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ABSTRACT:

Radical polymerization of methyl methacrylate (MMA) by captodatively substituted morpholino succi-

nonitrile was studied kinetically at 90 and 130°C by comparison with that of styrene. The polymerizations of MMA and
styrene at 90°C proceeded at moderate rates to give polymers which show unimodal size exclusion chromatography
(SEC) curves. Both polymerizations at 130°C were significantly fast to give polymers with bimodal SEC curve. A higher
molecular weight fraction of the obtained polymer may mostly formed by a spontaneous thermal polymerization in sty-
rene polymerization, but in MMA polymerization produced mainly by dissociation of the domant species. The rate con-
stant of the activation of captodative-capped poly(MMA) domant was smaller than that reported for nitroxide-mediated

styrene polymerization.
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Controlled molecular weight and narrow polydisper-
sity of polymers have recently been achieved even by the
homogeneous radical polymerization systems including
nitroxide-mediated stable free radical polymerization
(SFRP),! atom transfer radical polymerization (ATRP),2
reversible addition-fragmentation chain transfer (RAFT)?
polymerization and iniferter polymerization. A number
of reagents has been developed in these polymerizations,
and the ability to control chain length of polymers and
prepare block copolymers much depends on the nature of
an end-cappping moiety of polymer. 2,2,6,6-Tetra-
methylpiperdinyl-1-oxy (TEMPO),’ halogen,? phenylse-
leno,® and dithiocarbamate’ moieties are well-known
end-capping species of propagating polymer chains in
these polymerizations.

Captodative (cd) substitution (geminal substitution of
both electron-accepting and -donating groups on the
same atom) of monomers, initiators, and chain transfer
reagents has been reported to induce unique radical po-
lymerizations because of polarization and radical stabili-
zation effects.® Cd substitution in compounds 1 reduces
the bond dissociation energy of the cd substituted C-C
bond,’ i.e., ca. 140—170 kJ mol %, to generate cd substi-
tuted carbon radicals which initiate radical polymeriza-
tions of various monomers including conjugated and
even unconjugated vinyl monomers at moderate tem-
perature.!’ In previous papers,!! molecular weight of
the polymer produced increased slowly with reaction
time in the polymerization of methyl methacrylate
(MMA) in the presence of cd ethane. The cd fragment
may be incorporated into propagating polymer chains as
an end-capping species to form domant poly(MMA).
Faster dissociation of the cd ethanes like 1 should thus
induce preferentially the formation of domant, and the
dissociation rate of the ethanes may depend much on the
electron-withdrawing and -donating powers, as well as
steric effect, of the captive and dative groups of the cd
ethanes.

TTo whom correspondence should be addressed.

In the copolymerizations of various cd substituted ole-
fins amino groups serve as a stronger electron-donating
substituent.!? Therefore, cd ethanes substituted by
amino moiety can be expected to dissociate at higher
rates due to stronger cd stabilization of the dissociated
radical to give a labile domant although the cd stabiliza-
tion effect originates basically from the synergistic inter-
action between electron-withdrawing and -donating
moieties and the dissociation rate is also influenced by
steric hinderance of an ethane.

In the present work, morpholino succinonitrile 2 was
prepared as an amino-substituted cd ethane, and the po-
lymerization of MMA and styrene by 2 was studied ki-
netically.

{ c= CN, COOCH;
+ CHC—13 d=SC,Hs, OCHg,
c

R R= CHg, CN, COOCHjg, CH,C(CHg)s
1
K ! M | i
onhomer
1 d + CH~C M) CHz- G
R c c

Scheme 1.
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Materials

2 was prepared by reaction of di-z-butyl peroxide
(2.68 g, 20mmol) and «-morpholino acrylonitrile!®
(3.68 mL, 20 mmol) in benzene under irradiation of light
from a 500W high-pressure mercury lamp at ambient
temperature. Recrystallization from benzene gave 0.25 g
of purified product (cubic prism) in 5.9% yield; mp 177°C
(decomp.). The structure of 2 was determined unequivo-
cally by single crystal X-ray crystallography.

