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Application of the Spin Trapping Technique to
Radical Polymerization. 21. Vinyl Polymerization
with the N-Hydroxysuccinifnide/AcetyIacetonato
Metal Chelate System

TSUNEYUKI SATO, TAKAHIKO IWAKI, and TAKAYUKI OTSU

Department of Applied Chemistry

Faculty of Engineering

Osaka City University

Sugimoto-cho, Sumiyoshi-ku, Osaka 558, Japan

ABSTRACT

Some combinations of N-hydroxysuccinimide (NHS) and acetyl-
acetonato metal chelates were found to induce radical polymeriza-
tion. A kinetic study on the polymerization of methyl methacrylate
(MMA) was performed by using as initiator the NHS /trisacetyl-
acetonatomanganese (III) (Mn(acac)3) system, which can initiate

the polymerization effectively even at room temperature. The
overall activation energy of polymerization was very low (9.1
kecal/mol). The polymerization rate (Rp) was expressed by

R, = klinitiator] °*°[MMA]*®

*Part 20, T, Sato, N. Fukumura, and T. Otsu, Makromol. Chem.,
184, 431 (1983).
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where the initiator concentration was varied by fixing [NHS] /
[Mn(acac)g] = 2. Rp showed a maximum when [Mn(acac),] was

changed while keeping [NHS] constant. Further, a spin trapping
study revealed that the primary propagating radical was trapped
even in the system containing only a small amount of monomer
(1.6 X 107* mol/L). These results indicate that a complex from
NHS and Mn(acac)3 with a very high stability constant plays an

important role in the generation of initiating radicals, and that the
monomer participates in the initiation process. This conclusion
was also supported by electronic spectroscopic results. An initia-
tion mechanism is proposed and discussed.

INTRODUCTION

It is well known that hydrogen peroxide and alkyl hydroperoxides
react with various metal ions to produce radicals which can initiate
vinyl polymerization [1]. On the other hand, N-hydroxysuccinimide
(NHS), a nitrogen analog to peracid, was found to initiate the radical
polymerization of vinyl monomer [2]. This polymerization is ex~
pected to be accelerated by the presence of metal ions.

We recently found that some combinations of NHS and acetyl-
acetonato metal chelates as metal ions effectively induce the polym-
erization of vinyl monomers in organic solvents. In the present paper
vinyl polymerization initiated with the NHS/metal chelate system is
studied kinetically, spectroscopically, and by means of the spin trap-
ping technique. An initiation mechanism for this polymerization is
proposed and discussed.

EXPERIMENTAL

Commercial acetylacetonato complexes (Me(acac )n) (Dotaito re-

agent) were used without further purification. NHS was used after re-
erystallization from ethyl acetate. Vinyl monomers and solvents were
purified according to the usual methods. N-Methylacrylamide (NMMAm)
was prepared by the reaction of acryloyl chloride with methylamine and
purified by distillation. 2-Methyl-2-nitrosopropane (BNO) as the spin
trapping agent was prepared according to the method of Perkins [3].
Polymerization was carried out in a degassed sealed tube for a
given time with shaking. The polymerization mixture was poured in-
to a large amount of methanol containing a small amount of hydro-
chloric acid which decomposes metal chelates. The polymer formed
was filtrated, washed by methanol, dried in vacuum, and weighed. The
intrinsic viscosity [#] of the resulting poly(methyl methacrylate (MMA))
was measured in benzene at 30°C, and the number-average molecular
weight of poly(MMA) was calculated by the following equation [4]:



19:17 24 January 2011

Downl oaded At:

RADICAL POLYMERIZATION. 21 1529

log M_ =534+ 1.32 log (7] (1)

ESR spectra of the reaction mixtures were recorded by a JES-ME-
3X spectrometer with 100 k¢ /s field modulation. Visible spectra
were measured by suing a Hitachi EPS-3T gpectrophotometer.

