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ABSTRACT: The synthesis of poly(R-methylstyrene-b-isobutylene) (P(RMeSt-b-IB)) copolymers via
sequential monomer addition was studied using the adduct of the olefinic RMeSt dimer and HCl (DiRMeSt‚
HCl) as initiator in the presence of 2,6-di-tert-butylpyridine (DTBP) in methylcyclohexane (MeChx)/methyl
chloride (MeCl) (60/40 v/v) at -80 °C. With BCl3 employed as co-initiator in the first step of the synthesis,
well-defined PRMeSt with controlled molecular weight and narrow molecular weight distribution (Mh w/Mh n

) 1.05 ∼ 1.20) was obtained. Chain end decomposition was not detected for up to 30 min under monomer-
starved condition. Model reactions using DiRMeSt‚HCl indicated that, upon addition of IB, quantitative
crossover takes place followed by immediate termination and the selective formation of PRMeSt-IB1-Cl.
Therefore, the addition of TiCl4 was necessary to polymerize IB. The obtained P(RMeSt-b-IB) diblock
copolymer was found to be contaminated by a small amount of homo P(RMeSt), apparently formed via
intramolecular alkylation. It has been shown that the blocking efficiency (Beff) was a linear function of
[IB], but this appeared to be very different for DiRMeSt-IB1-Cl and PRMeSt-IB1-Cl. This difference was
attributed to selective solvation of PRMeSt-IB1-Cl by the solvent, which results in local [IB], which is
about one-tenth of that in the bulk.

Introduction
Block copolymers have been and continue to be the

subject of scientific and practical interest because of
their remarkable architecture/property relationships,
which arise mainly when thermodynamically incompat-
ible polymer blocks are combined.1-6 Since the concept
of the living cationic polymerization was introduced in
the eighties,7,8 the cationic synthesis of block copolymers
has been extensively studied. Living cationic sequential
block copolymerization is generally recognized as one
of the most powerful and straightforward methods to
obtain well-controlled block copolymers with high struc-
tural integrity.9 However, the clean synthesis of block
copolymers by sequential monomer addition requires
that the rate of a crossover reaction to a second
monomer be faster than or at least equal to that of
homopolymerization of a second monomer. This can be
controlled by the judicious selection of polymerization
conditions; mainly by selecting the appropriate order
of monomer addition.

In the course of our studies in living cationic sequen-
tial block copolymerization, the intermediate capping
of the living PIB with nonhomopolymerizable monomers
such as 1,1-diphenylethylene (DPE) and its derivatives
was invented to achieve sequential block copolymeri-
zation of IB with more reactive monomers. Upon tuning
the Lewis acidity to the reactivity of the second mono-
mer, the diphenylcarbenium ion, which arises after
capping of living PIB with DPE, was found to efficiently
initiate the living polymerization of reactive monomers
such as p-methylstyrene (pMeSt),10,11 RMeSt,12,13 isobu-
tyl vinyl ether,14 and methyl vinyl ether.15 This meth-
odology has also been successfully applied to the syn-
thesis of poly(pMeSt-b-IB-b-pMeSt) and poly(RMeSt-b-
IB-b-RMeSt) thermoplastic elastomers (TPEs).

While the recent discovery of coupling reactions of
living cationic polymers allows one to synthesize TPEs

via sequential monomer addition, followed by cou-
pling16,17 using the reverse order of monomer addition,
no report has yet been published on the living cationic
sequential block copolymerization from a more reactive
monomer to IB.

