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ABSTRACT: The living polymerization of isobutyl vinyl ether (IBVE) and sequential block copolymer- 
ization of isobutylene (IB) with IBVE have been achieved using Tic14 coinitiator in methyl chloride1 
hexanes solvent mixtures in the -80 to -40 "C temperature range. Poly(1B-b-IBVE) with -100% blocking 
efficiency has been synthesized for the first time. Close to 100% initiator efficiencies as well as 100% 
crossover efficiencies were obtained with 2,4,4-trimethyl-2-chloro-pentane (TMPC1) and PIBCl, respectively. 
The procedure involved capping with 1,l-diphenylethylene, followed by the addition of nBu4NCl to reduce 
the concentration of free, uncomplexed Tic14 to [TiC141free < [chain endl before the addition of IBVE. 
Mechanistic studies indicated that the presence of common ion salt is not necessary, and that living 
polymerization of IBVE and sequential block copolymerization of IB with IBVE can also be accomplished 
in its absence when [Tic141 < [chain end]. It is proposed that under these conditions the gegenion is 
TiClS-, a much stronger nucleophile compared to the TizC19- dimeric gegenion which dominates at 
[TiCl&,,$[chain end] t 2. 

Introduction 
Living polymerization is a most valuable technique 

in polymer synthesis. In addition to the controlled and 
uniform size of the polymers, living polymerizations 
provide the simplest and most convenient method for 
the preparation of block copolymers by sequential 
monomer addition. The first example of living carboca- 
tionic polymerization, the polymerization of isobutyl 
vinyl ether (IBVE) with an  equimolar mixture of hy- 
drogen iodide and iodine (HI&) in n-hexane at  - 15 "C 
was discovered in 1984.l Since then the scope has been 
rapidly expanded to different vinyl ethers, propenyl 
ethers and other cationically highly reactive monomers, 
such as  N-vinylcarbazole and p-methoxystyrene, and 
t o  other initiating systems based on weak Lewis acids 
such as  zinc halidesU2 The key to these living polymer- 
izations is the high stability of the growing end where 
the nucleophilic counteranion strongly interacts with 
the cationic active site. Living polymerizations with 
stronger Lewis acids forming nonnucleophilic counter- 
anions have also been reported, but only in the presence 
of added Lewis bases or in the presence of common ion 
salts.3 Lewis bases are considered to nucleophilically 
stabilize the growing carbocations, while common ion 
salts are presumed to suppress the ionic dissociation to 
free ions that is believed to yield nonliving polymeri- 
zation.3 

The living polymerization of vinyl ethers has also been 
achieved by the combination HZ/RINX where X is C104-, 
Nos-, BF4-,4 or Cl-.5 The livingness was suggested to 
be the result of fast exchange of the chain end iodine 
with the anion of the salt. Similarly, the living polym- 
erization of IBVE was reported by the MeCH(0iBu)CV 
nBu4NfTiCls- initiating system a t  -20 "C in C H ~ C ~ Z . ~  
The mechanism of the polymerization was not investi- 
gated, although it was speculated that a salt effect or a 
possible Lewis acid activity of the salt is responsible for 
the polymerization. 
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While weak Lewis acids such as  Zn halides may be 
necessary to effect living polymerization of the more 
reactive vinyl ethers, they are ineffective to induce 
polymerization of less reactive monomers such as isobu- 
tylene (IB) and styrene (St). Importantly, the living 
polymerization of IBVE was also reported by the MeCH- 
(OiBu)Cl/l'iC14 initiating system in the presence of 
electron donors a t  very low  temperature^.^ At higher 
temperatures, degradation by dealcoholation prevented 
living polymerization. Since Tic14 also induces the 
living polymerization of IB, attempts have been made 
to synthesize PIB-PIBVE diblock  copolymer^.^ How- 
ever, very low (<20%) blocking efficiencies were re- 
ported, due to the unfavorable crossover from a less 
reactive IB t o  a much more reactive IBVE. Efficient 
crossover may be obtained when the reactivities of the 
two monomers are similar or when crossing from the 
more reactive monomer to  the less reactive one. It is 
difficult to attain, however, when the crossover is from 
the less reactive to the more reactive monomer. Thus, 
while the synthesis of poly(methy1 vinyl ether-b-styrene) 
(PMeVE-b-PSt) block copolymer has been accomplisheda 
that of PSt-b-PMeVE was unsuccessful due to unfavor- 
able crossover rate relative to  the homopolymerization 
rate of MeVE. However, using similar procedures, well- 
defined PIBVE-b-PSt block copolymers could not be 
obtained due to a very large difference in reactivity 
between IBVE and St (IBVE >> StLa 