RESULTS AND DISCUSSION

Polymerization of MMA with the NHS/Me(acac)n
System

The effect of NHS on the polymerization of MMA initiated with
some acetylacetonato metal chelates was investigated in ethyl acetate
at 40°C. As shown in Table 1, Mn(acac)3, Co(acac)3 and Fe(acac)3

gave higher polymer yields than Mn(acac)2 and Co(a.ca.c)2 systems,

which is in agreement with the results reported previously [5].
NHS was found to greatly accelerate the polymerization of MMA
with Mn(acac)3, Co(acac)a, and Cu(acac)z. The NHS/Mn(aca.c)3

TABLE 1. Polymerization of MMA with the NHS/Metg:l Chelate
(Me(acac )n) System at 40°C for 10 h in Ethyl Acetate

Polymer yield, %

In the absence In the presence
Me(a.cac)r1 of NHS of NHS
Mn(acac), 10.3 53.7
Co(acac )3 3.8 16.4
Cu(acac )2 0.0 10,7
Fe(acac)3 3.1 5.6
Co(acac )2 0.0 0.0
Mn(acau:)2 0.0 0.0

"‘Me(acac)n: 50 mg, [MMA] = 4.68 mol/L,
PINHS] = 4.3 X 1072 mol/L.
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TABLE 2, Polymerization of Some Vinyl Monomers with the
Mn(acac)s/NHS and the Mn(acac)s/NHP Systems at 40°C in

Ethyl Acetate?

Polymer yield, %

Mn(acac )3 Mn(acac)3
Monomer Time, h Mn(acac )3 + NHS + NHP
MA 1 0.0 41.7 2.1
MMA 4 0.0 22,2 3.9
AN 4 0.0 11,7 0.0
St 12 0.4 2.4 1.2
VAc 12 0.0 0.8 0.0

a[Mn(acac)3] = 6.31 x 107%; [NHS] = [NHP] = 1.26 X 107 mol/L;
monomer, 5 mL; solvent, 5 mL.

system showed the highest yield. On the other hand, polymerization
with Mn(acac)2 or Co(a.cac)2 did not proceed even in the presence of
NHS.

Polymerization of Vinyl Monomers with the
NHS/Mn(acac)3 System

The polymerization of some vinyl monomers was carried out in ethyl
acetate at 40°C by using the NHS/‘Mn(acac)3 system as initiator, The

combination of N-~hydroxyphthalimide (NHP) and Mn(acac), was also

3
investigated for comparison. The results obtained are listed in Table
2. The NHS/Mn(aca.c)3 system showed a higher initiating activity for

electron-accepting monomers such as methyl acrylate(MA), MMA, and
acrylonitrile (AN) than for styrene (St) and vinyl acetate (VAc). The
NHP/Mn(acac)3 system gave lower polymer yields compared with the

NHS/Mn(acac )3 system,
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TABLE 3. Polymerization of MMA with the Mn(acac)3/NHS

System in Various Solvents at 40°C for 4 h?

Polymer yield, %

Mn(acac)
Solvent Mn(acac); NHS  + NHS 3 (M x 107)
DMF 18.5 0.0 30.9 (12.5)
Acetonitrile 0.0 1.4 20.3 (9.7)
Acetone 0.0 0.0 20.1 (8.8)
Ethyl acetate 0.0 0.0 22,2 (7.4)
Chloroform 0.0 Trace 28.9 (8.2)
Benzene 0.0 0.0 26.5 (7.3)
Tetrahydrofuran 0.0 0.0 23.9 (6.8)
Ethanol 12.1 0.0 8.7 (12.5)
Acetylacetone 7.0 0.0 4.6 (43.5)
a

I}II\J/In(acac):;] = 6.31 X 107%, [NHS] = 1.26 X 10™%, [MMA] = 4.68
mo .