'H NMR (CDCl3) of 2: § 4.08 (d, CH,, 2H), 4.00 (d,
CH,, 2H), 3.70 (t, CH,, 8H), 3.07 (m, CH,, 8H), 1.27 ppm
(s, CH;, 18H). Anal. Calcd for CosH3gN,O4: C, 62.60; H,
9.00; N, 13.30. Found: C, 62.51; H, 8.88; N, 13.09%.

Commercially available styrene and MMA were puri-
fied by ordinary methods. Other reagents and solvents
are commercial grade and used without further purifica-
tion.

Polymerization

Polymerizations were carried out in a sealed ampoule
with shaking at a given temperature. The ampoule con-
taining the required amounts of reagents was degassed
several times by freeze-thaw and sealed under vacuum
and placed in a constant temperature bath. The result-
ing polymer was isolated by pouring the contents of the
ampoule into a large amount of methanol.

Measurements

'H NMR spectrum was measured on a JEOL JNM-EX
400 (400 MHz) spectrometer using tetramethylsilane as
an internal standard. X-Ray diffraction of 2 (a colorless
prismatic crystal with dimensions of 0.40X0.10X
0.10 mm) was measured with Rigaku RAXIS-RAPID im-
aging plate diffractometer using graphite monochro-
mated Cu-K, radiation (A =1.54178 A) at a temperature
of 23°C to a maximum 26 value of 136.4". Cell parame-
ters were determined from 2554 reflections at 26 of 11.0
—100.1°. The structure was solved by direct methods
and refinement was made by full-matrix least-squares
methods. Number- and weight-average molecular
weights and number-average degree of polymerization
(M,, M, and P,) of the polymers were determined by
SEC using a Tosoh HLC-8020 (columns: TSK gel-
G7000Hgg + G5000Hyg + G3000HyR) in 0.1% N,N -dime-
thylformamide solution based on a standard polystyrene
at 45C. Quantitative analysis in SEC for rate determi-
nation was performed by using internal standard poly-
styrene with M,=1.03X 106 and M,/M,=1.01. ESR
spectrum was recorded on a JEOL JES-RE1X spec-
trometer operating at X band (9.5 GHz) with a TE mode
cavity. The temperature of ESR cavity was controlled by
a JEOL ES-DVT3 controller. Hyperfine splitting con-
stant (a) and g value were determined by comparison
with those of MnO.

The rate constant of decomposition (kg) of 2 was esti-
mated by tracing the consumption of a radical-trapping
reagent, diphenyl picrylhydrazyl (DPPH), in degassed
acetonitrile solution of 2 ([2]=5.0X10 "3 mol L™!) by UV
spectrophotoscopy.
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Selected geometric parameters

c1—Cc1* 1.600(6) A ci12—C12* 1.596(6) A
C1—C2 1.535(4) A C12—C13 1.541(4) A
C1—N2 1.473(4) A C12—C18 1.488(5) A
C1—C7 1.486(5) A C12—N4 1.470(4) A
C1*—C1—C2 110.0(3) C12*—C12—-C13 110.5(3) ©
C1*—C1—C7 106.0(3) ° C12*—C12—C18 106.1(3) °
C1*—C1—N2 109.1(3) C12*—C12—N4 109.8(3) °

Figure 1. ORTEP view of 2 with atomic numbering. Symmetry
code: (*).

RESULTS AND DISCUSSION

Decomposition of Initiator

Structural analysis of 2 by X-ray diffraction indicated
meso forms of 2 and anti-position of each morpholino
group as seen in Figure 1. Long bond length (1.600
and 1.596 A) between cd substituted C-C bond is par-
ticularly interesting in studing bond dissociation, and
such a bond is expected to dissociate smoothly. From
plots of induction period (¢;,q) against initial DPPH con-
centration ([DPPH],), the rate constants of dissociation
(kq) of 2 at 55, 60, 65, and 70°C were estimated to be 2.98
X107%, 7461075, 1.23X107%, and 1.59X10 % ?, re-
spectively, according to the equation of [DPPH]o/tinq=
2k4[2] at the concentrations of (2]=5.0X 1073 mol L7!
and [DPPH]=5.0X10"%mol L™! in acetonitrile. From
55 to 70°C, activation energy (Ey) of the dissociation of 2
was 103.7 kJ mol ! from the slope in Figure 2 according
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Figure 2. Dependency of rate constant of dissociation (k4) of 2 on
temperature. [2]=5.0X10" 8mol L™ ! in acetonitrile.

