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As part of our continuing studies concerned with
the free-radical polymerizations of multiallyl com-
pounds in terms of allyl polymerization, cyclopolymer-
ization, and gelation,lf3 we have been concerned with
the elucidation of the specific polymerization behav-
ior of triallyl isocyanurate (TAIC), especially focus-
ing on the steric effect caused by the bulky isocya-
nurate side groups.*~ Thus, it was found by chance
that the primary chain length of the TAIC polymer is
quite high compared with the polymerization of its iso-
mer triallyl cyanurate (TAC), being ascribed to the re-
duced monomer chain transfer (degradative chain trans-
fer characteristic of allyl polymerization)!® due to the
steric effect by the bulky isocyanurate side groups on
transition state formation.* This steric effect is fur-
ther discussed by both the copolymerization with al-
lyl benzoate and the telomerization in the presence of
CBry,> by the polymerization of diallyl alkyl isocyanu-
rates,® by the polymerization and copolymerization of
trimethallyl isocyanurate and trimethallyl cyanurate,’
and by the copolymerization with sterically unhindered
monomers.® In particular, the last two papers 8 are
concerned with the discussion of the steric effect on the
reactivity of growing polymer radical in terms of the se-
quence length dependence of the sterically bulky TAIC
units. This is extended to the non-terminal units effect
on the cyclopolymerization of TAIC.’

As our further pursuit of the specific polymerization
behavior of TAIC in comparison with other multiallyl
compounds, the molecular-weight distribution (MWD)
curves of resulting prepolymers were examined by
using size-exclusion chromatography (SEC) equipped
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with a multiangle laser light scattering (MALLS) de-
vice (SEC-MALLS) in order to explore in more detail
the occurrence of intermolecular crosslinking reaction.
Here it is worthwhile to note that SEC is commonly
used to determine the molecular weight and the MWD
of resulting prepolymers. However, as a technique it
is not always applicable to our crosslinking polymer-
ization systems because the structure of prepolymer
changes from a linear to a branched form with progress-
ing polymerization. On the other hand, SEC-MALLS
is expected to be a very useful and efficient tool in char-
acterizing our prepolymers because the use of MALLS,
as an absolute detector, enables the molecular weight
and MWD to be determined directly without any cali-
bration.!!

Thus, this article deals with the further discussion
of the specific polymerization behavior of TAIC; the
occurrence of intermolecular crosslinking reaction was
explored in detail as compared with the polymeriza-
tion behavior of diallyl terephthalate (DAT) as a typ-
ical multiallyl compound. In the polymerization of
TAIC, the conversion dependence of the MWD pro-
files of resulting prepolymers was different from that in
DAT polymerization, i.e., the MWD curves were broad-
ened toward a higher molecular weight side at an ear-
lier stage of polymerization as a reflection of the occur-
rence of intermolecular crosslinking reaction. This en-
hanced occurrence of intermolecular crosslinking may
be caused by the rigidity of TAIC polymer chain hav-
ing bulkier isocyanurate side groups than the polymer
chains derived from the polymerizations of other multi-
allyl compounds; the rigid TAIC polymer chain leads to
a reduced interaction between polar isocyanuric rings
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belonging to both polymer chain and TAIC monomer
and thus, TAIC monomer may act as a poor solvent for
the resulting TAIC prepolymers. In a poor solvent, the
significance of the thermodynamic excluded volume ef-
fect? for preventing the intermolecular crosslinking be-
tween the growing polymer radical and prepolymer, es-
pecially at high molecular weight, would be lessened.

EXPERIMENTAL

TAIC and allyl dipropyl isocyanurate (ADPIC), sup-
plied by Nippon Kasei Chemical Co., Ltd., and DAT,
supplied by Daiso Co., Ltd., as monomers were pu-
rified by vacuum distillation under nitrogen. 2,2’-
Azobisisobutyronitrile (AIBN) as initiator was purified
by recrystallization from methanol.

Polymerizations were carried out in ampoules as de-
scribed previously.'? After the desired time, the reac-
tion mixture was poured into a large amount of hexane
to precipitate the polymer.

The weight-average molecular weight, M,, and
MWD were measured by SEC using a dual detector
system, set in the direction of flow, consisting of a
MALLS device and a differential refractometer in se-
quence. SEC-MALLS measurements were carried out
at 40°C in tetrahydrofuran using a Shodex GPC KF-
806L x 5 columns, at polymer concentrations 0.1-0.5%
(w/v) and a flow rate of 1 mL min~'. The MALLS
device was a DAWN DSP (Wyatt Technology Corp.)
where the laser beam (wavelength: 632.8 nm) was fo-
cused on a 67 uL flow cell.

RESULTS AND DISCUSSION

Specific Conversion-Dependency of MWD Profiles of
TAIC Prepolymers Obtained at an Early Stage of Poly-
merization as Compared with DAT Polymerization

The mechanistic elucidation of network formation
in free-radical crosslinking polymerization and copoly-
merization of multivinyl compounds, being a long-term
controversial problem because of the complexity of the
reaction involved, has been discussed ? on the basis of
the comparison of the experimental results with Flory—
Stockmayer gelation theory,'* which was developed
later by Gordon '* to predict the conversion at gelation
for a polymerizing monomer which undergoes cycliza-
tion.