We recently developed a novel scheme for the syn- 
thesis of block copolymers by living carbocationic se- 
quential block copolymerization when the second mono- 
mer is more reactive than the first ~ n e . ~ J ~  It involves 
capping with a highly reactive but nonpolymerizable 
monomer such as  1,l-diphenylethylene (DPE). This is 
followed by tailoring the Lewis acidity to the reactivity 
of the second monomer. The Lewis acidity modulation 
was accomplished by the addition of titanium alkoxides, 
or by replacing the Lewis acid with a weaker one in the 
synthesis of PIB-b-PpMeStg and PIB-b-PaMeStll diblock 
or PpMeSt-b-PIB-b-PpMeSt12 and PaMeSt-b-PIB-b- 
PaMeSt triblock13 copolymers. The success of the 
methods was demonstrated by -100% crossover ef- 
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ficiencies as well as by the excellent mechanical proper- 
ties of the triblock copolymer thermoplastic elastomers. 

In the present paper  we  report  on resul ts  of block 
copolymerization of IB with IBVE by sequential  mono- 
mer  addition using our  novel synthetic stragegy. 

Experimental Section 
Materials. 1,l-Diphenylethylene (DPE) and 2,6-di-tert- 

butylpyridine (DTBP) were used as received from Aldrich. 
Isobutyl vinyl ether (IBVE) (99%, Aldrich) was purified by 
washing it 5 times with 10% aqueous KOH solution. It was 
dried over KOH pellets overnight, filtered, and distilled twice 
over CaHz. The purified IBVE was stored at  -20 "C under 
nitrogen. Tetrabutylammonium chloride (nBudNC1) (99% Al- 
drich) was rendered anhydrous by storing its CHzClz solution 
over CaH2 for several days with occasional stirring. I t  was 
filtered under nitrogen, and the solvent was evaporated under 
vacuum. The dried nBu4NCl was stored under nitrogen. CH2- 
Clz was purified by washing it with distilled water until 
neutral and drying over MgS04 overnight. It was refluxed for 
24 h and distilled twice over PzOs, the second time just before 
use. 

2,2,4,4-Tetramethyl-6,6-diphenyl-6-chlorohexane (TMDHCl) 
was synthesized according to the following representative 
procedure: 2,4,4-trimethyl-2-chloropentane (TMPCl) (1.3 x 

mol in 20 mL of MeCUKex 40/60 v/v solvent mixture) was 
capped with DPE (1.8 x mol in the presence of Tic14 (2.4 
x 
mol) dissolved in 10 mL of CHzClz was added under stirring 
and allowed to react for 40 min. A slightly higher than 
stoichiometric (nBu4NC1 = O.5TiC14) amount of nBu4NCl was 
used to ensure that all Tic14 and nBu4NC1 is complexed either 
as nBu4N'TizClg- or nBu4N+TiCls-. Upon addition of nBu4- 
NCl the orange color of the diphenyl carbenium ion disap- 
peared. The mixture was poured into 170 mL of hexanes (Hex) 
a t  -80 "C to ensure complete precipitation of the inorganic 
complex salt. After 1 h the precipitate was removed by 
vacuum filtration. The filtrate was clear and colorless indicat- 
ing the absence of TiC14. Since TMDHCl is unstable a t  room 
temperature,14 this solution was kept a t  -80 "C and used 
without isolating TMDHC1. 

nBu4N'TizClg- was synthesized by reacting 2 equiv of Tic14 
and 1 equiv of nBu4NC1 in methyl chloride (MeCl) for 40 min 
at  the polymerization temperature before the required volume 
was delivered. 

The synthesis and purification of MeCH(OiBu)C16 and all 
other materials have been described.15 

Procedures. Polymerizations were carried out in a stain- 
less steel glove 

The homopolymerizations of IBVE was initiated by TM- 
DHCl (see Materials) or by first capping TMPCl with DPE,15 
followed by the addition of nBu4NCl dissolved in MeC1. After 
40 min the monomer IBVE was added. In the diblock 
preparation, IB was first polymerized followed by capping with 
DPE. The polymerization and capping reaction was carried 
out in a MeCMex (40/60 v/v solvent mixture (10 mL) at -80 
"C. On the basis of a large body of published16 and unpub- 
lished kinetic data the capping time was determined to yield 
-100% capping. W and 'H NMR analysis of representative 
samples taken after capping indicated that capping is indeed 
-100%. The capping was followed by the introduction of nBu4- 
NC1 solution in MeCl and IBVE. The total volume of the 
polymerization system was 20 mL. When larger volumes were 
used, the reactions were carried out in a round bottom flask, 
and samples were withdrawn using a precooled pipet. 

All reactions were quenched with prechilled methanol and 
the reaction mixtures were poured into excess 10% ammonical 
methanol. The polymers were purified by repeated precipita- 
tion into methanol. 