The aim of the present study is to investigate the
synthesis of P(RMeSt-b-IB) copolymers via living cat-
ionic sequential polymerization of RMeSt and IB. Sev-
eral reports on the living cationic polymerization of
RMeSt have already been published.18-22 We recently
reported the living cationic polymerization of RMeSt
initiated by DiRMeSt‚HCl/BCl3, in the presence of DTBP
as a proton trap, using MeChx/MeCl (60/40 v/v) solvent
mixture at -80 °C.23 However, the weak Lewis acids
used in these studies are unsuitable for the polymeri-
zation of IB. Therefore, the present investigation is
focused on selecting the most suitable initiating system
for the living cationic polymerization of RMeSt and
identifying optimum conditions for block copolymeriza-
tion with IB via sequential monomer addition utilizing
TiCl4 as the Lewis acid (which is necessary to obtain
high molecular weight PIB) in a one-pot procedure.
Furthermore, mechanistic studies on the early crossover
step and propagation using model reaction will be
discussed.

Experimental Section
Materials. 2-Chloro-2,4-diphenyl-4-methylpentane (DiRMeSt‚

HCl) and 2-chloro-2,4,6-triphenyl-4,6-dimethylheptane
(TriRMeSt‚HCl) were prepared by hydrochlorination of 2,4-
diphenyl-4-methyl-1-pentene (DiRMeSt-ene, Aldrich) and 2,4,6-
triphenyl-4,6-dimethyl-1-heptene (TriRMeSt-ene), respec-
tively.22 All other chemicals and solvents were purified as
described previously12,13,20 or used as received.

Synthesis of TriRMeSt-ene. TriRMeSt-ene was prepared
in a 150 mL test tube under nitrogen atmosphere at -80 °C.
MeChx, trimethyl(2-phenyl-2-propenyl)silane (7.4 × 10-2 M),
DTBP (3.0 × 10-3 M), DiRMeSt‚HCl (3.7 × 10-2 M) stock
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solution, and MeCl were added sequentially to a prechilled 150
mL test tube. BCl3 (0.11 M), dissolved in MeChx, was added
last. After 30 min, the reaction was terminated with prechilled
methanol. Purification by dissolution/precipitation in hexane/
methanol followed by column chromatography on silica gel
(200-400 mesh, 60 Å, Aldrich) eluting with hexane gave the
pure compound (0.75 g, 95.1% yield) as a colorless liquid: 250
MHz 1H NMR (CDCl3) δ 7.26-7.15 (15H, Ar), 5.05 (1H, CH2d
), 4.68 (1H, CH2d), 2.75 (2H, -CH2-), 2.30 (2H, -CH2-), 1.12
(3H, CH3), 0.87 (3H, CH3), 0.74 (3H, CH3); 60 MHz 13C NMR
(CDCl3) δ 151.0, 148.4, 146.7, 144.5, 128.3, 128.2, 127.9, 127.2,
127.0, 127.0, 126.3, 125.6, 125.5, 118.0, 56.1, 52.5, 43.2, 38.7,
35.1, 28.1, 23.9.

Synthesis of Trimethyl(2-phenyl-2-propenyl)silane.24

To a mixture of RMeSt (10 mL, 77 mmol) and t-BuOK (9.0 g,
80 mmol) in THF (200 mL) at -78 °C was added n-BuLi (32
mL, 80 mmol, 2.5 M in hexane) dropwise over a period of 30
min. The mixture was stirred at -78 °C for 5 h. The reaction
mixture was transferred at -78 °C to another 500 mL three-
neck round-bottomed flask containing a solution of chlorotri-
methylsilane (10.1 mL, 93 mmol) in THF (100 mL). The
mixture was stirred for an additional 30 min and then allowed
to warm up to room temperature. Subsequently the dark red
suspension was poured into 500 mL of distilled water and the
product was extracted with hexane (200 mL × 2). The
combined organic layer was dried over MgSO4. Removal of
solvent under reduced pressure followed by vacuum distillation
gave the pure compound (2.93 g, 20.0% yield) as a colorless
liquid: 250 MHz 1H NMR (CDCl3) δ 7.51-7.33 (5H, Ar), 5.20
(1H, CH2d), 4.95 (1H, CH2d), 2.11 (2H, -CH2-), 0.00 (9H,
(CH3)3).

