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ABSTRACT: This paper is concerned with the living cationic polymerization of 2-chloroethyl 
vinyl ether (CEVE). Living poly(CEVE) of a nearly monodisperse molecular weight distribution 
(MWD) (MwiM.-;;; 1.1) was obtained in toluene at -40°C with a mixture of hydrogen iodide (HI) 
and iodine as initiating system. The number-average molecular weight (M.) of the polymer 
increased proportionally to CEVE conversion, while the MWD remained nearly monodisperse 
throughout the reaction. An excess amount of HI over iodine was needed to achieve this living 
process. The polymerization at -!soc by the HIII2 initiator in toluene or CCI4 also led to living 
polymers with M. directly proportional to conversion, but their MWD was slightly broader 
(MwiM.= 1.2-1.3). Iodine alone as initiator resulted in long-lived (but not perfectly living) 
polymers at -IS°C in toluene. Although the M. of the polymers increased proportionally to 
conversion, their MWD was much broader (MwfM.= 1.4-1.6) than with the HIII2 initiator, 
indicating a slower initiation by this initiator. 
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Cationic polymerization of vinyl com
pounds usually involves a propagating species 
that is too unstable to possess a long lifetime 
or "living" character. In spite of this, we have 
recently succeeded in living cationic polymeri
zations1 of p-methoxystyrene,2 •3 N-vinyl
carbazole,4·5 vinyl ethers,6 - 8 and related 
monomers with iodine or hydrogen iodide 
(HI)/iodine initiator. For example, isobutyl 
vinyl ether (IBVE), polymerized with hy
drogen iodide/iodine initiator in hexane at 
-l5°C, gave living polymers with a nearly 
monodisperse molecular weight distribution 
(MWD) and controlled molecular weight. 7 

Apparently, the monomers for living cationic 
polymerization should have an electron
donating substituent that stabilizes the prop
agating carbocation.1 

This investigation aims at extending the 
scope of our living cationic systems to the 
polymerization of 2-chloroethyl vinyl ether 
(CEVE). From the above viewpoint, CEVE 
appears to be less suitable for living polymeri
zation, because its alkoxyl substituent, having 
a weakly electron-withdrawing chlorine atom, 
will be less effective to stabilize the propagat
ing end than those in alkyl vinyl ethers (e.g., 
IBVE). In poly(CEVE), however, the chlo
roethyl group will in turn serve as a func
tional pendant that offers interesting syn
thetic possibilities such as chemical modifi
cation9 and crosslinking thereby. As initiators 
iodine and its mixture with hydrogen iodide 
were used. Both yielded living or long-lived 
poly(CEVE), as described below. 
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EXPERIMENTAL 

Materials 
CEVE was commercially supplied (Aldrich) 

and distilled twice over calcium hydride before 
use (gas chromatographic purity > 99.8%). 
Iodine (Wako Chemicals, purity >99.9%) 
was used without further purification. 
Hydrogen iodide was prepared as described 
elsewhere. 7 Polymerization solvents (toluene, 
CC14 , and CH2Cl2) were purified by the usual 
methods and distilled at least twice over cal
cium hydride before use. Chlorobenzene as 
internal standard for gas chromatography was 
purified by distillation over calcium hydride. 

Procedures 
All polymerizations were carried out in a 

dry nitrogen atmosphere in test tubes equipped 
with a three-way stopcock. For this procedure 
ca. 0.2--0.3 mM of adventitious water was 
usually found in the reaction mixture. The 
polymerization was initiated by injecting an 
iodine solution, or successively iodine and 
hydrogen iodide solutions, to a monomer so
lution (0.50 M). After a certain interval, am
moniacal methanol was added to terminate the 
reaction. The conversion of CEVE was de
termined by gas chromatography with chlo
robenzene as internal standard. 