Solvent Effect on the Polymerization of MMA
with the NHS/Mn(a.cac)3 System

The polymerization of MMA with the NHS/Mn (acac), system was

3
carried out at 40°C in various solvents for 4 h. As shown in Table 3,
higher polymer yields were observed in aprotic solvents such as
dimethylformamide (DMF), acetone, and ethyl acetate, being almost
independent of the polarity of the solvents used. On the other hand,
in ethanol and acetylacetone, which are protic solvents, the polymer
yield was reduced to a value similar to that for polymerization with
Mn(acac)3 alone. This is ascribed to repression of the reaction be-

tween NHS and Mn(acac)3 by these protic solvents.

Polymerization of NMMAm with the NHS/Mn(acac)3

As reported previously [6], N-methylacrylamide and NMMAm
were found to give their stable propagating polymer radicals
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206G

FIG. 1. ESR spectrum of the NHS/Mn(acac)S/NMMAm system
after reaction at 40°C for 4 h in ethyl acetate, [Mn(acac)s] =2,5X
107%, [NHS] = 2.5 x 107, [NMMAm] = 4.9 mol/L.

when the amide monomers were polymerized by radical initiators in
adequate solvents,

To see whether the polymerization with the NHS/Mn(acac), system

3
proceeds via a radical mechanism, the polymerization of NMMAm
was carried out at 40°C in ethyl acetate. Figure 1 shows the ESR
spectrum of the polymerization mixture obtained. The spectrum is
assignable to the propagating radical of NMMAm(I). Thus, NMMAm/

NHS/Mn(acac)3 was readily found to produce
o
N‘CHz—(|3- (D
(!30
NHCH

indicating that polymerization with this binary initiator system pro-
ceeds via radical mechanism.

Kinetics of the Polymerization of MMA with the
NHS/Mn(acac)3 System

The polymerization of MMA with the NHS/Mn(:;lca.c)3

studied kinetically in ethyl acetate. Figure 2 shows time-conversion

system was
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FIG. 2. Time-conversion curves in the polymerization of MMA
with the NHS/Mn(aca.c)3 system in ethyl acetate. [Mn(acac)3] =
1.33 X 1073, [NHS] = 8.62 X 107°, [MMA] = 4.16 mol/L.

curves obtained at several temperatures. From an Arrhenius plot of
the polymerization rate (R p) obtained from Fig. 2, the overall aciiva-

tion energy of this polymerization was calculated to be 9.1 kcal/mol.
This low value confirms that polymerization proceeded readily even
around room temperature.

Figure 3 shows the dependence of R P on the concentrations of the

initiator components. Curve (a)in Fig. 3 shows the relationship be-
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FIG. 3. Effects of the Mn(acac)3[(a)] and NHS[(b)] concentrations
on Rp at 40°C in ethyl acetate. [MMA] = 4.17. (a) [NHS] = 8.64 X 107%;

(b) [Mn(acac),] = 4.29 X 10™° mol/L.

tween the Mn(a.catc)3 concentration and Rp. The logarithmic Rp in-
creases linearly with increasing Mn(ac:a.c)3 concentration up to a cer-
tain concentration. Rp, however, becomes nearly constant above the
concentration which corresponds to a molar ratio of NHS to Mn(a.cac)3
of about 2, Curve (b) shows the relationship between Rp and the NHS

concentration, which exhibits a tendency similar to that of curve (a).
Further, Fig. 4 shows a plot of Rp against NHS concentration when

the concentrations of NHS and Mn(acac )3 are varied simultaneously
with [NHS] /[Mn(acac)3] =2, Rp was found to be proportional to the
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FIG. 4. Effect of the initiator concentration on R_ at 40°C in ethyl
acetate. [MMA] = 4.68 mol/L. [NHS] /[Mn(acac)3] = 2.

square root of the initiator concentration. These findings suggest
that bimolecular termination occurs in this system and that a com-
plex with a very high stability constant is formed between 2 mol of
NHS and 1 mol of Mn(acac)3, which plays an important role in the

generation of initiating radicals.
Figure 5 shows a plot of R_ vs MMA concentration when the con-

centrations of Mn(a.ca.c)3 and NHS are kept constant. Rp depends on

the 1.8th order of monomer concentration. This indicates that the
monomer participates in the initiation of this polymerization.

