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Abstract 

Higashimura reported living caticm/c polymerization by the CK3(DOEt/AIEtCI2/C6HSC~ /IBVE 
system, however, the mechanism was obscure and the high mole ratio of CH~I AIEtCI2 
(50/1) was unusual. To elucidate these facts the AIEtCI2,C~ cc~lex was investigated 
in detail by~-SMR, IR and UV spoctrosonpies. It was found that CH3OOCEt was the true 
initiator, AIEtCI2 the coinitiator, and the ester bond the active bond. UV Sl~ctra show 
co~lexation oow, etitio~s of AIEtC12 with C6H5C~, CH3OOCEt and ED. Living 
1611mm.rizatioss occur only wh(m the ~ / A I E t C 1 2  ratio is sufficiently high. The 

hmcls from 324 to 327em corresixi~ to living complexes and indicate cImstant 
moscmer insertion and co~lex formation during propagation. 

IBtr~uction 

Liwh~I Polymerization is a uvenisnt way to achieve polymer design. Some 30 years ago 
Szwarc first Imblished the livi~ aBionie Pol~erization of sb/reme.(2,3) $inos them 
numerous papers have been published in this field and it bmmM oat to be also of great 
eommrcial interest. Livi~ cationic Pollmerization ~ only very recently. 
T.Higashimura et al. (4) in 1984 developed living Pollaerization of IBVE with the HI/I/ 
system and two years later be also s~cassfully employed the C~3(%XEt/AIEtCI2(1) 
dicxane/AIEtCl2(5) systems for the same Imrpose. Almost simultaneously J.P Kem,e~ 
relxEted on the living carbrationic Pollmerization of isolmtylene (]3) with the similar 
CR3(XX)t-Bu/BCI3 system. (7,6) These were true hreskthrou~ in the field of cationic 
polymerization. Neverthless a direct demonstration of living mechanism was still lacki~ 
and the t ~  diff~ in their ester/lewis acid ratios used also remains a puzzle. 
This papor concerns primarily the role of oa~lexation, gives direct demonstration of 
living mec/mnism, and describes necessary and sufficient em~litio~ for achieving living 
cationic polymerization with Lewis acid/ester system. 

Exporime~tal 

A.Materisls. IBVE (A.R. Swiss). It was washed with dilute Na~ and water and dried with 
solid E~. Toluene (C.P.) was dried with 4A molecular sieves at least for one week. All 
resgm%ts were reflu~ in the IEeSmx~ of Call2 and distilled before use. AIEtCI2 ~/anshan 
Petrochemical Co.) was used as recei~. 
B,Ins~ts. b-~ spectrometer, ~ UV-260(Japan). IR spectrometer, ~ IR- 
420(Japan). 'H-N~, ~-360(Germany). GI~C, Waters 150C, Columns(10 ~, 104, ~05,Styragel). 
~O(K.auer, Ger~). 
C.Procedures. Pellmerization was carried out under dry nitrogon in repoatly baked three- 
necked flasks equ i I~  with a stirrer. T,e Poll~erization t~m_rature was maintaimM by a 
thermostat. Rea~mts were added by a dry syringe by the following se~w,ce: solvent, 
ester, IBgE, Lewis acid. Pollmerization was terminated by methanol. TOe im0duct was washed 
with dilute HCI and water, and finally dried tamer vacuum. 
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D.Polymer sab l e  preparation. Polymer samples were first subjected to repeatedly 
dissolving, ~-ecipitati~ and drying under vacuum to omstant weight. The sample so 
obtained was examined by [N spectroscopy. The absence of IBVE residues was indirectly 
demc~trated by the absence of toluene, the boiling point of which is 34~ higher than of 
IBVE, and Ix~ause the ammmtof toluene used was 7.5 times larger thanthat of IBVE. 
(Fi~.3) 

Results and Discussion 

I .  Structure charaeterizatio~ of the chain ten~inal 

Fig.1 IR spectnm of 
PIBVE 
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Figure I gives the IR spectrum of PIBVE and shows all the characteristic absorpti~ bands 
of standard PIBVE, except at 1730cm -s wh/ch is assigned to a carlxmyl group. The polymer 
sample was then examined by ~-~R (Figure 2). The spectnm shows resmauces at 1.9 pln 
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and 3.4 l~m characteristic of C~3 and . UV S l ~ ~  was used to 

distinguish the ester from ketcme (the absorption bands of carbonyl groups of ester and 
ketone appear at 200-220r~n and 280-300rm, respectively). Figure 3 shows a band at 217rm, 
indicating that the carbcmyl group can only he due to an ester. 

Fig.4 UV spectra of the 
CH3COCEtlAIEtCI2/ 
IBVE / toluene 
system at d/fferent 
polymerizati(m times 
i. Imin. 2. 30min. 
3. 50 rain. 4. 76 rain. 

Reference: Mixture of 
toluene and 
C ~  
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Figure 4 gives the UV spectra of IDl!~ers obtained at different IDlyaerizati(m times. The 
spectra show gradually gro~ absorptions around 324rm indicating the increasing 
foraatica~ of polymer ester/AIEtCl2 complexes during the iDllaBerization. In addition , the 
valley around 280~m Eiminishes as the absorption at 324~m increases, indicating that the 
chain propagates at the exI~mse of IBVE. Adopting Kennedy's mechanis~ (7) the l iv i~ I  
Ix)lymerization of IBVE by the CH30OCEt/AIEtC12 system can be written as follows: 
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Accordi~ to Aosh/ma and Higashimura (9)oli{~mrizati~ of ~ Vires a chain e~d 
oontaining a double bc~d aris~ from chain transfer. The ester group may be due to our 
�9 ifferent system, reacti~ conditions, and terminatica modes. Besides, chain transfer 
chain term/nation ~ d  he absent in true living polymerization, so this model is not 
applicable to our livi~ polyaerization system. 