The resulting polymer solutions were wash
ed successively with 10% aqueous sodium 
thiosulfate solution, 1% aqueous sodium hy
droxide solution, and distilled water, evap
orated to dryness on a rotary evaporator at ca. 
40°C, followed by a vacuum drying at room 
temperature to give product polymers. The 
polymer yield (by gravimetry) was in close 
agreement with that based on the CEVE con
version by gas chromatography. The MWD of 
the polymers was measured by gel permeation 
chromatography (GPC) in chloroform on a 
Jasco TRIROTAR-II chromatograph fitted 
with three polystyrene gel columns (Shodex A 
802, A 803, and A 804). The number-average 
and weight-average molecular weights (Mn and 
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Mw) of polymers were calculated from GPC 
curves on the basis of a polystyrene calibra
tion. 

RESULTS AND DISCUSSION 

Polymerization with Iodine 
Formation of Long-Lived Polymers. CEVE 

(0.50 M) was polymerized with iodine (10 mM) 
as an initiator at -l5°C in toluene, CC14 , and 
CH2Cl2 • As shown in Figure 1, the polymeri
zation rate increased with increasing solvent 
polarity. An induction phase was observed in 
CC14 , but not in toluene or CH2 Cl2 . 

Figure 2 shows the MWD of polymers 
obtained with iodine in the three solvents. The 
MWDs were rather broad (Mw/Mn= 1.4-2.0) 
with a tailing in the lower molecular weight 
side. Toluene gave narrower MWDs than 
CC14 , suggesting a faster initiation in this 
solvent (cf Figure 1). The MWD curves for 
toluene and CC14 clearly shifted toward higher 
molecular weight with increasing conversion, 
but such a shift was very small for CH2Cl2 • 

As shown in Figure 3, the Mn of 
poly(CEVE) obtained in toluene and CC14 was 
directly proportional to monomer conversion. 
The Mn for CH2Cl2 solvent also increased 
with, but not proportionally to, CEVE con
version. These results show that long-lived 
propagating species form from CEVE with io-
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Figure 1. Conversion-time plots for the polymeri
zation of CEVE with iodine at -15oC: [M]0 = 0.50 M; 
[12]0 = 10 mM. Solvents as indicated. 
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(A) Toluene (8)CH2Cl2 (C) CCl4 

Co"'!\;_ Coo'}'\;;_ Co"';\;_ "to "to "to 

35 1.59 39 1.74 21 . 1.98 

104 103 104 103 104 103 MW(Pst) 

40 50 40 50 40 50 E.V.,ml 

Figure 2. MWD ofpoly(CEVE) obtained with iodine at -15°C: [M]0 =0.50 M; [12]0 = 10mM. Solvents, 
conversions, and Mw/M. ratios as indicated. 
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Figure 3. M.-conversion plots for poly(CEVE) ob
tained with iodine at -I5°C: [M]0 =0.50M; [12]0 = 
10mM. Solvents as indicated. 

dine as an initiator and that their formation 
is favored in nonpolar solvents. Similar results 
have been obtained for the iodine-initiated 
polymerization of p-methoxystyrene2 •3 and 
IBVE.7 

Monomer-Addition Experiments and Effect 
of Temperature. Addition of a new monomer 
feed to a completely polymerized solution (in 
toluene at -15"C) resulted in the resumption 
of polymerization and an increase in polymer 
molecular weight, which provided further 
evidence for the formation of long-lived 
polymers under these conditions. In a typi
cal "monomer-addition" experiment, CEVE 
(0.50 M) was completely polymerized with io
dine (20mM) in toluene at -l5°C, and to this 
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reaction mixture was added the same amount 
of CEVE (neat). The second-stage polymeri
zation immediately ensured at nearly the same 
rate as in the first, and the M" of the produced 
polymers further increased, again linearly with 
conversion. 

The polymerization in toluene at a lower 
temperature ( -40°C) led to a linear M"
conversion plot similar to those for - l5°C, 
whereas the M" values for - 40°C were slightly 
higher than those for -l5°C, indicating the 
suppression of chain transfer and/or the re
tardation of initiation at this lower tem
perature. 