Visible Spectrum of the NHS/Mn(acac)3 System

An ethyl acetate solution of NHS is colorless, and one of
Mn(aca.c)3 has a brown color. On the other hand, a solution contain-
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FIG. 5. Effect of the monomer concentration on Rp at 40°C in
ethyl acetate. [Mn(acac)y] = 7.01 X 107%, [NHS] = 1.40 X 10~ mol/L.

ing both Mn(acac), and NHS becomes green when the concentration of

3
NHS is higher than twice that of Mn(acac)s. Thus, NHS is considered

to interact with Mn(acac), in ethyl acetate. The interaction of NHS

3
with Mn(acac )3 was studied in a mixture of MMA and ethyl acetate by

spectroscopy. Figure 6 shows the visible spectrum of the NHS/Mn-
(acac)s/‘MMA/ethyl acetate system. As [NHS] was increased, the

main absorption increased and the shoulder peak aroung 410 nm dis-
appeared when [Mn(acac)3] was fixed.
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FIG. 6. Effect of NHS on the visible spectrum of Mn(acac)3 at

room temperature in an ethyl acetate/MMA (1:1 (v/v)) mixture.
[Mn(acac)g] = 2.63 X 10”2 mol/L. A 1-mm UV cell was used.

Figure 7 shows plots of [NHS] /[Mn(acac )3] against absorbance at

various wavelengths obtained from Fig 6. As can be seen, the curves
vary significantly at the point where [NHS]/[Mn(acac )3] is about 2,
suggesting that a 2:1 complex is formed between NHS and Mn(acac )3.
Figure 8 shows spectrum change of the reaction mixtures after the
reaction of NHS and Mn(acac)3 is carried out at 50°C in ethyl acetate

in the presence of (B) and in the absence (A) of MMA in a degassed
UV-cell. Absorption due to the complex in the system including MMA
decreases more rapidly than in the absence of MMA, This fact sup-
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FIG. 7. Relationship between [NHS]/ [Mn(acac)3] and absorbance.

Under the same conditions as shown in Fig, 6.

ports the above conclusion that MMA participates in the initiation re-
action of NHS and Mn(acac)3.

Application of the Spin Trapping Technique to the
NHS/Mn(acac)3 System

The initiation mechanism of vinyl polymerization with the NHS/
Mn(acac)3 system was investigated by means of the spin trapping

technique. BNO was used as spin trapping reagent.
Figure 9 shows the ESR spectrum of the NHS/Mn(acac )3/ethyl

acetate system. This spectrum is assigned to amine N-oxyl (II)
(AN = 7.7 G), which was formed by the trapping of an acyl radical

{(RCO’) by BNO:
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FIG. 8. Spectrum change of the Mn(acac)3/NHS system at 50°C in

ethyl acetate (—) and in a MMA /ethyl acetate (1:3 (v/v)) mixture (--).
[Mn(acac)y] = 2.59 X 107, [NHS] = 2.70 X 107* mol/L. Reaction time:

5 min (A-1, B-1), 30 min (A-2, B-2). A degassed sealed UV cell of 10
was used.

CH3 t-Bu
R-CO- + cns_é—No N-O- (2)
CH, R-CO
(BNO) 19

Thus, the NHS/Mn(acac)3 system was found to produce an acyl radical

in the absence of MMA,
As described above, kinetic and electronic spectroscopic results
suggest that MMA participates in the initiation process of this polym-
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10G

FIG. 9. ESR spectrum of the Mn(acac)3/NHS/BN0 system in ethyl
acetate at room temperature. [Mn(acac),] = 1.9 X 107%, [NHS] = 1.0 X
107, [BNO] = 9.2 X 10™°* mol/L.

erization. Therefore, the reaction of NHS, Mn(acac )3, and BNO in

ethyl acetate was performed in the presence of MMA. Figure 10 shows
the ESR spectra of the reaction mixtures. Spectrum (a) was observed
when the MMA concentration was as high (3.1 mol/L) as under polym-
erization conditions. Amine N-oxyl (IV) (AN = 14.5 G), observed sepa-

rately, was derived from the addition of some radical (R'-) to MMA:
CH3 (|3H3

R'- + CH_=C R'-CH,-C: (3)

