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ABSTRACT

Cyclopolymerization kinetics of the nonconjugated diviny! monomer
N,N'-methylenebisacrylamide (MBA) initiated by two different redox
systems, trisacetatomanganese(Ill) dihydrate with either ethylene gly-
col or mercaptoethanol, in aqueous acetic acid at 35-50°C were inves-
tigated. Rates of polymerization and manganic ion disappearance
were measured, and rate equations were derived from the observed
dependence. Rate parameters were correlated with the differences in
the reactivities of the radicals produced by the two systems toward the
monomer and the metal ion. The rate of polymerization of MBA was
compared with that of analogous monovinyl monomers.
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INTRODUCTION

The preceding communication [1] deals with the kinetics of cyclopolym-
erization of N,N'-methylenebisacrylamide (MBA) initiated by the Mn(OAc); -
glycerol redox system, and here we are reporting a kinetic study of the same
cyclopolymerization with two other redox pairs, Mn(OAc); -ethylene glycol
(EG) and Mn(OAc); -2-mercaptoethanol (ME), under homogeneous condi-
tions in 30 vol% aqueous acetic acid in the presence of dilute HySO4. In all
these cases the same mechanistic sequence was found to be followed, namely,
complexation between Mn(1Il) and reductant, dissociation of the complex to
produce initiating free radicals, propagation by cyclopolymerization [2], and
mutual termination of growing polymer radicals, as described in detail in Part
1{1].

However, the observed kinetic order with respect to the monomer and the
oxidant differed considerably among these three redox pairs, which could be
attributed to differences in the reactivity among the initiating radicals toward
the monomer and Mn(Il). This difference is also reflected in the rate param-
eters calculated from the observed kinetic data (Table 1).

EXPERIMENTAL

The preparation of trisacetatomanganese(II) dihydrate [3], purification of
the monomer, polymerization procedure, and measurements of rates of polym-
erization and the rate of manganic ion disappearance were all reported in Part
I [1]. All experiments were carried out in 30 vol% aqueous acetic acid. The
considerable stability of Mn(OAc)s , 2H, O in glacial acetic acid indicated the
absence of the disproportionation of Mn(III) to Mn(II) and Mn(IV). This
stability was confirmed by the constancy of the visible spectrum of
Mn(OAc);.2H, O (Fig. 1). The oxidant strength of Mn(III) in solution, de-
termined by cerimetry, was also constant up to 100 min,

RESULTS AND DISCUSSION
Under the polymerization conditions, the steady state was attained within

10 min, as evidenced by the conversion vs time plots. In the following dis-
cussion, the symbols and equations of Part I [1] are used.
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FIG. 1. Visible spectra of Mn(OAc);,2H; in glaciai acetic acid: (A) 5 min,
(B) 100 min after dissolution. [Mn(III}] = 0.613 mmol/L.

Rate of Manganic lon Disappearance

In the absence of monomer, the rate of oxidation R, = -d [Mn(II)] /dt of
either of the reductants (Red), EG or ME, by Mn(III) was proportional to
[Mn(IID)], as indicated by the plots of R, vs [Mn(III)]. The variation of
R, with the reductant concentration, [Red], indicated complex formation
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which could be graphically treated by the method of Lineweaver and Burk
[4]. The plots of Ry, ™! vs [Red] ! at constant [Mn(l1I)] were linear with
an intercept on the rate axis for both ME (Fig. 2A) and EG.

The 1:1 complex formation between Mn(IIT) and EG or ME was also evi-
denced by Job’s method of continuous variation with an optical density maxi-
mum for the 1:1 molar mixture of Mn(III) and reductants (Fig. 3).

In the presence of the monomer, the rate of manganic ion disappearance
followed the same order. The plots of Ry, vs [Mn(III)] were linear (Fig. 2E
and F). With EG, R,, in the presence of monomer was not very much dif-
ferent from that in the absence of monomer (Fig. 4A and B); but with ME,
the rate in the presence of monomer (Fig. 2B) was lower than that in its ab-
sence (Fig. 2A). This may be taken as positive evidence that the primary
radicals R are effectively scavenged by the monomer in the MBA-Mn(III)-
ME system, that is, k;[MBA] >> ko [Mn(III)] ; but in the MBA-Mn(I1I)-EG
system, the free radical initiation of the monomer is negligible, that is,
ko IMn(III)] > k;[MBA]. This is substantiated by the values of the rate
parameters kg, K, and k¢ /k; calculated from the slope and intercept of the
plots of Ry, vs [Red] ', and R, vs [Red] ! (Fig. 4C). These values,
along with those for the MBA-Mn(III)-glycerol systems, are given in
Table 1.