Table I. Bulk polymerizations of MMA and styrene by 2

Yield/%
Monomer initiator ® .
90°C(70 min) 130°C(20 min)
Styrene 2 17.4 21.6
Styrene None 1.0 8.9
MMA 2 78.4 26.1
MMA None 1.0 0.1

“[2]=5.0X10 *molL "'

to the Arrhenius equation. E4 obtained for 2 as well as 1
(104.6 kJ mol ! for ¢=CN, d=8CzHs, and R=CN) is
lower than other cd ethanes,'® but higher than that of
phenyl-substituted ethanes including tetraphenylsucci-
nonitrile (94.1kJmol™!) and tetrakis(4-chlorophenyl)
succinonitrile (65.3 kJ mol ~1)."

ESR spectrum observed by pyrolysis of 2 at 130C sug-
gests the formation of radical 3 with the parameters:
ag-p=1.02, ag-x=0.79, a, y=0.71, and a,-y=0.29 mT
(g =2.0037), which are similar to those of the cd radical
bearing cyano-2-propyl group instead of £-butoxy one on
2: a5 g=1.012,apx=0.79,a,-5=0.712, and a, x=0.294
mT (g =2.0032).16

Polymerization

Polymerizations of styrene and MMA with 2 were car-
ried out in bulk at 90 and 130°C. From Table I, 2 greatly
accelerates both polymerizations, in particular the po-
lymerization of MMA, compared with other cd ethanes
and phenyl-substituted ethanes.!” Such higher accelera-
tion of vinyl polymerizations by 2 may arise from higher
dissociation rate of 2 among cd ethanes and higher addi-
tion reactivity of 8 to vinyl monomers due to less persis-
tency of 3 than phenyl-substituted methyl radicals. Ap-
propriate cd stabilization and steric effects due to mor-
pholino substituent would appear important in such
high initiation ability of 2.

Figure 3 shows plots of polymer yield against reaction
time in the polymerizations of MMA and styrene at 90
and 130C, from which the polymer yields are found to
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Figure 3. Time-yield curves in bulk polymerizations of MMA
and styrene with 2 at 90 and 130C. MMA at 130 a) and 90°C (¢),
and styrene at 130 (b) and 90C (d) in [2]=5.0X10 *mol L ™"

CN  CHs CHa |
—|— O-CHZ-C CHzC CHy-C c—cm—o—*—
[ j COOCH3 COOCH3 [lllj

X CN  CHs CHs

act | | ]
—_— +0—CH2—C-CH2-CI:MA~MCH2—(IZ. + 3 (1)

[lll] COOCH; COOCH;3
(e)
5
Equation 1.

increase linearly as a function of reaction time without
induction period at 90C as seen in Figure 3c and 3d.
Such plots for polymerizations at 130C give no straight
line, i.e., rapid polymerization in the initial stage of the
polymerization, followed by slow polymerization, in both
polymerizations of styrene and MMA as seen in Fig-
ure 3a and 3b. To confirm such polymerizations each giv-
ing a curved time-yield relationship, molecular weight of
the polymers produced was measured by SEC in the po-
lymerizations of MMA and styrene with 2 at various re-
action times at 130°C as shown in Figure 4. In MMA po-
lymerization in this Figure a lower molecular weight
(LM) polymer with a unimodal SEC curve (M,=4.14%
10* and M,/M,=2.06) produced in the initial stage of
the polymerization is deformed gradually into a higher
molecular weight (HM) polymer (M,=4.23X 10° and
Mw/M =1.36) with increasing conversion. In polymeri-
zation at 90°C, an apparent unimodal SEC curve was ob-
served in contrast to the polymerization at 130C. In-
crease in HM polymer yield with reaction time was also
observed in styrene polymerization as seen in Figure 4.
Figure 5 shows the relationship between reaction time
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Figure 4. Variation in SEC curves with reaction time in bulk po-
lymerizations of MMA and styrene at 130°C. Reaction time is 8 (a),
16 (b), 24 (c), and 32 min (d).
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Figure 5. Variation in polymer yield with reaction time in bulk
polymerization of MMA at 130°C. Yields of total polymer (a), lower
molecular weight polymer (b), and higher molecular weight poly-
mer (c).