The solubility of the common ion salt nBu4N+TizClg- 
(hBu4N-TizClg-I = 6.21 x MI was tested in several 
mixtures of HexlMeC1 (60/40, 50/50, 40/60), v/v at  -80 "C. 
Upon the introduction of nBu4NCl to a Tic14 solution in Hex/ 
MeCl 60140 v/v immediate precipitation occurred. The char- 
acteristic yellow-green color of the common ion salt was absent. 
This indicated low solubility in the HexlMeCl 60/40 v/v 

mol) a t  -80 "C. After capping, nBu4NC1 (1.45 x 

using MeCUKex solvent mixtures. 
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Scheme 1 
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mixture. In HexlMeC1 50/50 v/v, a green-yellow color devel- 
oped immediately accompanied by a small amount of precipi- 
tate. Precipitation was not observed in the HexlMeCl 40160 
v/v solvent mixture during 3 h of inspection. 

Conductivity measurements were carried out using a YSI 
Model 35 conductance meter equipped with a cell of 1 mho 
cm-' cell constant and a BBC Goertz Metrawatt SE120 plotter. 

Molecular weights were measured using a Waters HPLC 
system equipped with Model 510 HPLC pump, Model 410 
differential refractometer, Model 486 tunable W/vis detector, 
on-line MultiAngle Laser Light Scattering (MALLS) detector 
(MiniDawn, Wyatt Technology Inc.), Model 712 sample proces- 
sor, and five ultrastyragel GPC columns connected in the 
following series: 500, lo3, lo4, lo6, and 100 A. The flow rate 
of THF was 1.0 mumin. For data acquisition (RI and UV) 
and computing, using a calibration curve obtained by PSt 
standards (Polysciences Inc.), a Waters Baseline chromatog- 
raphy workstation was used. The detector signals (RI, W, 
and LS) were simultaneously recorded on a MacIntosh com- 
puter for absolute molecular weight and molecular weight 
distribution determination by the laser light scattering detec- 
tor using the ASTRette software. Refractive index increments 
(dn/dc) were measured by a laser interferometer (Optilab, 
Wyatt Technology Inc.). Interestingly, the Mns obtained by 
the MALLS detector were in good agreement with Mns 
calculated based on a linear calibration curve obtained using 
polystyrene standards. The crossover efficiency was deter- 
mined by mathematical resolution (Peakfit by Jandel Scien- 
tific) of the GPC RI traces using exponential Gaussian 
distribution. NMR spectroscopy was carried out on a Bruker 
270 MHz instrument. 

Results and Discussion 
Experimentation s tar ted by using the conditions 

found successful for the living homopolymerization of 
IBVE using Tic14 as ~ o i n i t i a t o r . ~  Thus IB was  polym- 
erized by the TMPCVTiC14 initiating system in Hex/ 
MeCl60/40 v/v at -90 "C. When the polymerization of 
IB w a s  complete, the chain ends were converted to  the  
diphenyl carbenium ions by capping with DPE. Finally, 
IBVE w a s  introduced. The GPC traces  of the product, 
however, were bimodal, a n d  the presence of large 
amount  of unreacted homoPIB indicated low crossover 
efficiency (-10%). 

This result demonstrated that in the  presence of large 
excess of TiC14, the propagation rate is much higher 
than the rate of initiation. According to earlier kinetical 
and mechanistic studies,16 complete ionization of the 
DPE-capped chain ends is reached upon the addition 
of 2 equiv of Tic14 (Scheme 1). 

Thus a [TiCLl/[chain end1 =- 2 ra t io  is not preferred 
to  achieve high crossover efficiency, since the excess 
Tic14 may only increase the rate of IBVE polymerization 
while the rate of initiation is not affected. The polym- 
erization of IB a n d  the subsequent capping reaction can 
be accomplished with [TiC141/[TMPCl] = 2 for low 
molecular weight PIBs when the chain end  concentra- 
tion is high. Alternatively, t he  effective Tic14 concen- 
t ra t ion can be decreased prior to  the addition of IBVE 
by the addition of nBurNC1. 
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Table 1. Polymerization of IBVE in HedMeCl at -80 "Ca 

vlv M TMPCl % MwlMn % 

60140 7 10-3 2 100 5.0 60 

2.6 10-3 2 100 5.3 58 
40160 5.2 10-3 2 100 5.9 71 

2.6 x 10-3 1 100 1.7 59 
5.2 10-3 0 2b 

4.5 x 10-3 1 100 1.3 86 
30170 5.6 10-3 0.3 6c 

3 x 10-3 0 75= 1.1 90 

M; [Tic141 = 
1.04 x M; [DTBP] = 5.0 x M; [IBVE] = 0.52 M. In 3 
h. In 4 h. 

