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ABSTRACT:

Chlorodiphenylphosphine (CDP) was used as a pre-initiator in the polymerization of methacrylates having

methyl, benzyl, n-butyl, z-butyl, cyclohexyl, and n-hexyl substituents in the presence of catalytic amounts of epoxides. This
polymerization system was influenced by solvents and epoxides structure, and polymer molecular weight and yield were
dependent strongly on the alkyl group of ester of monomers. Under bulk conditions, the polymerization of methacrylates
afforded easily high molecular weight polymers (M, over five million) with relative narrow polydispersity (1.2—1.5). Based
on several experimental results, it is discussed that the pre-initiator reacts with monomer forming phosphinoenolate from
which the polymerization proceeds with the group transfer mechanism.

KEY WORDS

The development of new initiator systems for polym-
erization of (meth)acrylates is currently interested in the
synthetic polymer chemistry. In recent years, some well
defined initiator systems such as organosilicon,! orga-
nolanthanide,? and aluminum porphyrins® were estab-
lished, with which molecular weight, molecular disper-
sion, and block chain are controlled. In numerous ani-
onic or other controlled living polymerizations of (meth)-
acrylic monomers, few results are related to the synthesis
of high molecular weight polymers (M, >10°).>* With
organolanthanide initiator systems, the synthesis of
poly(methyl methacrylate) not only with high molecular
weight but also with nearly mono-dispersion has been
conducted by Yasuda and co-workers.? However, par-
ticular care and skill are usually required in the polym-
erization using organometal compounds as initiators.
Group transfer polymerization’ using organosilicon
initiator is a relatively convenient method for controlled
polymerization, although this method does not result in
high molecular weight polymers. On the other hand,
phosphorous compounds are also candidates for initia-
tors. As reported by Hatada group, tertiary phosphines
are usable initiators* in the presence of triethylalumi-
num by which highly syndiotactic polymethacrylates
can be produced. Recently, we reported that a catalytic
amount of chlorodiphenylphosphine (CDP) induces po-
lymerization® of (meth)acrylates monomers in the pres-
ence of catalytic amount of epoxides. Different with
cyclic phenyl phosphonite used as a comonomer for
zwitterionic polymerization with «,f-unsaturated car-
bonyl compounds,®”® (CDP/epoxide) can be used as
an initiator for polymerization of (meth)acrylic mono-
mers. This paper reports a simple method to prepare
high molecular weight methacrylic polymers with rela-
tively lower polydispersities by using (CDP/epoxide) as
pre-initiator.
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Chlorodiphenylphosphine / Epoxides / Methacrylates / High Molecular Weight Polymers
/ Group Transfer Polymerization / Pre-Initiator /

EXPERIMENTAL

Reagents

All monomers, methyl methacrylate (MMA), n-butyl
methacrylate (n-BMA), tert-butyl methacrylate (--BMA),
benzyl methacrylate (BzMA), n-hexyl methacrylate
(n-HMA), cyclohexyl methacrylate (c-HMA), glycidyl
methacrylate (GMA), ethyl acrylate (EA), and n-butyl
acrylate (n-BA) were purchased from Tokyo Kasei Inc.
and used after passing through a silica column and then
drying on 4 A molecular sieves. Diglyme and dimethyl
formamide (DMF) were distilled from CaH, under
reduced pressure. The other solvents were distilled from
CaH, or sodium by usual methods. CDP was used
without further purification.

Typical Bulk Polymerization of n-BMA

A 50 ml, one necked round bottomed flask, fitted with
magnetic stirring bar, and three-way cock, was flushed
with argon under reduced pressure and heated condition.
While flushing argon, »n-butyl methacrylate (14.5 mmol,
2.3ml), CDP (0.09 mmol, 0.1 ml from 0.2 gml ™! toluene
solution), and then epoxide (GMA, 0.01 ml) were added
to the flask with syringes, respectively. The mixture
was stirred for 24h at 60°C. The polymerized product
dissolved in chloroform was poured into methanol and
the precipitation was washed with methanol and dried.
Yield of poly(n-BMA): 80%.