As described above, long-lived propagating 
species were obtained in the CEVE polymeri
zation with iodine in nonpolar solvents. 
However, the MWD of the polymers was 
rather broad (Mw/Mn= 1.4-1.6) with a long 
tailing. Thus the polymerization was an imper
fect living polymerization, probably due to 
slow initiation. 

Polymerization with Hydrogen Iodide/Iodine 
Polymerization at -15° C. Recent studies in 

these laboratories have shown that mixtures of 
hydrogen iodide and iodine (HI/12 initiator) 
induce living polymerizations of vinyl ethers to 
give monodisperse polymers. 1.7 ·8 To achieve a 
perfectly living process for CEVE, this mono-
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Figure 4. Conversion-time plots for the polymeri
zation of CEVE with Hl/12 or iodine at - IS°C: [M]0 = 
O.SOM. Solvent and initiator: (0) toluene, [HI]0 = 
10mM, [12]0 = 10mM; (e) CC14 , [HI]0 = 12.SmM, 
[12]0 = 10 mM; (6) toluene, [12]0 = 10 mM (from Figure 
1); (.&.) CC14 , [12]0 = 10mM (from Figure 1). 

mer was then polymerized with HI/12 ini
tiator at -l5°C in toluene and CC14 (Figure 
4). 

The reactions with HI/12 initiator were fas
ter than with the same amount of iodine alone, 
as observed for the IBVE polymerization un
der similar conditions. 7 This fact indicates 
that hydrogen iodide in conjunction with io
dine accelerates the initiation and/or prop
agation in the polymerization of CEVE. The 
polymerizations in CC14 , either by HI/12 or 
iodine alone, showed an acceleration phase 
that was absent in those in toluene. 
Interestingly, no consumption of the monomer 
occurred within 24 h with hydrogen iodide 
alone in CC14 . 

Figure 5 shows the MWD of the polymers 
obtained with HI/12 initiator in toluene and 
CC14 . The MWDs were considerably nar
rower (Mw/Mn= 1.2-1.3) than those ob
tained with iodine alone (Figure 2A; M wl Mn = 
1.4-1.6). These narrow distributions clearly 
shifted toward higher molecular weight with 
conversion. The narrowing of MWD indicated 
a faster initiation by HI/12 initiator than by 
iodine itself. 

Figure 6 illustrates the Mn-conversion re
lationships for poly(CEVE) obtained with 
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(A) Toluene (B) CCl4 

Conv. /Gw/Mn Conv.Kw/Mn "lo .,. 

36 1.18 29 1.15 

" .,}\_ 1.20 

,aJ\_ 1.26 

104 1o3 1Q4 1o3 MW(Pst) 

40 50 40 50 E.V., ml 

Figure 5. MWD of poly(CEVE) obtained with Hl/12 

in toluene or CCI4 at -!SoC: [M]0 =O.SO M. (A) [H1]0 = 
!OmM, [12]0 = !OmM; (B) [HI)0 = 12.SmM, [12]0 = 
10mM. 
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Figure 6. M.-conversion plots for poly(CEVE) ob
tained with Hl/12 or iodine in toluene or CC14 at -!soc: 
[M]0 =0.SOM. Solvent and initiator: (0) toluene, 
[HI)0 = 10 mM, [12)0 = 10 mM; (e) CC14 , [HI)0 = 
12.SmM, [12)0 =10mM; (6) toluene, [12)0 =10mM 
(from Figure 3); (.A.) CCI4 , [12)0 = I 0 mM (from Figure 
3). 

HI/12 initiator at -15°C. The Mn's propor
tional to conversion showed that in both tol
uene and CC14 long-lived or living propagat
ing species were obtained. 

The Mn-conversion plots for the two sol
vents were nearly overlapping. This was in 
contrast to the corresponding plots obtained 
with iodine alone (Figure 3), which showed 
that at the same conversion the polymer mo
lecular weight obtained in CC14 was con
siderably greater than in toluene. Thus, the 
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HI/I2-initiated polymerization was less af
fected by the nature of solvents. 