and yields of total, HM, and LM polymers in MMA po-
lymerization at 130°C. The slope observed after polym-
erization time of ca. 5 min in Figure 3a was similar to
that observed in Figure 5c. That is, the polymerization
continued after ca. 5 min is mainly due to the conversion
of LM polymer into HM polymer through a dissociation
of the domant species 4 (eq 1) capped with the cd frag-
ment. In fact, the polymerization of MMA in the pres-
ence of domant poly(MMA) prepared independently by
MMA polymerization with 2 for 2 min at 130C gave a
polymer with a bimodal SEC curve in moderate yield af-
ter reaction time of 20 min at 130C.

From variation in the number of polymer chains dur-
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ing MMA polymerization, the activation rate constant
(kact) of the domant species was roughly calculated as 1.0
x107% s according to In([4]y/[4],) =k, in which [4],
and [4],'® are the concentrations of 4 in the begining (at
reaction time of 5 min) and following polymerization
time ¢, and [4],=4.31X1073 mol L™1.1° Measurement of
HM polymer amounts by the SEC curve-resolution
method in the polymerization with 2 also gives k&, of 2.5
X10 ¢ (n=2)~5.0X10"% (n=1) s ! approximately ac-
cording to the equation for conventional radical polym-
erization, RPZ:(kpzlkt)nkact[4]0[MMA]2, in which the ra-
tio of rate constants of elementary reactions (kpzlkt):
1/13.6,2° number of the radicals (dissociated from a do-
mant) giving HM polymer (n)=1 or 2, 100% reinitiation
efficiency, [IMMA]=7.61 mol L™ ! at polymerization time
of 5 min (19% conversion), and polymerization rate (E;)
=3.04X10 *mol L™ s ! from curve (¢) in Figure 5. Dif-
ference in k,; may arise from polystyrene-calibrated
SEC, experimental error due to small k£, and small in-
crease in the number of polymer chains (1.9% after po-
lymerization time of 40 min), side reactions,?"?? and so
on.

ket Obtained in this study was much smaller than that
reported for TEMPO-capped polystyrene (ke >10 3s~1),2
probably because of lesser stability of 3. Therefore, it is
easily recognized that the number-average degree of po-
lymerization (P,) in the reinitiated polymerization with
3 and/or 5 (P,>ca. 1700) is much larger than that in
SFRP of styrene with TEMPO (P,=ca.20),?® which
seems to bring about such a bimodal curve.

In styrene polymerization, the yield of LM polymer lit-
tle varied after polymerization time of ca.5 min and
yield and molecular weight (M,=5.3X10* of HL poly-
mer were similar to those (M, =6.5X10%) of the polymer
formed by spontaneous polymerization. The cd-fragment
capped polystyrene produced in the initial stage of the
polymerization may thus mostly remain as a dead poly-
mer without further dissociation although more detailed
study is necessary. In this case, smaller steric hindrance
due to a-monosubstituted polystyrene, in contrast to «,
o-disubstituted poly(MMA), may bring about stronger
terminal C-C bonds, as already elucidated by X-ray dif-
fraction of a model compound for polystyrene capped
with diphenyl methane®® and actual SFRP of styrene
and MMA with nitroxides.?®

CONCLUSION

In the present work cd ethane 2 initiated effectively
the radical polymerization of MMA to give a domant spe-
cies, and domant poly(MMA) produced dissociated again
to initiate vinyl polymerization at 130°C. The activation
rate constant of cd-capped poly(MMA) domant was much
smaller than those reported for nitroxide-*® and halogen
(>0.045)%"-capped polystyrene domants, which seems to
bring about the bimodal SEC curve for cd-capped poly-
(MMA) .
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