Typical Solution Polymerization of MM A

A 50ml, one necked round bottomed flask, fitted with
magnetic stirring bar, and three-way cock, was flushed
with argon under reduced pressure and heated condition.
While flushing argon, methyl methacrylate (14.5 mmol),
CDP (0.09mmol, 0.1 ml from 0.2gml™' toluene solu-
tion), DMF (10.5ml), and then epoxide (GMA, 0.01 ml)
were added to the flask. The solution was stirred for 24 h
at 60°C. The polymerized product diluted with chloro-
form was poured into methanol and precipitation was
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washed with methanol and dried. Yield of poly(MMA):
80%.

Polymer Characterization

GPC measurements were performed on Tosoh GPC
system using THF as the eluent. Molecular weight and
molecular weight distribution were calculated on the
basis of the calibrated with polystyrene standards. Triad
tacticities for polyMMA) were determined with 'H
NMR (250 MHz, in CDCl;) from the integration of
a-methyl protons (0.7—1.3 ppm).°

RESULTS

In our previous work, it was observed that CDP reacts
rapidly with epoxy compounds yielding 1: 1 adduct'® as
these two compounds were mixed in equimolar ratio in
bulk and that CDP also reacts quickly with vinyl methyl
ketone to give 1:1 adduct.'® When a catalytic amount
of CDP was added to GMA, polymerization occurred
rapidly to give poly(GMA).> We concluded that the
combination of CDP and epoxide is a useful initiator for
polymerization of (meth)acrylates. Considering the
mechanism (discussed in the later) of this polymerization
which takes place after forming an enolate (which may
be an intermediate formed from CDP and monomer),
we define here that CDP is a pre-initiator.

With MMA as monomer, the effects of concentration
of MMA, solvents, epoxides, and temperature on the
polymerization of MMA were studied. Table I shows the
effects of concentrations of MMA on polymerizations.
In these polymerizations, MMA (14.5 mmol) was diluted
by increasing solvent amount from 0.5 to 10ml. The
yield of poly(MMA) decreased with increasing concen-
tration. Unexpectedly, the molecular weight of poly-
(MMA) increased nearly 10 times as concentration
increased from 1.2 to 3.6moll™! indicating that the
CDP/epoxide pre-initiator favors to give high molecular
weight polymer at high monomer concentration. In
addition, the molecular weight of the poly(MMA)
increased when the ratio of monomer to CDP increased.
Also, the number average molecular weight of poly-
(MMA) increased to 504.3 x 10® from 253.7x 10° as
reaction time was extended to 24 h from 6 h. In solution
polymerization, the solvents including polar and non-
polar one were used at [MMA]/[CDP] =160, epoxide
(GMA)=0.01ml, 60°C, and 24h conditions. The po-
lymerization of MMA proceeded smoothly in DMF and
diglyme, but not in acetone, acetonitrile, DMSO, toluene,
xylene, or CCl, (see Table II). The same was seen in the
polymerizations of acrylates such as EA, n-BA. The

polymerization of using CDP/epoxide as pre-initiator
may thus be strongly dependent on solvent. In the
solution polymerization, DMF is a most suitable sol-
vent.

The epoxides play an important roles in this polym-
erization system.’> Styrene oxide (SO), cyclohexene ox-
ide (CHO), and GMA promoted effectively the polym-
erization of MMA. However, other examined epoxides,
such as chloromethyl oxirane, glycidyl phenyl ether,
propylene oxide, l-methoxy-2-methylpropylene oxide,
etc., were not efficient to promote polymerization, where
the yields of poly(MMA) were lower than 6% within 6 h
(see Table I1T). GMA can be used as a epoxide and as
a monomer. Using GMA as catalytic amount (0.01 ml),
the polymerization of MMA afforded poly(MMA) in
42% vyield in diglyme within 6 h. As shown in Figure 1,
the yield and molecular weight of the corresponding
polymer increased with increasing GMA in the po-
lymerization of MMA. A copolymer containing GMA
unit, which was confirmed by 'H NMR, was yielded due
to increasing GMA. In this experiment, the concen-
trations of total monomers increased due to the addi-
tion of GMA. Therefore, we also understood that the
polymerization takes place in the presence of catalytic
amount and relatively large amount of epoxide (GMA).

Reaction temperature also influenced the polymeriza-
tion of MMA. As shown in Figure 2, the yield of the
poly(MMA) increased with arising temperature (30—
60°C) suggesting that the polymerization reaction pro-
ceeds at relatively higher temperature, e.g., at 60°C.
Triad tacticities of poly(MMA) show that the poly-
merization is syndiotactic predominant, where rr triad is
over 60%. Although the yield of polymer was poor at
30°C, syndiotactic content at this temperature increased
somewhat (mm/mr/rr=3.0/28.5/68.5) relative to the case
(mm/mr/rr=3.8/34.6/61.6) at 60°C.