Polymerization. Polymerizations were carried out in a 75
mL test tube at -80 °C under a dry ([H2O] < 1.0 ppm) nitrogen
atmosphere in an MBraun 150-M glovebox (Innovative Tech-
nology Inc.). A representative polymerization procedure of
RMeSt was as follows: MeChx, RMeSt (0.35 M), DTBP as a
proton trap (3 × 10-3M), DiRMeSt‚HCl initiator stock solution
(2 × 10-3M), and MeCl were added sequentially to a prechilled
75 mL test tube. Then BCl3, dissolved in MeChx, was added
last. At predetermined time intervals, the polymerizations
were terminated by adding prechilled methanol. The polymers
were purified by dissolution-precipitation in CH2Cl2/methanol
and dried in a vacuum prior to GPC measurement. To study
the lifetime of PRMeSt chain ends the incremental monomer
addition (IMA) technique was employed; after complete con-
version of the first RMeSt increment a second RMeSt incre-
ment was added to the polymerization mixture at a different
time and polymerized.

The living cationic sequential block copolymerization of
RMeSt and IB was carried out by introducing IB to the test
tube after complete polymerization of RMeSt, followed by
addition of TiCl4 (3.64 × 10-2 M) stock solution.

Characterization. Molecular weights and molecular weight
distributions were measured using two GPC (Gel Permeation
Chromatography) systems. One was equipped with a model
510 pump, a model 410 differential refractometer, a model 441
UV/vis detector, on line multiangle laser light scattering
detector (MALLS, MiniDawn, Wyatt Technology, Inc.), a model
712 sample processor, and five Ultrastyragel GPC columns
connected in the following series: 500, 103, 104, 105, and 100
Å. The other system was equipped with a model 510 pump, a
model 486 tunable UV/vis detector, a model 250 dual refrac-
tometer/viscometer detector (Viscotek), a model 712 sample
processor, and five Ultrastyragel columns connected in the
same series as for the MALLS system. The flow rate of THF,
which was used as an eluent on both systems, was 1.0 mL/
min. For data analysis, the UV detector signals were simul-
taneously recorded on a PC and used for calculating the Beff

of the block copolymers with peak analysis software (PeakFit
v3.10, Jandel Scientific). 1H NMR and 13C NMR spectra were
recorded on Bruker spectrometers (250 and 500 MHz) using
CDCl3 as a solvent (Cambridge Isotope Laboratories, Inc.).

Results and Discussion

Living Cationic Polymerization of rMeSt. First,
we investigated the effect of Lewis acid and temperature
on the polymerization of RMeSt using DiRMeSt‚HCl as
an initiator, in the presence of DTBP as a proton trap,
in MeChx/MeCl (60/40 v/v) solvent mixture. As Lewis
acids, only metal chlorides, SnCl4 and BCl3, were
employed to avoid ligand exchange upon addition of
TiCl4, resulting in titanium compounds of lower Lewis
acidity that are unsuitable for the polymerization of IB.

At -80 °C, a linear first-order kinetic plot (Figure 1)
was obtained with BCl3, indicating a constant number
of active chains, i.e., the absence of irreversible termina-
tion during the entire polymerization period. The plot
with SnCl4 (Figure 1) however, deviates somewhat from
linearity, which may indicate termination (sampling at
<1 min is difficult and may not be accurate due to the
high rate of the polymerization). Rapid termination
under monomer starved condition was indeed confirmed
by IMA experiments (see later). The kapps ()kp [P+])
obtained were 1.4 × 10-2 s-1 and ∼3 × 10-2 s-1 for BCl3
and SnCl4 co-initiators, respectively. The Mh n and Mh w/Mh n
vs conversion plots are shown in Figure 2. The linear
Mh n vs conversion plots for both Lewis acids demon-
strated the absence of chain transfer during the polym-
erization. Importantly, the polymers exhibited close to
theoretical Mh ns indicating ∼100% initiator efficiency
(Ieff) and narrow molecular weight distributions decreas-
ing with increasing conversions (Mh w/Mh n ) 1.05-1.20 at
close to complete monomer conversion).

