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ABSTRACT: A new method of preparation of living cat-
ionic polymer of isobutyl vinyl ether via photoinduced po-
lymerization in the presence of diphenyliodonium iodide
(DPI], initiator) and zinc iodide in a mixed solvent of tolu-
ene/diethyl ether, which was irradiated at —78°C for short
period, was completed within 15 min. The reaction was
allowed for further reaction in the dark until monomer was
fully consumed. It was found that increase in the conversion
of monomer to polymer during the irradiation is very lim-
ited. Confirmation of the linear dependence of number-
average molar mass of resulting polymer on % conversion
together with the fact that polymerization proceeds until
monomer consumption, and controllability of number-aver-
age molar mass of resulting polymer, depending on the

molar ratio of monomer and initiator, strongly suggests the
living nature of this polymerization, unless reaction temper-
ature becomes higher than 0°C, i.e., the absence of chain
breaking process. The narrow molar mass distribution,
whose polydispersity index values are less than 1.2, reveals
that the rate of initiation where irradiation is usually com-
pleted within 15 min is much faster than that of propagation
in cationic nature in this system. Effect of some major fac-
tors, such as solvent polarity and temperature, on the living
nature of the polymerization was also investigated. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 101: 3581-3586, 2006
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INTRODUCTION

Much attention has been paid to develop new method
of preparation of living poly(vinyl ethers) via cationic
polymerization to obtain polymer having well-defined
structures'™'; however, any attempt to prepare the
living polymer via a photoinduced polymerization is
very rare except our previous report concerning on the
preparation of living cationic poly(isobutyl vinyl
ether) (PIBVE) via a photoinduced polymerization in
the presence of diphenyliodonium iodide and zinc
iodide, followed by the dark reaction carried out at
temperature below —30°C in methylene chloride."
This led us to a conclusion that the propagating spe-
cies having polarized C—I terminal, which is respon-
sible for the cationic propagation, is not stable enough
to suppress the chain breaking process when the re-
action is carried out at the temperature higher than
—15°C in a polar medium. In this article, we report a
new method of the preparation of living cationic
P(IBVE) via a photoinduced polymerization in the
presences of diphenyliodonium iodide, a well-known
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photocationic initiator, in conjunction with zinc iodide
in toluene, a nonpolar medium, and its mixed solvent
with diethyl ether, a polar component. It was found
that living nature of the system is appeared in the
polymerization system when temperature is kept be-
low 0°C.

EXPERIMENTAL
Materials

Reagent grade monomer, isobutyl vinyl ether (IBVE,
Aldrich), toluene (Oriental Chemical Co.), and diethyl
ether (Oriental Chemical Co.) used as solvents were
purified by conventional distillation and dried on
CaH, just before use. Reagent grade diphenyliodo-
nium iodide (DPII, Tokyo Kasei) and zinc iodide (Al-
drich) were used as received after drying under re-
duced pressure at room temperature. Details concern-
ing the materials have been given elsewhere.'*

Polymerization

A sealed Pyrex ampoule containing strictly dried
monomer, mixed solvent of toluene and diethyl ether,
DPII, and Znl,, after repeated degassing by freeze-
thaw techniques, was photoirradiated using a 500 W
high mercury lamp (Ushio UI-501-C) at —78°C for
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certain period and then allowed to stand in the dark
for further polymerization. The resulting polymer was
precipitated by addition of ammonical methanol, and
the polymer was thoroughly washed successively
with 10% aqueous sodium thiosulfate solution and
distilled water and then dried under reduced pressure
at room temperature. Percent conversion was deter-
mined by gravimetry.

Characterization

Determinations of number-average molar mass (M,,)
and molar mass distribution (MWD) of the resulting
polymers were carried out using gel permeation chro-
matography (GPC, Spectra-Physics SP8430). Details of
the characterization has been given in elsewhere.'*