The manganic ion disappearance in the presence and absence of mono-
mer was independent of added [Mn(Il}], [H*], and ionic strength. The rate
law for the disappearance of Mn(III) was found to follow Eq. (11) part of
[1]. The measured rate Ry, is related to total Mn(11I), regardless of the
species. Since ko [Mn(III)] > k;[MBA] in the MBA-Mn(III)-EG system,
Ry, obeys Eq. (13) of Part 1 [1]. For the MBA-Mn(III)-ME system, since
ki[MBA] > k&, [Mn(IlT)], the rate equation reduces to

_kaK [Mn(1lD)] 7 [ME]
1 + K[ME] '

1)

m

FIG. 2. Kinetic plots for mercaptoethanol. A and B: Plots of Rm'1 Vs
[ME]71. (A) [MBA] =0, [Mn(lII)} = 5.0 mmol/L, temperature = 30°C;
(B) [MBA] =10.9 mmol/L, [Mn(III)] = 2.64 mmol/L, temperature = 40°C.
Cand D: Plots of Rp"2 [Mn(IID1[MBA]? vs [ME]™'. [Mn(IID)] = 2.5
mmol/L. (C) [MBA} = 10.9 mmol/L, temperature = 40°C; (D) [MBA] =
26.4 mmol/L, temperature = 30°C. E and F: Plots of Ry vs [MndIII) *
[MBA] = 10.2 mmol/L, temperature 40°C. (E) [ME] = 1.0 mmol/L; (F)
[ME] = 0.5 mmol/L.
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FIG. 3. Job’s method of continuous variation for the complex formation
between Mn(III) and EG or ME. Maximum optical density at 420 nm for
[Mn(III)] = [Red] = 1.25 mmol/L.

Equation (13) of Part I and Eq. (1) above differ only in the stoichiometric
factor of 2.

Rate of Polymerization

The rate of polymerization Rp = -d[MBA] /dt was proportional to the first
power of [MBA] (Fig. 5A and B) and to the half power of {Mn(III)] (Fig. 4D)
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FIG. 4. Kinetic plots for ethylene glycol and mercaptoethanol. A and B:
Plots of Ry, ™! vs [EG) ™} ; temperature = 40°C. (A) [MBA] = 34.1 mmol/L,
{Mn(III})] = 2.29 mmol/L; (B) [MBA] = 48.8 mmol/L, [Mn(III)] = 4,88 mmol/L.
(C) Plot of Rp'2 vs [EG]™!; [MBA] = 48.8 mmol/L, [Mn(II)] = 4.58 mmol/L,
temperature = 40°C. (D) Plot of [Mn(III)] /2 vs Rp; [ME] = 1.0 mmol/L,
[MBA] = 10.2 mmol/L, temperature = 30°C.
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FIG. 5. Polymerization rate plots. A and B: Plots of Ry vs [MBA]; (A)
[ME] = 1.0 mmol/L, [Mn(III)] = 2.5 mmol/L, temperature = 30°C; (B) [ME]
= 0.5 mmol/L, [Mn(III)] = 2.64 mmol/L, temperature = 40°C. (C) Plot of
Rp vs [MBA]!-5; [EG] = 0.1 mol/L, [Mn(III)] =4.85 mmol/L. (D) Plots of
Rp~? [MBA]3 vs [Mn(II1)]-!; [EG] = 0.1 mol/L, [MBA] = 48.8 mmol/L,
temperature = 40°C,

[MBAJ'mol.l.".min?
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in the MBA-Mn(I11)-ME system. With EG, Rp, was proportional to [MBA] -
(Fig. 5C) and increased with increasing [Mn(III)] up to a certain limit (0.5 to
2.0 mmol/L) and then remained constant. With either of the reductants, R,
increased with increasing [Red], and plots of Rp'2 vs [Red] ™! (Fig. 4C)
were straight lines from which k,,/k,o'5 was calculated (Table 1). Further,
according to Eq. (3) below, plots of Rp" [MBA]?3 vs [Mn(II1)] ! are also
linear (Fig. 5D) with an intercept equal to k.ko/kikgK [EG]kp®. The ratio
ko/k; was calculated from the values of kykg/k; and K, (Table 1).