As mentioned above, higher monomer concentration
leads to the higher molecular weight polymer. Re-
membering of this in mind, we compared bulk and
solution polymerizations of several monomers such as
n-BMA, -BMA, c-HMA, n-HMA, and MMA as well
as BzMA using CDP/epoxide as pre-initiator. In the
bulk polymerizations, molecular weights for all poly-
methacrylates were extremely high (M,=380x 10°—
700 x 103) compared with polymers obtained from the
solution polymerizations (see Figure 3 and Table IV).
However, the yields of these polymers were significantly
dependent on alkyl substituents on methacrylate. As
shown in Figure 3, the yields of polymethacrylates in
bulk conditions increased in the following order of al-
kyl groups: CH; <CH,Ph, n-C¢H,, <n-C,H,, t-C,H,,

Table I. Effects of the concentration of MMA on polymerization®

Diglyme [MMA] [MMA]/[CDP] CHO Time Yield
Entry M,x 1073 M, M,
ml moll~1! molar ratio ml h %
1 0.5 2.6 40/1 0.5 6 23 101.4 2.65
2 0.5 5.7 160/1 0.5 6 8.9 253.7 2.86
3 0.5 5.7 160/1 0.5 24 18 504.3 2.83
4 2 3.6 160/1 0.5 6 11 232.6 2.10
5 10 1.2 160/1 0.5 6 39 26.48 1.83

# Temperature was set at 60°C; CHO = cyclohexene oxide.
114
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Table II. Effects of solvents on polymerization®

Entry Solvent Monomer Yield/%

1 DMF MMA 80
2 Diglyme MMA 53
3 Chlorobenzene MMA 24
4 Toluene MMA Trace
5 CCl, MMA 0
6 Xylene MMA 0
7 Acetonitrile MMA 0
8 Acetone MMA 0
9 DMSO MMA 0

10 DMF® EA 91

11 DMPF® n-BA 86

12 DMSO® n-BA 0

?Monomer, 14.5mmol; CDP, 0.09 mmol; solvent, 10.5ml; GMA,
0.01 ml, 60°C, 24h. ®5.0ml solvent were used.

Table III. Effects of epoxides on polymerization of MMA®*

Entry Epoxides Yield/%

1 GMA 56.6
2 CHO 38.5
3 Styrene oxide 49

4 Chlomethyloxirane 6.2
5 Glycidyl phenyl ether 5.9
6 1-Methoxy-2-methylpropylene oxide 4.8
7 Propylene oxide 6.5

*MMA, 14.5mmol; CDP, 0.09 mmol; diglyme, 10ml; epoxides,
0.5ml, 60°C, 6h.
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Figure 1. Influence of GMA content on the polymerization of MMA.
Conditions: MMA = 14.5 mmol; CDP =0.09 mmol; diglyme + GMA =
10.5ml, 60°C, 6h.

c-C4H, . High yields and high molecular weights poly-
(n-BMA), poly(--BMA), and poly(c-HMA) were easily
obtained in the presence of CDP/epoxide pre-initiator in
the bulk conditions. As a control experiment, n-BMA
was stirred without CDP/epoxide in bulk at 60°C for
24 h, but no polymer was produced.

As can be seen in Figure 3, MMA gave low yield of
poly(MMA) but n-BMA and +-BMA gave high yields of
the corresponding polymers in the bulk polymerization
conditions. However, copolymerization reactions con-
taining either MMA and n-BMA or MMA and -BMA
in bulk afforded very poor yields of the corresponding
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Figure 2. Effects of temperature on polymerization of MMA.
Conditions: MMA =14.5mmol; CDP=0.09 mmol; DMF=10.5ml;
GMA =0.01ml, 24h.
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Figure 3. Relations of yield and molecular weight of polymers to
monomers. Conditions: monomer = 14.5mmol; CDP=0.09 mmol;
epoxide; GMA or CHO, 60°C for 24h in bulk (see Table IV).

copolymers (see entries 19 and 20 in Table IV). The
compositions of these two copolymers were determined
to be 55/45 (n-BMA/MMA) and 57/43 (--BMA/MMA),
respectively.