2. Living IBVE polymerization with Lewis acid/ester systems 

We have investigated IBVE polymerization by the use of variots CH3000Et/AIEtC12 ratios. 
Table 1 shows the experimental ccaditic~s and oh~arvaticas. 

Fig. 5 UV spectra of 
3. CH3OOOEtlAIEtCI21 
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TAB.I. Results of the Polymerization of IBVE* 

CH3C0OEtlAIEtCI2 0:i 1:1 i0:i 30:1 50:1 
control 

Time required for instant- 0.5 rain 20 rain 
color change aneous 

Color of the brew. light light white white 
~olymm. system yellow yellow 

Modality b/modal monomodal ~ mcr~mKx~/ mo~al 

Color of the orange orange orange white white 
polymer 

MwHm 4-11 4-10 3-4 2-3 < 2 

*Initiation system CK~0fEt/AIEtCI2, [IBVEI 10%(Voi), [AIEtCI2] 20~, 25"C, Tolueme 

0 

20 ~0 hO 80 IOO 
CONY* 

Fig.6 I%1 vs. conv. of PIBVE 
initiated by CK3OXEt/ 
AIEtCI2 30/1 
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Fig.7 F~ vs. ~v. of PIBVE 
initiated ~ CH3COCEt/ 
AIEtCI2 50[1 

Fig.8 G~c3C of PIBVEs 
wemred ~ mA 
tec~mique (6) 

Figure 5 shows the characteristic absorption bands of AIEtCl2otoluene and 
AIEtCI2.(m3aXEt cu~lexes at 284,m and 322rn respectively. The valley observed in some of 
the omvas is due to mere transpaz~t sa~le solutions than the reliance solution. ]3~E 
does not form a complex with AIEtCI2 shewi~ absorption bands within this range. 
Ahscrbance at 309rim is assigned to the AIEtCI2~ ox~lexo (8) The complex of AIEtCI2.H20 
can also initiate IBVE poll~erization, as se~ frem the control ex~risemt in Table i. The 
last traces of moisture are too difficult to ~e~,~e flrm the system, therefore, some 
pollmer is still obtsin~ in the absence of ester. Tee ratio of CR3OCX~/A1EtCL?, affects 



346 

CH~COOEt/AIEtc 

o 

o~ 

I 
~avelength nm 

CH3COOEt/AIEtCI2 ~ 
0.1/I 

~ Wavelength n~ 

t~ 
O 

CH3(~0OEt/A1EtC12~ 

ks 

CS3C00~.t/ALEtCl 2 
3oli 

o 
o 

~3CooEt/A1EtCla ~, 
5Oll 

F'~.9UVspectraof thewryratio 
S~0~tlAIE~Cl21toluene: 
1.011(ah~mceof~3C0C~) 
2.0.1/1 3.10/1 4.30/1 5.50/1 

Referawe: Tolu~me 

the polymerizaticn and is worthy of ~tigaticn in detail. As shown in Table 1 when 
CH3(DOEt/AIEtCI2 < 50, the l~11,~x/zatiun is mmlivi~. Fibre 6 shows that at 
CEKXXEt/AIEtCI2 = 30 the }M versus c~versinn plot is not I/near. The MWDs are 2-3. In 
~mtrast, as imlicated l~ the data in Figure 7, .he~ the CS3(XXEtlAIEtCI2 ratio is > 50, 
the system ~ livi~ in nature and the rams obtain~ at 4ifferemt cc~versimm am 
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narrow (<2) theft the whole Polymerization process. In addition, the living nature 
has also been demonstrated by rest~ing the polymerization with fresh monomer add/tion, as 
shown in Figure 8. 
In order to elucidate why such a large excess of CH3COOEt is needed, a series of UV 
spectra at d/fferent CH3OOOEt/AIEtCI2 ratios were investigated in detail. Figure 9 shows 
the gist of these experiments. By increasing the ratio, the absorptions at 282mn and 197nm 
due to the AiEtCl2-toluene and AIEtCI2.H20 complexes either diminish or disappear 
ccr~letely. This clearly indicates a complexation ccIrI~tition. If the concentration (or 
ratio) of CH300(Et ( or CP~COOEt/AIEtCI2) increases beyond a certain critical value, 
depending on the nature of solvent or adventitious impurities in the system, then living 
polymerization is possible. 

Conclusions 

I.C}I3C00Et/AIEtCI2 complex is the true living initiating species. CH3(XXEt is the 
initiator and AIEtCI2 the coinitiator. 
2.There are cuml)lexation competitions among the various complexes, such as 
AIEtCl2.toluene, AIEtCI2-H20 and AIEtCI2.~. 
3.The necessary cunditions for living IBVE Pol~erization with the C}I3(D(Et/AIKcCI2 system 
is that the Lewis acid sh~Idplay two roles: i) stabilizing the cotmterion by 
complexation, so as to prevent chain transfer and termination, and 2) activating the 
labile O-Et bond in the initiator. 
The sufficient condition for living IBVE Pol~a~rization is that the true initiating 
complex ~o~ o~t~te the other initiating complexes and this can be achieved by 
controlling the CH3C0CEt/AIEtCI2 ratio. 
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