The equation for Ry, is given by Eq. (8) of Part I [1]. For the MBA-Mn(III)-
EG system, ko [Mn(1II)] > k;[MBA], and this reduces to

Rp*® = kp*kikgK [MBA)?® [EG] [ktko, )
and for lower concentrations of Mn(III), Eq. (8) of Part | can be rearranged to

ktko ke
Ry = + :
¥ kp?Kkikg[EG] [MBA]®  ky®kgK [Mn(llI)] 7[MBA]? [EG]

3)

For the MBA-Mn(11I)-ME system, since k; [MBA] > k, [Mn(IIl)], Eq. (8) of
Part I becomes

_ kp®kgK [Mn)lD)] 7{ME] [MBA]?

Ry? 4
P k(1 + K[ME}) “
This equation can be rearranged to
R,"2 [MBA]? [Mn(IID)] 7 = ! AL 5)
P kp*kaK [ME]  kp*kq

Figures 2C and D represent plots of this relation.

Effect of Temperature

Rp as well as R,, increased with increasing temperature up to 45°C and re-
mained constant thereafter. The normal increase in Rp with increasing tem-
perature observed in most of the systems is the result of 1) the increase in the
steady-state concentration of the initiating radicals and 2) the increase in the
rate of propagation. However, the constancy of rate at higher temperatures
may be indicative of a third factor, viz., the formation constant of the com-
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TABLE 2. Effect of Acetic Acid Concentration and Comparison with
Monovinyl Monomers?

10°Rp mol L™ min™!

Monomer concen- HOACc,
Monomer tration, mmol/L vol% For ME For EG
AA 245 30 1.57 0.58
MAA 24.5 30 0.98 0.21
MBA 24.5 30 30.5 1.73
MBA 12.2 10 12.0 0.50
MBA 12.2 20 14.8 0.59
MBA 122 30 17.2 0.62
MBA 122 40 17.0 0.61
MBA 122 50 13.5 0.52
MBA 12.2 60 11.5 0.44

3IH*] = 0.1 mol/L, [Mn(III)] = 2.5 mmol/L, ¢ = 0.5 mol/L, 40°C.

plex may actually decrease with temperature above a certain limit to offset
the first two factors. Removal of initiating species at higher temperature by
side reactions may also cause similar abnormal temperature effects.

The activation energy for the polymerization reaction was obtained from
Arrhenius plots (Table 1).

Evidence of Cyclopolymerization

The cyclopolymerization mechanism for the MBA-Mn(1II)-glycerol system
has been described in detail in Part I [1]. That a similar mechanism operates
in the present systems was also evidenced by the following: 1) The polymeri-
zation rates of the analogous monovinyl monomers acrylamide (AA) and
methacrylamide (MAA) were measured under identical conditions (Table 2).
The rate Ry for MAA is far lower than that for AA, which is the consequence
of steric hindrance due to the a-methyl group in MAA during propagation. One
would therefore expect a further lowering of R, for MBA, compared to AA or
MAA, because the long pendent group of MBA would cause even greater steric
hindrance to normal vinyl propagation. However, the observed Ry, for MBA is
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much greater than for MAA (Table 2), which suggests that cyclopolymeriza-
tion, and not linear propagation, is involved in the MBA system. 2) The poly-
mers obtained in the present systems were precipitated by adding a large ex-
cess of ethanol. The polymer had no residual unsaturation, as proved by
bromometry.

The rate of polymerization of MBA was independent of [H*], ionic
strength, and added Mn(Il). The effect of [HOAc] was the same as that re-
ported for the MBA-Mn(III)-GLY system [1] (cf. Table 2).
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