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ABSTRACT: Monomer reactivity ratios r; and r; can be determined from a single
sample of a copolymer if the mole fraction of each dyad is given. Similar treatment
is possible for ratios rii, iz, ra1, and re if the mole fraction of each triad is given. Ac-
cording to this method of determination of monomer reactivity ratios riz and rz2 were
obtained for acrylonitrile (M:;)—methyl methacrylate (Mz) system based on the values
of mole fraction of three kinds of triad, namely, 121, 122 (and 221), and 222, which
were evaluated from the relative intensities among corresponding three OCHj peaks in
its NMR spectrum. These ratios were insensitive to the feed ratios of monomers,
slightly affected by the species of penultimate units, and considerably affected by the
homogeneity of the system. These monomer reactivity ratios decreased with polymeri-
zation temperature. These conclusions could not be obtained if the monomer reactivity
ratios were not determined from a single sample, because the estimated errors were
comparable order of magnitude with the difference among experimental values in

traditional methods.
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Mayo—Lewis theory'™ is widely accepted as

a tool to describe the propagation reaction in
radical copolymerization using two parameters.
However, there are some criticisms against
this theory, i.e.,

1. The propagation reaction does not only
depend on the species of the radical in the
growing end and the adding monomer but also
on those of preceding units in the growing chain.
This effect is called penultimate unit effect.

2. The two parameters which are called
monomer reactivity ratios are not universal
constants decided by the species of radical and
monomer, but they are affected by the environ-
ment such as polymerization temperature,
solvent, polarity and so on.

3. Statistical nonstationarity and kinetic non-
steadiness must be considered in order to des-
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cribe the reaction.

The first criticism has been treated theoreti-
cally,’ and some experimental results have been
also reported. For example, in the system of
acrylonitrile (M,) and methyl mathacrylate (M,)
four kinds of monomer reactivity ratios are
given by’

r11:O.39 N
r12:1.56 s

r2;=0.20

1
re=1.01 (H

The second criticism has been studied experi-
mentally by Lewis himself” and he reported
the independence of monomer’ reactivity ratios
on polymerization temperature. However, in
the system of styrene (M,) and cinnamic acid
(M,) the relation

(2)

has been reported.® The last criticism has also
been treated theoretically by Fueno and Furu-
kawa.?

ry=(3.740.4) exp (—(0.23--0.03)/T)
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These criticisms were presented a few years
after the original theory of Mayo and Lewis,
but one can find only a few experimental studies
on them. The main reason why these criticisms
are not detected experimentally seems to lie on
the method of estimating monomer reactivity
ratios. Generally, the ratios are estimated by
the plot of many data which are obtained from
samples with different feed ratios. The Fineman
—Ross method' is a typical one. Such reac-
tivity ratios obtained from many data include
experimental errors which are inevitable. Of
course, this error can be considerably reduced
by averaging several data. This statement is
true if the data used in the averaging are ob-
tained under the same conditions. If the data
used are obtained in different conditions such
as with a difference in monomer feed ratios,
then the other disadvantage occurs, namely, the
dissipation of characteristics of the data due to
the difference of condition. For example, if
the difference in monomer reactivity ratios due
to the difference in polymerization temperature
is comparable with that due to the difference
in monomer feed ratios, one cannot obtain the
polymerization temperature dependence of mono-
mer reactivity ratios by traditional methods.
One must develop a new method to determine
the monomer reactivity ratios from the data on
a single sample.

The purpose of this paper is to report the
derivation of the formulae to determine the
monomer reactivity ratios in copolymerization
reactions from a single sample and the applica-
tion of these formulae to the system of acry-
lonitrile and methyl methacrylate.

THEORETICAL

If the mole fractions of dyads are given for
the system of binary copolymerization of M,
and M,, monomer reactivity ratios r; and r,
can be determined form the values of these
fractions in a single sample by the assumption
of statistical stationarity. This is because there
are three kinds of dyad fractions, namely, I(11),
I(12) and I(22), and any two members of them
are independent of the other by the normaliza-
tion condition
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I(11)+1(12) +1(22)=1 (3)

The notation I(12) includes the fractions of 12-
and 21-dyads because of the indistinguishability
of these two dyads in dead polymers. The fact
that the above number of independent variables
is equal to the number of kinds of monomer
reactivity ratios implies the possibility of the
determination of monomer reactivity ratios from
a single sample. Such a method to determine
the monomer reactivity ratios has already been
obtained by one (R.C.)! of the present authors
as

_ [M,°] 21(11)
T IM,°] (112)
__[Ml"] 2I(22)
M, I(12)

51

(4)

2

for the case of low conversion. In these equa-
tions [M,°] and [M,°] denote the molarities of
initially fed monomers, M; and M,. These
formulae can naturally be extended to the
formulae to determine the monomer reactivity
ratios ryy, ry, Fia, and r,, from the mole frac-

tions of triads in a single sample. They are as
follows
L IM,°] 21(111)
TIMe] T12)
_ [M,°] 1(112)
M, 0] 21212)
. (5)
L IMy7] T(122)
T IM,°] 21(121)
[M,°] 21(222)
Faz= °
[M,°] 1(122)
EXPERIMENTAL

Acrylonitrile of commercial grade was purified
by washing with aqueous NaOH solution and
with distilled water. After these processes it
was dried with calcium chloride and with cal-
cium hydride. The fraction boiling at 45~46°C
(250 mm) was used as monomer, M;.

Methyl methacrylate of commercial grade was
purified by successive washings with saturated
aqueous Na,S,0; solution, with aqueous NaOH
solution and with ‘aqueous NaCl solution. It
was dried with calcium chloride and with cal-
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cium hydride. The fraction boiling at 43~
43.5°C (20 mm) was used as monomer, M.