MMA and BzMA were polymerized in higher yields
in solution polymerization than in bulk condition, but
the molecular weights decreased drastically with wide
polydispersity in solution polymerization (see entries
15—18 in Table IV). On the other hand, the solution
polymerizations of n-BMA and -BMA in diglyme
resulted in lower molecular weights of poly(n-BMA)
and poly(-BMA), although their yields were not low
(see entries 6 and 9 in Table IV). When n-BMA was
polymerized in non-polar solvent such toluene, poor
yield (ca. 3%) of poly(n-BMA) was obtained (entry 7 in
Table IV). Evidently, the influence of solvent is also
significant for the polymerization of n~-BMA.

In the bulk condition, c-HMA was polymerized with
high yield (91%) but the molecular weight distribution
of this polymer was very wide. In contrast, n-HMA
resulted in low yield of poly(n-HMA). Furthermore,
the polymerization of n-BMA and MMA with higher
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Table IV. Polymerization of methacrylates in bulk and solution conditions*

[M]/[CDP] Yield
Entry Monomer Solvent Epoxide M,x1073 M, M,
molar ratio %
1 n-BMA No 160/1 GMA 80 502.9 1.58
2 No 320/1 GMA 89 569.1 1.44
3 DMF 160/1 CHO 21 495.2 1.49
4 DMF 320/1 CHO 22 589.8 1.44
5 DMF 160/1 GMA 21 412.2 1.42
6 Diglyme 160/1 CHO 75 50.23 2.06
7 Toluene 160/1 CHO 2.2 — —
8 t-BMA No 160/1 CHO 91 711.4 1.27
9 Diglyme 160/1 CHO 45 116.2 1.43
10 c-HMA No 160/1 GMA 91 297.9 2.79
11 n-HMA No 160/1 GMA 17 483.5 1.77
12 BzMA No 240/1 GMA 16 618.6 1.32
13 No 320/1 GMA 14 551.7 1.47
14 DMF 160/1 GMA 79 63.05 1.63
15 MMA No 160/1 GMA 5.7 3879 1.60
16 No 320/1 GMA 6.8 561.7 1.27
17 DMF 160/1 GMA 80 22.3 2.20
18 Diglyme 160/1 GMA 53 16.6 1.70
19 n-BMA/MMA No 160/160/1 GMA 3.5° — —
20 t-BMA/MMA No 160/160/1 CHO 7.4% —_ —

aCDP, 0.09 mmol; solvent, 10ml for MMA and BzMA, 5ml for n~-BMA,; epoxide, 0.01 ml for GMA, 0.1 ml for CHO; temp 60°; time 24h
under argone. ®Composition of copolymer: 55/45 (--BMA/MMA) and 57/43 (--BMA/MMA).
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Scheme 1.
molar ratio of monomer to CDP led to relatively high DISCUSSION

molecular weight polymer. On comparing the relation
between molecular weight and polydispersity, interest-
ingly, we found for all of monomers that the poly-
dispersities of the polymethacrylates became more
narrow when molecular weights highly increased. So, it
could be concluded that the polymerization of meth-
acrylates with CDP/epoxide pre-initiator system is
especially usable for the synthesis of high molecular
weight polymethacrylates.
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The above results must be interpreted from the
polymerization mechanism. As proposed earlier by us
(see Scheme 1),° a mixture containing CDP, epoxide and
monomer, firstly, gives an initiator of phosphino enolate
(I) which has cis and trans isomers relative to the position
between chloromethyl and phosphoxyl groups. In this
reaction, epoxide may play a catalytic role. It can be
expected that the reaction rate and ratio of isomers for
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the formation of I control the polymerization. From the
fact that the isolation of the phosphine oxide (IV)® from
the mixture for CDP/monomer, it could be concluded
that the cis-I results in IV via intramolecular cyclization
route. Thus, prevention of the cyclization of I is related
to enhance a polymerization efficiency. In the bulk
polymerization, increment of yield for such monomer
having bulky alkyl groups would be due to steric hind-
rance to the cyclization of cis-I and/or preferential
formation of trans-1. The formed trans-I and/or cis-I act
as initiators to polymerize methacrylates.