The HI/I2-initiated polymerization of CEVE 
at -l5°C thus gave living-like polymers with a 
MWD narrower than that obtained with io
dine alone. However, the MWD was close to 
but not monodisperse, showing a tailing par
ticularly at higher conversion. Consequently, 
this reaction at - 15oC was still not a perfect 
living polymerization. 

Polymerization at -40°C. CEVE was poly
merized with HI/12 initiator at a lower tem
perature (- 40°C). Figure 7 shows the time
conversion profiles obtained at different 
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Figure 7. Conversion-time plots for the polymeri
zation of CEVE with HI/12 or iodine in toluene at 
-40oC: (M]0 =0.50M. The initial concentrations of HI 
and iodine as indicated. 
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charge ratios of hydrogen iodide to iodine 
([HI]0 /[I2]0 ), together with the plot for iodine 
alone for comparison; in these experiments, 
the initial HI concentration ([HI]0 ) was 
varied while that of iodine ([I2 ]0 ) was kept con
stant ([HI]0 =8.5-16mM; [I2 ]0 = lOmM). 
The polymerization by HI/I2 involved a 
sharp rise of conversion during the initial 
stage, followed by a slower phase giving a 
nearly linear conversion-time plot. The initial 
polymerization rate was greater with HI/I2 

initiator than with iodine alone, and increas
ed at a higher [HI]0 or [HI]0 /[I2]0 ratio. The 
greater acceleration at higher [HI]0 suggests 
that the concentration of the propagating 
species is primarily determined by [HI]0 rather 
than by [I2]0 . 

Figure 8 shows the MWD of the polymers 
obtained in toluene at -40°C. The MWD 
curves with HI/I2 initiator shifted obviously 
toward higher molecular weight as the poly
merization proceeded. They are much nar
rower than those obtained with iodine alone 
at -40oc or with HI/I2 at -l5°C. With in
creasing [HI]0 /[I2 ]0 charge ratio, the tailing 
seen in the lower molecular weight region re
duced and thereby the MWD progressively 
narrowed. Importantly, a nearly monodis
perse MWD (Mw!Mn:S 1.1) was obtained at 
the highest [HI]0 /[I2]0 . Similar monodisperse 
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Figure 8. MWD of poly(CEVE) obtained with HI/12 or iodine in toluene at -40oC: [M]0 =0.50 M. 
Conversions, Mw!M. ratios, and the initial concentrations of HI and iodine as indicated. 
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Figure 9. M.-<:onversion plots for poly(CEVE) ob
tained with Hl/12 or iodine in toluene at - 40°C: [M]0 = 
0.50 M. The initial concentrations of HI and iodine as 
indicated. 

MWDs have been observed for poly(alkyl 
vinyl ether)s obtained with an equimolar 
mixture of hydrogen iodide and iodine at 
- 5--l5°C.7 CEVE, on the other hand, re
quired an excess amount of the acid over io
dine together with a lower temperature to 
yield such monodisperse polymers. 

The M.--conversion plots obtained at 
- 40°C were shown in Figure 9. The M. was 
directly proportional to conversion at all 
[HI]0/[12]0 ; at the same conversion, the higher 
the initial HI concentration, the lower the M. 
values. The results shown in Figures 8 and 9 
demonstrated the formation of living polymers 
with a nearly monodisperse MWD in the 
CEVE polymerization by HI/12 initiator in 
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toluene at - 40°C. 
It should be emphasized that a nearly per

fect living polymerization was achieved for 
CEVE which would form a less stabilized 
propagating species. Comparison of this proc
ess with the corresponding living polymeri
zation of IBVE7 indicated that CEVE needed 
to be polymerized at a lower temperature 
(- 40°C) than for IBVE (- l5°C) to yield 
nearly monodisperse living polymers. This 
may reflect the difference in stability between 
the propagating species derived from the two 
vinyl ethers. 
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