Hex/MeCl, nBu4N+TizCls-, Tic14 fie$ conversion, Ier, 

[TMPCl] = 5.2 x M; [DPEI = 6.5 x 

The latter approach was used in the next set of 
experiments carried out using DPE capped TMPC1. On 
the basis of our earlier reports, which indicated that 
Tic14 forms dimers and dimeric gegenions under the 
polymerization conditions,16-18 a 1:2 stoichiometry was 
assumed (and subsequently proved; see in Mechanistic 
Studies) for the reaction of nBu4NC1 with TiC14. Since 
the structure of TMPCl mimics the chain end of PIB, 
the initiator efficiency (Zer % = 100 x M ,  theoretical/ 
Mn observed), which can be easily measured, was used to 
predict crossover efficiency. The results are sum- 
marized in Table 1. 

The polymerizations were very fast a t  [TiCIJfie$ 
[TMPCl] > 1 ([TiCl4lfree = [TiC141total - 2[nBu4NClI) and 
complete conversions were reached in less than 5 min 
in all three solvent mixtures. The products exhibited 
broad molecular weight distributions, and the Z e e  
were lower than 100%. According to tests described in 
the Experimental Section, the solubility of the common 
ion salt is very low in Hex/MeC160/40 v/v solvent mix- 
ture a t  -80 "C. Interestingly, however, the beneficial 
effect of the common ion salt was not observed even 
when the experiments were carried out in Hex/MeC140/ 
60 v/v, where precipitation was absent. The polymer- 
izations were also fast with [TiC14]fie,,$[TMPCl] = 1 in 
Hex/MeCl 40/60 as well as in 30/70 v/v mixtures, and 
similarly low I e e  were obtained. However, the molec- 
ular weight distributions were relatively narrow. Only 
traces of polymer were obtained even after 3 h with 
[TiC14]fre$[TMPCl] = 0-0.3 when the concentration of 
common ion salt was low. When high concentration of 
common ion salt was used at  [TiCldlfie$[TMPCl] = 0, 
although the polymerization was very slow (75% con- 
version in 4 h), polymers with narrow molecular weight 
distribution ( M w / M n  = 1.1) and close to 100% l e g  were 
obtained. 

Further kinetic experiments were carried out with the 
[TiClrIfree = 0 system at  -40, -60, and -80 "C to 
determine the livingness of the polymerization. The M ,  
vs conversion plots, shown in Figure 1 for all three 
temperatures, are linear, indicating the absence of chain 
transfer to monomer. The observed Mns are somewhat 
higher than the theoretical values ( Z e ~  -80%). The 
molecular weight distributions are narrow and decrease 
to M J M ,  = 1.05 at  100% conversion. Furthermore the 
linear first-order plots (Figure 2) prove that the con- 
centration of growing centers remains constant. Thus, 
termination is also absent, i.e., the polymerization is 
living. The identical polymerization rates at -40 "C and 
at  -60 "C suggest that the decreased polymerization 
rate a t  -80 "C is due to the lower common ion 
concentration rather than the result of the lower tem- 
perature. The identical polymerization rates a t  differ- 

15000k1*5 

10000 1 
c 

A 5 

5000-  
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0 25 50 75 100 

CONVERSION, % 

Figure 1. The M,, (filled symbols) and Mw/Mn (open symbols) 
versus conversion plot for the polymerization of IBVE in Hex/ 
MeCl 30170 v/v at [TiC141fiee = 0. [TMPClI = 1.32 x M. 
[DPE] = 1.6 x lo-' M; [DTBP] = 5.0 x M; [IBVE] = 1.30 
M. (m, 0)  -40 "C; [Tic141 = 1.25 x 10-1 M; [nBu4NCll = 7.0 
x lo-' M. (0.0) -60 "C; [Tic141 = 1.25 x 10-1 M: [nBudNClI 

0.0 1 0 5 0  100 1-50 2 0 0  2 5 0  

TIME, ( MIN.) 

Figure 2. First-order plots, for the polymerization of IBVE 
in HedMeCl 30/70 v/v at [TiCldfiee = 0. [TMPCl] = 1.32 x 

M; [DTBP] = 5.0 x M; [IBVE] 
= 1.30 M. (B) -40 "C; [Tic141 = 1.25 x 10-l M; [nBu4NC1] = 
7.0 x M. (0) -60 "C; [Tic141 = 1.25 x 10-1 M; [nBu4NC1] 
= 7.0 x M. (A) -80 "C; [Tic141 = 5.2 x lo-' M; [nBu4- 
NC11 = 2.9 x M. 

ent temperatures also suggest that the active center 
concentration ([Mn']) decreases with increasing tem- 
perature (a common phenomena in cationic polymeri- 
zation) and cancels the increase in the propagating rate 
constant K , .  