RESULTS AND DISCUSSION

Figure 1 shows time—-conversion curves of the poly-
merization of IBVE, photoinduced in the presence of
DPII and zinc iodide in a mixed solvent of toluene/
diethyl ether (9/1, v/v). Same composition of the sol-
vent is used throughout the whole experiment in this
article unless noted otherwise. The polymerization
was carried out in the dark at various temperatures
after it was irradiated 40 min at of —78°C to prevent
conversion of monomer to polymer less than 16%,
during the period of irradiation. Figure 1 clearly
shows that polymerization proceeds until the full con-
sumption of the monomer and the rate of polymeriza-
tion increases as reaction temperature in the dark in-
creases, irrespective to the length of the irradiation
period. Therefore, it is believed that the polymeriza-
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Figure1 Time-conversion curves of IBVE polymerization
carried out in the dark at various temperatures after photo-
induction in the presence of DPII and zinc iodide at —78°C
for 40 min. Concentrations: [IBVE] = 1.42M, [DPII] = 0.907
mM, [ZnI2] = 1.16 mM, Temperature: (A) 20°C, (B) 0°C, and
(C) —15°C. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 2 Plot of M,, and % conversion of IBVE polymer-

ization carried out in the dark at various temperatures after
photoinduction in the presence of DPII and zinc iodide at
—78°C for 40 min. Reaction conditions are same with those
given in Figure 1. Temperature: ® —15°C, A 0°C, and W
20°C. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

tion up to full monomer conversion is taken place in
the dark reaction by any active propagating species
that is generated in situ by photolysis of DPII, a well-
known photocationic initiator during the irradiation.
It was also confirmed that no polymer was resulted
from the photoinduced polymerization systems in the
absence of DPII, revealing that DPII is an efficient
cationic initiator for cationically polymerizable mono-
mers. ~

Figure 2 shows the dependence of M,, and MWD of
the resulting polymer on % conversion of the photo-
induced polymerizations whose reaction conditions
are same with those given in Figure 1. The plot of M,,
of the resulting polymer versus % conversion is linear
over the entire conversion range strongly, which sug-
gests the living nature of this system unless reaction
temperature is not higher than 0°C, however, devia-
tion from the linearity between two parameters is
observed in the polymerizations carried out at higher
temperature than 0°C, and the extent of deviation
becomes more significant with increasing tempera-
ture, indicating that the activity of the propagation is
not maintained at constant value at temperature re-
gion higher than 0°C, probably because of the opera-
tion of chain breaking process such as chain transfer or
termination. Furthermore, it is interesting to note that
polymer having very narrow MWD is obtainable from
this system. As shown in the figure, MWD of the
resulting polymers, expressed in polydispersity index,
gives values less than 1.2. It is postulated that the
narrow molar mass of the resulting polymer is a con-
sequence of faster initiation, which is completed
within 10-20 min, and slower propagation, which
takes several hours for full monomer consumption,
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Figure 3 Time-conversion curves of IBVE polymerization
carried out in the dark at 0°C after photoinduction in the
presence of various concentrations of DPII at —78°C for 10
min. Concentrations: [IBVE] = 1.42M, [Zn],] = 1.16 mM.
Concentrations of [DPII]: (@) 0.45 mM; (A) 0.907 mM; (H)
0.81 mM.

and maintaining of the propagating concentration of
the propagating species throughout the whole course
of polymerization because of the absence of chain
breaking process.

Two time—conversion curves of the polymerizations
carried out in the presence of different levels of DPII
concentrations are compared in Figure 3. The remark-
able increase in the rate of polymerization with in-
creasing DPII concentration reveals that HI, a photo-
lytic product of DPII, plays an important role in the
initiation process of IBVE, as previously reported.'*

_ Figure 4 shows a comparison of the dependence of
M,, on % conversion of the polymerizations containing
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Figure 4 Plot of M,, and % conversion of IBVE polymer-

ization carried out in the dark at 0°C after photoinduction in
the presence of various concentrations of DPII at —78°C for
10 min. Concentrations: [IBVE] = 1.42M and [Znl,] = 1.16
mM. Concentrations of [DPII] = @ 0.45 mM, A 0.907 mM,,
and W 1.81 mM.
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Figure 5 Time-conversion curves of IBVE polymerization
carried out in the dark at 0°C after photoinduction in the
presence of various concentrations of zinc iodide at —78°C
for 10 min. Concentrations: [IBVE] = 1.42M and [DPII] =
0.907 mM. Concentrations of [Znl,] = @ 0.58 mM, A 1.160
mM, and l 2.32 mM.

different levels of DPII concentrations, shown in Fig-
ure 3. Comparison of two M,, values obtained at same
conversion clearly reveals that polymer having higher
molar mass is resulted from the system of lower con-
centration of DPII; meanwhile, it also shows that
MWD of the polymer, which shows almost constant
polydispersity index value, is not affected by DPII
concentration.