Tetrahydrofuran was purified by the addition
of KOH and of CuCl, and distilled.

Benzoyl peroxide was recrystallized from the
chloroform solution.

Copolymerization was carried out using 20g
of total monomers (M; and M,) in 25m/ of
solvent. Solvent used was tetrahydrofuran and
n-hexane. The reaction was carried out in a
sealed ampoule with 0.4 mol % of initiator to
total monomers. The reaction was stopped by
methanol. After decantation the precipitate was
successively washed by methanol. The conver-
sion of all samples was less than 2.5%. In
the copolymerization at 80 and 100°C initiator
was not used.

High-resolution nuclear magnetic resonance
(NMR) of the samples obtained was measured
in benzonitrile solution by JNM C-60H and
JNM-PS 100 spectrometers at 130°C.

RESULTS AND DISCUSSION

The region assigned to methoxyl protons in
NMR spectra of acrylonitrile—methyl methacry-
late copolymers splits into three peaks as shown
in Figure 1. This phenomenon had already
been found by Johnsen'” and Guillot."® The
latter concluded that this splitting did not orig-
inate from cotacticity, because of insensitivity
of the splitting pattern to the operating fre-
quency of the spectrometer.

Some of the methoxyl resonances in NMR
spectra were reproduced in Figure 2. The peak
centered at 3.86 ppm from hexamethyl disiloxane
used as a standard clearly grows with decrease
of mole percent of fed monomer of methyl
methacrylate, while the peak at 3.74 ppm damps
its relative intensity. Thus, one can safely as-
sign these three peaks to M;M,M;, M;M,M,,
and M,M,M, triads from the lower to upper
fields. The location of the last peak coincides
with the methoxyl peak in poly(methyl meth-
acrylate).

Monomer reactivity ratios r;, and ry, are de-
termined by the substitution of the quantities,
I(121) and so on, by the relative intensities of
the three peaks above mentioned.

Figure 3 is the plot of ry, and r,, against the
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feed ratio, [M;°]/[M,°], in the homogeneous
polymerization initiated by benzoyl peroxide in
tetrahydrofuran at 40°C. Both of r, and ry
are independent of [M,°]/[M,°], and one has

rp=1.3540.05, r,=128+0.01  (6)

as the values of the monomer reactivity ratios
in the system. These values do not coincide
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CHEMICAL SHIFT FROM HMDS ( Ppm)
Figure 1. High resolution NMR spectra of poly
(methyl methacrylate) and acrylonitrile—methyl
methacrylate copolymer initiated by benzoyl per-
oxide in tetrahydrofuran at 40°C.
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Figure 2. Methoxyl resonance in NMR spectra
of acrylonitrile—methyl methacrylate copolymer
initiated by benzoyl peroxide in tetrahydrofuran
at 40°C.
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with those in eq 1. It can be concluded for
the homogeneous system that monomer reacti-
vity ratios, r, and r,, are independent of feed
ratios, and r, is slightly affected by the species
of penultimate units.
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Figure 3. Dependence of riz and r on ([M:°]/
[M:°]) in the copolymerization of acrylonitrile
(M;) and methyl methacrylate (Ms) initiated by
benzoyl peroxide in tetrahydrofuran at 40°C.
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Figure 4. Dependence of ri2(@®) and rz(Q) on
(IM:°]/[M:°]) in the copolymerization of acryloni-
trile (M;) and methyl methacrylate (Mz) initiated
by benzoyl peroxide in n-hexane at 40°C.

A similar procedure was carried out for the
samples by heterogeneous polymerization ini-
tiated by benzoyl peroxide in n-haxane at 40°C,
and one has Figure 4 and

112=0.73+0.04 ,  r,=0.70-0.03  (7)

Figure 5 is the result of similar analysis in
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Figure 5. Dependence of ri(@®) and r:(QO) on
(IM1°)/[M2°]) in the bulk copolymerization of
acrylonitrile (M;) and methyl methacrylate (M)
initiated by benzoyl peroxide at 40°C.
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Figure 6. Dependence of rix(@) and r(QO) on

reaction temperature in the copolymerization of

acrylonitrile (M) and methyl mathacrylate (Mz)

at [M;°]/[Ms°]=1.26 initiated by benzoyl peroxide

(or initiated thermally in tetrahydrofuran.
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Table I. Dependence of monomer reactivity ratios on polymerization temperature for
the samples produced by homogeneous polymerization in tetrahydrofuran

Polymerization Feed ratio,

Triad fraction

Reactivity ratios

temp, °C  [Me°JIM=°1 191y 1220 1222 ris ras
40 12.6 0.236 0.506 0.258 1.35 1.28
60 1.26 0.241 0.501 0.258 1.31 1.30
80 1.02 0.214 0.497 0.289 1.19
100 1.26 0.260 0.503  0.243 1.22
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bulk polymerization initiated by benzoyl per-
oxide at 40°C. In this case one has

re=12840.03, r,=126-0.01 (8)

In all cases the monomer reactivity ratios, ry,
and r,, were independent of feed ratios, and r,
was slightly affected by the species of the pe-
nultimate units. However, monomer reactivity
ratios were considerably affected by the homo-
geneity of system.

Figure 6 is the plot of r,, and ry, against the
reaction temperature in copolymerizations cor-
responding to those in Figure 3. Monomer
feed ratios were almost identical with each
other as seen in Table I. Monomer reactivity
ratios clearly decreased with reaction tempera-
ture.
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