Although when low [nBu4N+TizCls-l was used the 
polymerization was extremely slow at  -80 "C (see Table 
l), by increasing the temperature to -40 "C the polym- 
erization rate increased about 20 fold. The M ,  vs 
conversion plot and the first order plot for polymeriza- 
tions carried out a t  -40 "C, in Hex/MeC150/50 v/v are 
shown in Figures 3 and 4, respectively. The observed 
Mns are close the theoretical values indicating close to 
100% Z e ~ .  It should be noted that this experiment was 
carried out using preformed TMDHCl and common ion 
salt nBu4N+TizCls-. These form in situ when TMPCl 
is capped with DPE followed by the addition of nBu4- 
NC1 at  [TiC14]tobl/[nBu4NC1] = 2. This is corroborated 
by our visual observation that upon addition of nBu4- 

M; [DPEI = 1.6 x 
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Figure 3. The M ,  (W) and M J M ,  (0) versus conversion plot 
for the polymerization of IBVE in Hex/MeC150/50 v/v at -40 
"C. [TMDHCll = 3.11 x M; [DTBPI = 5.3 x M; 
[nBu4N+TizClg-l = 2.9 x M; [IBVE] = 0.275 M. 

I 

0.0 0,5L 0 2 5 0  5 0 0  7 5 0  1 0 0 0  

TIME, (MIN.) 

Figure 4. First-order plot for the polymerization of IBVE in 
Hex/MeC150/50 v/v at -40 "C. [TMDHCl] = 3.11 x M; 
[DTBPI = 5.3 x M; [nBu4N+TizClg-] = 2.9 x M; 
[IBVE] = 0.275 M. 

NC1 the orange color of the diphenyl carbenium ion 
disappeared and the characteristic yellow-green color 
of the common ion salt appeared. This indicates that 
the ionization equilibrium of Scheme 1 is shifted to the 
left to TMDHCl. Therefore we consider the two type of 
experiments equivalent. 

Subsequently, a block copolymerization experiment 
was carried out by sequential monomer addition at  -80 
"C using [nBu4NClI = 6.3 x 10-2M, in Hex/MeC130/70 
v/v. PIB-b-PIBVE with 5000 PI'B and 9000 PIBVE 
segment molecular weights was planned. Contrary to 
the results of homopolymerization however, the block 
copolymerization of IBVE was very slow, and negligible 
IBVE conversion was obtained in 3 h. Similar phenom- 
enon, slow block copolymerizations when the corre- 
sponding homopolymerization suggested higher rates 
has been reported beforelg and also observed by us. It 
was suggested that a slow diffusion through the PIB 
coil lowers the propagation rate of the second monomer. 
Alternately, a decrease of chain end ionization andor  
lower local monomer concentration due to specific 
solvation may also be responsible for the lower rates. 

To increase the rates, we decided to study polymer- 
izations a t  [TiC141fiee > 0. TMPCl was capped with DPE 
followed by the addition of precalculated amount of 
nBurNCl to reach the desired [TiC141total/[nBu4NC11 > 2 
ratio. Kinetic experiments have been carried out at -80 
"C with the [TiC14]fr,$[TMPC1] = 1 and a t  -40 "C with 
the [TiC141fre$[TMPC11 = 0.38 ratios. According to the 
linear M ,  vs conversion (Figure 5) and ln([MlJ[MI) vs. 

i 15000  

i =c 10000 

4 1 . 6  g 

! 1 . 0  
0 2 5  5 0  7 5  1 0 0  

CONVERSION, % 

Figure 6. The M ,  (filled symbols) and M J M ,  (open symbols) 
versus conversion plot for the polymerization of IBVE in Hex/ 
MeCl 30/70 v/v. [TMPCII = 3.0 x M; [DTBPI = 6.0 x 

M; [IBVEI = 3.0 x lo-' M. (W, 0)  [TiCl~lf,J[TMPCl] = 
1.0; [nBu4N+TizClg-l = 4.5 x M; T = -80 "C. (0, 0)  
[TiCl~I~,,$[TMPCll = 0.38; [nBu4N+Ti&lg-] = 5.4 x M; T 
= -40 "C. 

- 
F 
E 

0 2 0  4 0  6 0  

TIME, ( MIN.) 

Figure 6. First-order plot for the polymerization of IBVE in 
HedMeC130/70 v/v. (W) [TiCl&J[TMPCll = 1.0. (e) [Tick]& 
[TMPCl] = 0.38. Other conditions described in the legend of 
Figure 5. 

time plots (Figure 61, living polymerizations have been 
achieved. Close to theoretical Mns were obtained at  -80 
"C, while they are somewhat higher a t  -40 "C. A com- 
parison with results obtained a t  -80 "C with a similar 
[TiC14]fre$[TMPC1] = 0.3 ratio illustrates that the rate 
of the polymerization can be increased by increasing the 
temperature or the [TiC141fre$[TMPCl] ratio. 