Thus, in the bulk polymerizations of multiallyl com-
pounds the gelled polymers are usually obtained above
20% conversion, e.g., the gel points are estimated to be
23.5, 22.0, and 21.3%, respectively, for DAT,! trial-
Iyl trimellitate,'® and TAC* polymerizations. Further-
more, the experimental results are quite high in com-
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Figure 1. Variation of MWD curves with conversion for the
bulk polymerization of TAIC using 0.01 mol L~! of AIBN at 60°C.

parison with the theoretical gel points calculated from
Gordon’s equation as exemplified by DAT polymeriza-
tion.!”!8 In this connection, the thermodynamic ex-
cluded volume effect on the intermolecular crosslinking
reaction between the growing polymer radical and pre-
polymer would be significant as a primary factor for the
greatly delayed gelation from theory, considering that
each monomer is a good solvent for the correspond-
ing prepolymers produced.> ' That is, the intermolec-
ular crosslinking reaction between the growing poly-
mer radical and prepolymer, especially at high molec-
ular weight, is suppressed at an early stage of poly-
merization, since the high molecular weight prepoly-
mer concentration is quite low. In this work, we tried to
pursue in more detail the occurrence of intermolecular
crosslinking in the polymerization of TAIC, especially
focusing on the thermodynamic excluded volume ef-
fect at an early stage of polymerization. That the gela-
tion occurs at 12.4% conversion in the polymerization
of TAIC* is quite different from the polymerizations
of common multiallyl compounds where gelation oc-
curred at more than 20% conversion.

Bulk polymerizations of TAIC and DAT were car-
ried out using 0.01 mol L~! of AIBN at 60°C. Fig-
ure 1 shows the variation of MWD curves with con-
version at an early stage of polymerization in TAIC
polymerization; the MWD profiles were broadened to-
ward a higher molecular weight side with conversion,
clearly demonstrating the occurrence of intermolecu-
lar crosslinking even at 1.2% conversion. On the other
hand, in DAT polymerization almost no occurrence of
intermolecular crosslinking was observed at an early
stage of polymerization as shown in Figure 2, since
even at 4.0% conversion MWD profiles were only a bit
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Figure 2. Variation of MWD curves with conversion for the
bulk polymerization of DAT using 0.01 mol L~! of AIBN at 60°C.
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Figure 3. TAIC polymer chain having bulky isocyanate side
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broadened toward a higher molecular weight side.

Mechanistic Discussion

The detailed comparison of both TAIC and DAT
polymerization results clearly demonstrates that in the
polymerization of TAIC the intermolecular crosslink-
ing reaction occurred at a much earlier stage of poly-
merization compared with DAT polymerization, al-
though the results shown in Figure 2 are common for
the polymerizations of multiallyl compounds.”? This
specific polymerization behavior of TAIC may corre-
late with a less significance of the thermodynamic ex-
cluded volume effect mentioned above.? '° That is, as is
depicted in Figure 3, TAIC polymer chain having bulky
isocyanurate side groups, in which only one methylene
unit intervenes between the polymer chain and the iso-
cyanuric ring, would be more rigid than the polymer
chains derived from the polymerizations of other mul-
tiallyl compounds. Thus, an interaction between TAIC
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Figure 4. Dependence of M, on conversion (see Figures 1
and 2): (O) TAIC homopolymerization; (A) TAIC/DAT (50/50
mol/mol) copolymerization; (O0) DAT homopolymerization; (<)
TAIC/ADPIC (50/50 mol/mol) copolymerization.

polymer chain having bulky isocyanurate side groups
and TAIC monomer could be quite weakened by ster-
ically suppressed access of TAIC monomer to bulky
isocyanurate side groups of TAIC polymer chain. On
the contrary, an interaction between TAIC monomers
is quite high, as is reflected on the high melting point
of 24°C, because a symmetrical TAIC monomer con-
tains a polar isocyanuric ring having three carbonyl
groups. As a result, TAIC monomer would not act
as a good solvent for TAIC prepolymer, being differ-
ent from common cases of the bulk polymerizations of
vinyl monomers. Therefore, the thermodynamic ex-
cluded volume effect on the intermolecular crosslink-
ing reaction between the growing polymer radical and
prepolymer, as a primary factor for the greatly delayed
gelation from theory,> would be less significant. This
may lead to an enhanced occurrence of intermolecular
crosslinking at an earlier stage of polymerization.

As an extension of the above discussion, TAIC was
copolymerized with 50 mol% of DAT. Figure 4 shows
the dependence of molecular weights of resulting pre-
copolymers on conversion, along with the results of
both TAIC and DAT homopolymerizations. Obviously,
the molecular weight decreased by the copolymeriza-
tion with DAT as a reflection of reduced occurrence of
intermolecular crosslinking. By assuming equal reac-
tivity of all allyl groups belonging to both TAIC and
DAT, the composition of resulting TAIC/DAT prepoly-
mer obtained at an early stage of polymerization would
be TAIC:DAT = 3:2 unit mol ratio and thus, the steric
crowding of TAIC polymer chain by the sequential link
of bulky isocyanurate side groups would be lessened
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by the incorporation of DAT units into the polymer
chain. Thus, an interaction between TAIC/DAT pre-
polymer chain and both monomers could be significant
in TAIC/DAT copolymerization as compared with the
weakened interaction in TAIC homopolymerization by
sterically suppressed access of TAIC monomer to bulky
isocyanurate side groups of TAIC polymer chain. On
the other hand, the bulky uncyclized TAIC units could
be introduced into the polymer chain by the copolymer-
ization of TAIC with ADPIC as a mono-ene counterpart
of TAIC. The dependence of molecular weights of re-
sulting precopolymers on conversion for TAIC/ADPIC
(50/50 mol/mol) copolymerization was shown in Fig-
ure 4; its dependency was observed to be similar to
TAIC homopolymerization in conformity with our ex-
pectation.
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