Time-conversion curves and the relationship be-
tween M,, and % conversion of the polymerization in
the presence of two different levels of Znl, concentra-
tion are compared in Figures 5 and 6, respectively,
revealing that although remarkable enhancement ef-
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Figure 6 Plot of M,, and % conversion of IBVE polymer-

ization carried out in the dark at 0°C after photoinduction in
the presence of various concentrations of zinc iodide at
—78°C for 10 min. Concentrations: [IBVE] = 1.42M, [DPII] =
0.907 mM. Concentrations of [Znl,] = @ 0.58 mM, A 1.160
mM, and l 2.32 mM.
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fect of Znl, on increasing polymerization rate, how-
ever, molar mass of the resulting polymer is not de-
pendent on Znl,. This indicates that Znl, plays a role
as an activator in this system to increase in the rate of
polymerization.

The living nature of this polymerization system is
further demonstrated by the monomer addition tech-
nique (Fig. 7). The equal amount of fresh monomer
with originally fed portion of monomer was added to
the polymerization system where the % conversion of
original batch reaches at around 100%. The increase in
both polymer yield and M, of the resulting polymer to
form a straight line with same slope indicates that the
activity of the propagating species is still maintained
even after the monomer originally fed is fully con-
sumed without loss of activity due to chain breaking
process.

Summarizing the results aforementioned, it is pos-
tulated that initiation takes place via the process of
monomer-HI adduct formation, by reaction between
monomer and HI, a photolytic product of DPII*>'®
(Egs. (1), (2)), followed by activation of C—I terminal
of the adduct by the pulling action of Znl,. The polar-
ized C—I terminal of the monomer-adduct, then, al-
lows the insertion monomer to form a new polarized
C—I terminal for cationic initiation (Eq. (2)). This is
followed by successive insertion of monomer for cat-
ionic propagation (Eq. (3)). It was explained that po-
larized C—I terminal is stable enough to suppress

@F‘@ L@Hm

Equation 2. Formation of monomer-HI adduct

HI+CH,~CH—CH;—CH—I

| |
OR OR

(2)

Equation 3. Activation of C—I terminal by the pull-
ing action of Znl,
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Figure 7 An evidence of the living nature confirmed by

subsequent monomer addition method. Equal amount of
fresh monomer was added to the system when the conver-
sion of original feed reaches around 90%. Concentrations of
originally fed [IBVE] = 1.42M, [DPII] = 0.907 mM, and
[Znl,] = 1.16 mM. Temperature: 0°C. Photoirradiation was
carried out at —78°C for 40 min before the dark reaction.

chain breaking processes; however, also reactive
enough to attack the carbon—carbon double bond of
cationically polymerizable monomer to realize the liv-
ing cationic polymerization in the absence of chain
transfer or termination process [egs. (3) and (4)].>*°~"?

Equation 1 Generation of protonic acid, HI due to
photolysis of DPII

(M

6o+ 06—

CH;—CH—1+Znl,>CH;—CH— [ —Znl,
| |

OR OR

Equation 4. Cationic propagation by polarized C—I
growing end

CH,~CH

5+ o-—
—(— CH,—CH—),— CH,—CH— I —Znl,
| |
OR OR

Formation of monomer adduct in this photoinduced
system was confirmed by '"H NMR spectroscopy. As
shown in Figure 8, it is evident that proton signal

—

|
OR 5+ o-—
— (—CH,—CH—),,, —CH,—CH— I —Znl,
|

OR OR

(4)

newly appeared at 7.15 ppm by mixing of fresh mono-
mer with toluene solution of DPII due to C—I bond of
monomer—HI adduct.®~1?
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Figure 8 Comparison of '"NMR spectra of IBVE and DPII
in DMSO-d,/acetonitrile solution before and after photo
irradiation. Concentrations of [DPII] = 9.07 mM, [IBVE] =
0.142M. (A) IBVE in DMSO-d,/acetonitrile. (B) IBVE in ace-
tonitrile was added to photo irradiated solution of DPII in
DMSO-d,/ acetonitrile for 10 min at 0°C.