In Figure 7, the GPC chromatogram of a diblock 
prepared at -40 "C is shown. The -66% crossover 
efficiency was similar to the Ifre,+ obtained in the 
homopolymerizations. In Figure 8 the GPC chromato- 
gram of a diblock prepared a t  -80 "C is shown. In 
agreement with the close to  100% Ieffs obtained in 
homopolymerizations > 90% crossover efficiency was 
obtained. In Figure 9 the M ,  of the diblock copolymer 
is plotted against the weight of the copolymer. In 
Figure 10 the lH NMR spectrum of the diblock is shown 
along with the assignments. 

Mechanistic Studies 
The activity of an initiating system and the livingness 

of the polymerization is greatly affected by the nature 
and strength of the Friedel-Crafts acid. Recent suc- 
cesses are based on efforts to match the reactivity of 
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Figure 8. GPC chromatogram of the starting PIB and the 
PIB-b-PIBVE diblock copolymer obtained at -80 "C. [Tic&]& 
[TMPCl] = 1.0; 94.8 wt % block copolymer; 5.2 wt % PIB 
starting polymer. Blocking efficiency - 90%. Isobutylene 
polymerization and capping: [TMPCl] = 6.0 x M, [DPEI 
= 8.8 x M; [DTBPI = 1.2 x 
M; [IBI = 0.6 M; solvent mixture Hex/MeCl 60/40 v/v; T = 
-80 "C; volume = 10 mL. Isobutyl vinyl ether polym- 
erization: [Tic141 = 1.2 x M; [DTBPI = 6.1 x M; 
[IBVEI = 0.29 M; [nBurNCl] = 4.5 x M; [IBVE] = 0.31 
M; solvent mixture HedMeC130/70 v/v; total volume = 20 mL; 

1.42. 

M; [Tic141 = 2.4 x 

= 7300; MdMn = 1.49; Mn(bl0ck) = 18400; MJMn = 

the monomer (i.e., the stability of the polymer cation) 
and the Lewis acidity of the coinitiator (i.e., the nucleo- 
philicity of the counteranion) to obtain nondissociated 
growing centers. When the Lewis acid is stronger than 
desired, the use of a common ion salt is assumed to 
suppress the ionic dissociation of ion pairs to free ions 
and lead to living polymerization. However, when free 
ions are not involved in propagation, as  in the polym- 
erization of IB involving the BC14-20 or TizC19-21 
gegenions, rates, molecular weights, and distributions 
are not affected. Regrettably, the nature, activities, and 
concentration of the active species are unknown for most 
polymerizations. In our polymerization system rates, 
molecular weights and molecular weight distributions 
do not appear to be directly related to the concentration 
of common ion salt, and apparently are governed by the 

PIB-b-PIBVE 

20000- 

15000-  

10000- 
$ 

5000- 

0 
0.0 0.2 0.5 0 . 8  1 .o 

WP (grs) 
Figure 9. The linear plot of the molecular weight (M,) versus 
the weight (W,) of the obtained diblock: (0) MALLS; (H) PSt 
calibration. Reaction conditions provided in the legend of 
Figure 8. 
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Figure 10. lH NMR spectrum of PIB-b-PIBVE copolymer, 
solvent 100% CDZC12. 

[TiClJf,,$[chain end] ratio. Controlled polymerization 
was only observed when this ratio was less than 1. 

In recent reports we suggested that Tic14 forms 
dimers andor  dimeric gegenions under the polymeri- 
zation conditions. Raman spectroscopy of nBu4NCV 
Tic14 solutions in CHZClz also demonstrated the ex- 
clusive formation of Ti2Clg- dimeric gegenions with 
[TiCl4l/[nB~NCl] I 2.22 Importantly, with [TiC141/ 
[nBwNClI 5 1 only TiC15- monomeric gegenions were 
observed. 

The same conclusion can be reached based on con- 
ductometric titration of a n B a C 1  solution in Hex/MeCl 
30/70 v/v with Tic14 at -80 "C (Figure 11). The 
equilibria shown in Scheme 2 were established. Since 
the negative charge is dispersed more effectively in the 
dimeric TizClg- gegenions, the dimeric gegenions are 
less nucleophilic than the monomeric TiC15-. Therefore 
the ionic dissociation equilibrium with TizC19- is shifted 
to the right in comparison with the corresponding 
equilibrium with TiCls- , Accordingly, further addition 
of TiC14, after the [TiC14]/[nBu4NCl] = 1 ratio has been 
reached, increases the conductivity further and limiting 
conductance is reached upon the addition of 2 equiv of 
TiC14. At this stage, ionization is complete and the 
gegenions are mostly TizClg-, therefore further addition 
of Tic14 does not result in an increase in conductivity. 