COOCH COOCH3

(1)
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106 10G
R b e

(a) (b)

FIG. 10. ESR spectrum of the Mn(acac)s/NHS/MMA/BNO system
in ethyl acetate at room temperature. (a) [MMA] = 3.13, [Mn(atcac)3 =

4,0 X 107%, [MHS] = 2.0 X 107%, [BNO] = 1.4 X 107 mol/L. (b) [MMA]
=L6x1fi[Mmawwﬂ = 1.4 x 10°%, [NHS) = 8.6 X 10™*, [BNO] =

8.6 X 1072 mol/L.
CHy O
Il + BNO — RMCHfC_—JLbBu (4)
COOCH,
{1Iv)

Spectrum {(b) was obtained when the MMA concentration was
lowered to 1.6 X 10> mol/L, which is comparable to the initiator con-
centration. Both amine N-oxyl (II) and (IV) were formed. Thus, the
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primary propagating radical (III) was found fo be trapped by BNO
even at the very low monomer concentrations. This indicates that
the monomer-participating initiation reaction is much faster than
the other reaction under these polymerization conditions. Similar
resulis were observed when MA, AN, and St were used in place of
MMA,

Initiation Mechanism

From the results mentioned above, the following initiation mechan-
ism is proposed for vinyl polymerization with the NHS /Mn(acac)3
system.

Mn(acac)3 + nNHS Mn(acac )3_n(NHS)n + n(acac-H) (5)
(V)
\% (acac)z_nMn(NHS)n(:CH—COCHs) + CH3—CO' (6)
(VI)
CH3CO CH3
(acac)z_nMn(NHS )n + CH—CHZ—C- (7
(VID) CH3CO COOCH3
V + MMA ( VIII)
CH_—
\ AR
(acac )3_nMn(NHS)n_ 1t /N—O—CHZ-—IC' (8)
(IX) CH2—CO COOCH3
(X)

Equilibrium (5) was derived from kinetic and visible spectroscopic
results, where n is probably 2.

The equilibrium lies far to the right. Formation of the acetyl
radical in Eq. (6) seems to be derived from alpha elimination of the
ligand radical, diacetylmethyl, which might be assisted by stabiliza-
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tion of the resulting carbene by the manganese ion. The following
alpha elimination of an iminoyl radical (XI) has been reported to
give an isonitrile {XII), being isoelectronic to carbene (Eq. 9) [7]:

t-Bu—CNSi(CH,) t-Bu' + CNSi(CH,), (9)

3

(X1) (Xm)

Under our polymerization conditions, the direct reaction of com-
plex (V) with MMA gives radical (VIII) or (X). The precursor
radicals, diacetylmethyl and succinimidyl, are formed by oxidation
of the conjugated bases of acetylacetone and NHS by the manganese ion.

REFERENCES

[1] For example: R. Hiatt, T. Mill, and F. R. Mayo, J. Org. Chem.,
33, 1416 (1968); R. Hiatt, K C. Irwin, and C. W. Gould, Ibid., 33,
1430 (1968). T

2] T. Sato, M. Metsugi, and T. Otsu, Makromol, Chem., 180, 1175
{1979).

3] R. J. Perkins and P. Ward, J. Chem. Soc., B, p. 396 (1970).

4] F. J. Welch, J. Polym. Sci., 61, 243 (1962).

5] T. Otsu, N. Minamii, and Y, Nishikawa, J. Macromol. Sci.—-
Chem., A2, 905 (1968).

6] H. Tanaka, T. Sato, and T. Otsu, Makromol. Chem., 180, 267
(1980).

7] R. A. Kaba, D. Griller, and K. U. Ingold, J. Am. Chem. Soc., 96,
6202 (1974).

Accepted by editor July 27, 1984
Received for publication August 6, 1984