If this is the case, number—average molar mass of
resulting polymer is determined by the molar ratio of
monomer and HI, a protonic acid, produced in situ as
a photolytic product of DPII, whose concentration at
the time of the completion of irradiation equals to or is
proportional to that of DPII. Therefore, theoretical
values of M,, determined by the molar ratio of mono-
mer and DPII, on the basis of assumption that one
polymer molecule is formed from one molecule of
DPII are compared with those of corresponding ex-
perimental values. The results are summarized in Ta-
ble I. The inverse relation of molar mass and concen-
tration of DPII that appeared in experimental results
is in good agreement with theoretical expectation;
however, it is evident that experimental data always
give larger values than those of theoretical values,
and the ratio of theoretical value/experimental
value gives values scattered around 0.55. It is pos-
tulated that the incoincidence of two sets of data
might be ascribable to quantum yield of HI produc-
tion in photolytic process of DPII being less than
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Figure 9 Time-conversion curves of IBVE polymerization
carried out in the dark at 0°C in a mixed solvent of toluene/
diethyl ether after photoinduction in the presence of DPII
and zinc iodide at —78°C for 10 min. Concentrations: [IBVE]
= 1.42M, [DPII] = 0.907 mM, [Znl,] = 1.16 mM. Solvent
used: (A) toluene, (B) mixed solvent: toluene/diethyl ether
(9/1) (v/v), and (C) diethyl ether.

unity. It is deemed that a further detailed study is
required in this regard.

Solvent effect on the living nature of the polymer-
ization has also been investigated. Two time—conver-
sion curves of polymerizations carried out in a mixed
solvent of toluene and diethyl ether are shown in
Figures 9 and 10, respectively. The comparison of the
curves reveals that the rate of polymerization in-
creases as diethyl ether content of the mixed solvent
increases. Meanwhile, it is also evident that a devia-
tion from the linear relationship between the two pa-
rameters due to the loss of living propagating center is
observed as diethyl ether content increases in a mixed
solvent; however, it is worth noting that a large in-
crease in the rate of polymerization is attainable with
minimum loss of the living nature when the volume
fraction of diethyl ether is kept below 0.11 in the
mixed solvent. It is postulated that the polarized C—I
propagating terminal in cationic nature is in equilib-
rium state with certain dissociated form, which is not

TABLE 1 B
Comparison of Experimental and Theoretical M,, Values
Final
conversion
Solvent used (%) Experimental Theoretical Experimental /theoretical
Diethyl ether 97.7 262,000 153,000 1.71
Toluene(9)/diethyl ether(1) (v/v) 93.2 294,000 146,000 2.01
Toluene 90.2 241,000 142,000 1.63

Theoretical ]\_/I,, values are calculated from the molar ratio of [monomer]/[DPII], assuming that one polymer molecule is
resulted from one initiator molecule. Polymerization was carried out at 0°C in the dark after photoirradiation, carried out at

—78°C for 10 min.

Concentrations: [IBVE] = 1.42M, [DPII] = 0.907 mM, and [Znl,] = 1.16 mM.
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Figure 10  Plot of M, and % conversion of IBVE polymer-
ization carried out in the dark at 0°C in the mixed solvent of
toluene/diethyl ether after photoinduction in the presence
of DPII and zinc iodide at —78°C for 10 min. Concentrations:
[IBVE] = 1.42M, [DPII] = 0.907 mM, and [Zn],] = 1.16 mM.
Solvent used: @ toluene, Ml mixed solvent: toluene/diethyl
ether (9/1) (v/v), and A diethyl ether.
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stable enough to suppress chain breaking processes such
as chain transfer to monomer and termination processes.
In such circumstances, chain breaking process cannot be
suppressed because of the higher reactivity of the carbo-
cationic propagating center in free ion or loose ion pair
state, which results in the increase in rate of polymeriza-
tion and loss of living nature of the system. It is also
expected that the equilibrium is further shifted toward
the direction of the dissociated form, which consists of
carbocationic center and Znl,~ counterion'” [eq. (5)],
which is much more stable than that of I and expected
to be a counterion formed in the absence of Znl,; there-
fore, carbocationic center is more stabilized by the pres-
ence of less nucleophilic counterion Znl;™. Finally, it is
interesting to mention that the optimum conditions for
the polymerization, i.e., polymerizations showing the
highest rate of polymerization with minimum loss of the
living nature is observed from the mixed solvent system,
consisting of toluene/diethyl ether (9/1) in volume ratio.

Equation 5. Dissociation to free carbocation and less
nucleophilic counterion

+

CH,—CH— 1 —Znl,=—(—CH,—CH—),—CH,—CH+ZnI;

|
OR

CONCLUSIONS

A new method of preparation of living cationic IBVE
polymer has been successfully developed via photo-
induced polymerization in the presences of DPII and
Znl,. A linear dependence of number-average molar
mass of the resulting polymer on % conversion
strongly suggests the living nature of the system. It
was found that PIBVE having very narrow molar mass
distribution whose polydispersity index is less than
1.2 and whose number-average molar mass is easily
controllable by adjusting the molar ratio of monomer
and initiator is obtainable from this system.
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