7898 Hadjikyriacou and Faust Macromolecules, Vol. 28, No. 23, 1995 

2 5  3007 
2 5 0  .. .. . c e 2 0 0  

I 
1 5 0  . . 

0 
0 5 0  

8 
I ,  

0 1 2 3 

Tic14 (EQUIVALENTS) 

Figure 11. Conductometric titration of nBurNCl(4.0 mmol) 
with Tic14 in Hex/MeCl 30/70 v/v at -80 "C. Total volume 
900 mL. 

Scheme 2 

nBu4N+TiC1; Go* nBu4N* + TiCIi nBu4NCI + T U ,  

TiC14i( TiCl,I TIC\, 1 

Consequently, dimeric Friedel-Crafts acids are stronger 
acids than the monomeric counterpart. Thus, we hy- 
pothesized that the controlled polymerization is due to 
the presence of nucleophilic monomeric gegenions when 
[Tic141 i [chain ends]. 

This is based on the assumption that the equilibrium 
constant of ionization of the PIBVE chain ends is high, 
i.e., the amount of uncomplexed Tic14 is negligible when 
[Tic141 < [chain ends]. (Otherwise dimeric gegenions 
would still arise.) This was verified by conductometric 
titration of MeCH(0iBu)Cl as  a model compound with 
Tic14 a t  -40 "C. According to the conductance vs the 
added Tic14 equivalents plot (Figure 12) the conductivity 
levels off after the addition of 2 equiv of TiC14. Complete 
ionization is reached at approximately 3 equiv of TiC14. 

To test our hypothesis, three different polymerization 
schemes (Scheme 3) were designed to be compared. In 
Scheme 3A TMPCl is capped with DPE followed by the 
addition of nBu4NCl to reach the [TiC14lt,d[nBu4NCll 
= 2 ratio, and by the addition of IBVE. Scheme 3C is 
similar except that preformed initiator and common ion 
salt are used. We have used both polymerization 
schemes. However, according to our hypothesis, living 
IBVE polymerization could also be achieved according 
to  Scheme 3B without the use of common ion salt. Thus 
IBVE was polymerized by the TMDHCYTiClflTBP/ 
IBVE/Hex:MeCl, 50:50v/v/-40 "C system at [Tic141 < 
[TMDHCl], without the use of nBu4NC1. With [TiC141/ 
[TMDHCl] = 0.25 the polymerization was very slow and 
only traces of polymer were obtained in 3 h. Impor- 
tantly, when the [TiC141/[TMDHCl] ratio was increased 
to 0.5 the polymerization rate increased (60% conversion 
in 3 h) and polymers with close to theoretical Mns and 
narrow molecular weight distributions (Mw/Mn - 1.1) 
were obtained. The Mn vs conversion (Figure 13) and 
ln([Mld[MI) vs time (Figure 14) plots confirm that the 
polymerization is living. For comparison the In( [Mld 
[MI) vs time plot obtained when the common ion salt 
nBu4NfTi2Clg- was used alone (Scheme 3C) but other- 

('.. 
2 2 . 0  . c 

8 
1.5 

E E, -'-I 
% I I 5 1  , . 
I- 1.0 
0 

0.0 0,5L 0.0 0 . 5  1.0 1 . 5  2.0 2 . 5  3.0 

Tic14 (EQUIVALENTS) 

Figure 12. Conductometric titration of MeCH(OiBu)C1(1.014 
mmol) with Tic14 in Hex/MeCl 50/50 v/v at -40 "C. Total 
volume 900 mL. 

Scheme 3 
Ph 
I 
I 

TMPCI + DPE + 4TiCI4- TMFCHz-C+ Ti&& + 2TiCI4 

Ph 

I' 20u4NC' 
Ph 
I 
I 

Ph 1. Hexanes 1 2 Filtration 
TMP-cH,-C-CI -P-CH~-C-CI + Z ~ ~ ~ C ~ ~ ~ I B U , N + ]  

Ph 
I / Ph 

Ph 

wise under identical conditions is also shown on Figure 
14. Interestingly the slope of the plot is similar to that 
obtained with Tic14 alone indicating similar, -1.43 x 

The polymerization was also carried out modifying 
Scheme 3B by adding nBu4N'TinClg- in equimolar 
amount to the initiator, after the addition of 0.5 equiv 
of TiC14, but otherwise under identical conditions. The 
linear Mn vs conversion and ln([Mld[MI) vs time plots 
shown in Figures 14 and 15 verify that the polymeri- 
zation remains living although the M,s are somewhat 
higher than the theoretical values. Since the polymer- 
ization rates with Tic14 alone and with nBu4NtTizClg- 
alone were similar, a 2-fold increase in the rate would 
be expected based on the 2-fold increase of the active 
center concentration. Most importantly, the rate of the 
polymerization in the presence of Tic14 and common ion 
salt is about 9 times higher, which may indicate the 
presence of Ti&&- counteranions and could account for 
some loss in the M,, control. 

