA-BMA terpolymers, the
diad ratios of EA: [P,(EA-EA)+P(EA-BA)]
to P,(EA-BMA) and that of BA: [P,(BA-
BA)+P,(BA-EA)]/P,(BA-BMA) should be
estimated with these relationships. The ob-
served values of the samples are shown in
Table IV.

Considering the polymerization processes,
the content of P,(BA-BA) would be larger and
that of P,(BA-BMA) smaller in sample B. The
results obtained using monomer/dimer ratio

agree with this prediction. Table V shows the
observed percentages for individual dimer
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Table V. Percentage of pyrolytic dimer products

Pyrolytic dimer product

Sample %2
EA-EA EA-BMA EA-BA BA-BMA BA-BA
A 7.4 14.0 30.2 25.5 22.9
B 7.0 12.9 28.1 21.7 30.3

2 Calculated by the dimer peak area observed in the pyrogram.

products in the total area of peaks. Although
these values do not agree with the diad content
from the standpoint of boundary effects, in
comparison of Sample B with A, the content
of the BA-BMA dimer decreases and that of
BA-BA dimer increases remarkably. These
differences also support the estimation made
by use of the monomer/dimer ratio (see
Table IV).
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