The production of high molecular weight poly-
methacrylates may be concerned with group transfer
polymerization (GTP) mechanism, where the phosphino
enolate site on polymeric chain polymerizes monomers
one after another without self-quenching like a train
transfer reaction or site decomposition. The fact that the
higher molecular weight polymers have the more nar-
row polydispersity would be explained as follows. The
propagating chains formed early increase to the extremely
extended high polymeric state until the sites of high
polymer have no reactivity to the monomer. On the other
hand, the relatively small propagating chains induced
later react the monomers to reach the high polymeric
state. Consequently, the polydispersity narrows in the
high polymeric state. The molecular weight of poly(z-
BMA) is over seven million with 1.27 polydispersity (see
entry 8 in Table IV) after reacted for 24 h. However, the
molecular weight of poly(-BMA) obtained within 7h
under the same conditions was found to be 451.2 x 103
with 1.51 polydispersity. This means that the poly-
dispersity becomes narrow with increment of molecular
weight over five million within a long reaction time.
From this relation, we consider that the phosphino
enolate I forms in the relatively initial state of the po-
lymerization and the propagation reaction follows quick-
ly as I appears. On the other hand, from the effect of
monomer concentration on both polymer yield and
polymer molecular weight (Table I), we believe that the
rate of the propagation reaction is proportional to
monomer concentration and is higher than the rate of
the formation of I. For this reason, the highly prop-
agated polymer was observed in a relatively shorter
reaction time, and the preparation of the high molecular
weight of polymethacrylates with high yields took
relatively longer reaction time. Poly(n-BMA) having ten
million (!) magnitude molecular weight with very narrow
polydispersity (M, =1.024 x 10%, M /M, =1.17) was pre-
pared by the bulk method in this study. Considering
these results, we assume that the propagating site has
living character due to no self-quenching although there
is no the typical living polymerization process such as
rapid disappearance of initiators.

In spite of the low yield for the bulk polymerization
of MMA, the molecular weight of poly(MMA) increased
to five million with narrow polydispersity. The reason
of the low yield for bulk polymerization of MMA would
be due to the small substituent of methyl on methacrylate
for which either the probability of the formation of cis-1
or cyclization of the cis-I become great to reduce initiator
efficiency. In the case of using CDP/epoxide as pre-
initiator, the monomers such as n-BMA and +~BMA
having large alkyl substituents were polymerized nearly
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quantitatively in bulk conditions. When these monomers
were mixed with MMA in the same bulk conditions,
however, very poor yields of copolymers were afforded
(see entries 19 and 20 in Table IV). This supports that
CDP reacts more quickly with MMA than #»-BMA and
t-BMA so that the polymerization efficiency decreases
drastically due to cyclization of I formed from MMA
and CDP. On the other hand, these copolymers com-
positions by molar ratio were nearly half to half, in-
dicating that the reactivity of the site of propagating
chain to monomers MMA and n-BMA is nearly identical.
So, it can be concluded that the rate of propagation
reaction is not dependent on alkyl structures.

Whether polymerization proceeds may be determined
by the formation of I. Thus, it is considered that the
dependency on temperature, solvents and the epoxides
is mainly concerned with the reaction of the formation
of the enolate I. The yield of polymer was very poor at
lower temperature but high at higher temperature in-
dicating that the formation of enolate I is temperature
dependency (Figure 2). On the other hand, triad tacticity
was found to be syndiotactic predominant, and this
tendency increased somewhat with reducing tempera-
ture. Although higher temperature is an important
condition for producing high yield of polymers, the
reaction time also influences on polymer molecular
weight and polydispersity. In bulk polymerization,
elongation of reaction time led to increase molecular
weight of the polymer and narrow the polydispersity.
Consequently, higher temperature and longer reaction
time are required conditions for obtaining controlled
polymers in CDP/epoxide system. Although the reason
of solvent effect is not clear at present, it is evident that
DMEF is a suitable solvent in solution polymerization of
(meth)acrylates. The CDP/epoxide pre-initiator is also
usable in the polymerization of acrylates.

CONCLUSIONS

The monomers of methacrylates are easily polym-
erized in the CDP/epoxide pre-initiator system. In these
polymerizations, the high molecular weights of polym-
ethacrylates near or over five million can be obtained.
This polymerization system has a living character (no
self-quenching) although polydispersity cannot be con-
trolled precisely. Considering the simplicity and con-
venience of the polymerization method, it should be
applicable for the preparation of the high molecular
weight polymethacrylates. At present, we are developing
phosphino enolates initiators to explore a controlled
novel polymerization system.
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