Subsequently the sequential diblock copolymerization 
of IB and IBVE was carried out similarly to Scheme 3B, 
using the [TiCW/[chain end] = 0.5 ratio without the use 
of nBulNC1. PIB-n-PIBVE diblock copolymers with 
theoretical Mns and narrow molecular weight distribu- 
tions have been obtained. On Figure 15 the GPC traces 
of a PIB first segment and the final PIB-b-PIBVE are 
shown, indicating - 100% crossover efficiency. 

M active center concentration. 
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Figure 13. The Mn (filled symbols) and MJMn (open symbols) 
versus conversion plot for the polymerization of IBVE in Hexl 
MeCl 50/50 v/v at -40 "C: (m, 0)  without common ion salt; 
(0, 0)  with common ion salt. [nBu4N+Ti&lg-l = 2.9 x 
M; [TMDHCl] = 3.11 x M; [DTBP] = 5.3 x M; [TiC14] 
= 1.43 x M; [IBVE] = 0.275 M. 

0 5'0 1 0 0  1 5 0  2 0 0  250 

TIME, (MIN.) 

Figure 14. First-order plot for the polymerization of IBVE 
in Hex/MeC150/50 v/v at -40 "C: (0) Tic14 + nBu4N+Ti&lg-; 
(m) Tic14 alone; (A) nBudN+TizCls- alone. Reaction conditions 
described in the legend of Figure 13. 

0 . 0  I 
3 0  3 5  4 0  4 5  

ELUTION TIME, (MIN.) 

Figure 16. The synthesis of PIB-b-PIBVE copolymer in the 
absence of common ion salt. Reaction conditions: [PIB-DPE- 
C11 = 2.0 x M; [Tic141 = 1.0 x 

M; [IBVE] = 0.29 M; solvent system Hex/MeC150/50 v/v; 

MwfMn = 1.19. 

M; [DTBP] = 5.5 x 

T = -40 "C; MnPIB = 5400; MJMn = 1.31; MnPIB-b-PIBW = 8600; 

Conclusions 
The living polymerization of IBVE and sequential 

block copolymerization of IB with IBVE has been 
accomplished using Tic14 coinitiator by capping TMPCl 
or PIBCl with DPE, followed by the addition of nBu4- 
NC1 before the addition of IBVE. The amount of added 

Co- and Homopolymerizations of IB and IBVE 7899 

Scheme 4 
nBu4NtTi2Cli + TMDHCI nBu4N*TiCI,' + TMDHtTiC1; 1 IBVE 

nBu4N*Ti2CI,' + PIBVECI Y nBu4N+TiCI,' + PIBVE+TiCI; 

J iBvE 

PROPAGATION 

nBu4NCl relative to that of Tic14 is critical, controlled 
polymerization was observed only when [TiC14lf,ee < 
[chain endl. Living polymerization was also achieved 
in the absence of nBu4NC1 when [Tic141 < [chain endl. 
Thus, we deduce that the purpose of nBu4NC1 is to 
reduce the effective concentration of Tic14 to  [TiClJfree 
< [chain endl. 

Conductometric titrations of nBu4NCl and a MeCH- 
(0iBu)Cl modeling the PIBVE chain end suggest that 
under these conditions the gegenion is TiCls-. Com- 
pared to the TizC19- dimeric gegenion which dominates 
a t  [TiC14]fre$[chain endl L 2, TiC15- is much more 
nucleophilic and the ionization and dissociation equi- 
librium is shifted toward the covalent chlorides and ion 
pairs, respectively. It is proposed that when a sepa- 
rately prepared common ion salt nBu4N+TizCls- is used 
or when nBu4NC1 is added to reach the TiCldnBu4NCl 
= 2 ratio the polymerization of IBVE is coinitiated by 
monomeric Tic14 released from the common ion salt 
reservoir according to Scheme 4. A similar mechanism 
can be proposed when the nBu4NfTiCls- common ion 
salt is used. 

The most important conclusion of the present research 
is that a Friedel-Crafts acid may be a weak Lewis acid 
when the monomeric counteranions arise, but a strong 
acid when it forms dimers andor  dimeric gegenions. 
This may explain why up until now a clear relation 
between Lewis acidity (determined for the monomeric 
Friedel-Crafts acid) and polymerization behavior could 
not be established with Friedel-Crafts acids forming 
dimers and dimeric gegenions under the polymerization 
conditions. 
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