The effect of temperature on the living cationic
polymerization of RMeSt was studied using DiRMeSt‚
HCl/BCl3/DTBP in MeChx/MeCl (60/40 v/v) at -80 °C
and -60 °C. The ln([M]0/[M]) vs time plot at -60 °C
(Figure 1) was also linear, indicating the absence of
irreversible termination. In comparison to kapp ) 1.4 ×
10-2 s-1 at -80 °C, kapp was calculated to be 0.9 × 10-2

s-1 at -60 °C. The increase in kapp with decreasing
temperature may be explained by the negative apparent
activation energy, a result of the higher extent of chain
end ionization at lower temperature.25,26 Recently we
also reported negative apparent activation energy (-3.5
kcal/mol) for the living cationic polymerization of
RMeSt.22 The Mh ns and Mh w/Mh ns at -60 °C are plotted

Figure 1. Effect of Lewis acids and temperature on the rate
of polymerization of RMeSt. Other polymerization conditions:
[RMeSt] ) 0.35 M, [DiRMeSt‚HCl] ) 0.002 M, [DTBP] ) 0.003
M, and MeChx/MeCl ) 60/40 (v/v).
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against conversion in Figure 2. The Mh ns were close to
the theoretical values, and narrow Mh w/Mh ns were also
obtained at -60 °C.

To examine the lifetime of the PRMeSt living end,
after complete conversion of the first RMeSt increment
a second RMeSt increment was added to the polymer-
ization mixture at different time and was polymerized
for an additional 5 min. The GPC traces of the products
obtained at -80 and -60 °C are compared in Figure 3.
Using BCl3 at -80 °C, a second RMeSt increment was
added to the polymerization mixture after 30 min of
monomer starved condition. The Mh n s approximately
doubled, and Mh w/Mh n values remained narrow after the
complete consumption of the second monomer incre-
ment, demonstrating that decomposition of living PRMeSt
chain end in 30 min under this condition was undetect-
able. At -60 °C, however, the living PRMeSt chain ends
decomposed rapidly. The GPC traces indicated that ca.
29% of the PRMeSt chain end underwent irreversible
termination in 8 min under monomer-starved conditions
at -60 °C (Figure 3b). With SnCl4 at -80 °C, almost
complete decomposition of PRMeSt chain end was
observed within 2 min under monomer-starved condi-
tions (Figure 3e).

Thus, considering our ultimate goal as the synthesis
of the P(RMeSt-b-IB) copolymer via sequential monomer
addition, the DiRMeSt‚HCl/BCl3/DTBP system in MeChx/
MeCl (60/40 v/v) solvent mixture at -80 °C is preferred
for the living cationic polymerization of RMeSt.

Polymerization of IB Using DiRMeSt‚HCl Initia-
tor as a Model Reaction for the Synthesis of P-
(rMeSt-b-IB) Copolymer. The crossover from living
PRMeSt chain end to IB was studied using DiRMeSt‚
HCl as a model compound that mimics the PRMeSt
chain end. DiRMeSt‚HCl was reacted with BCl3 for 40
min in MeChx/MeCl (60/40 v/v) solvent mixture at -80
°C, and then IB was added (Scheme 1). It was found
that fast and quantitative crossover to IB was followed
by instantaneous termination and thus the selective
formation of the DiRMeSt-IB1-Cl (1:1 adduct of DiRMeSt‚
HCl and IB) was observed: 250 MHz 1H NMR (CDCl3)
δ 7.00-7.20 (10H, Ar), 2.34, 2.28, 2.12, and 2.08 (dd,
2H, -CH2-), 2.14 (2H, -CH2-), 1.14 (3H, CH3), 1.09
(3H, CH3), 1.06 (3H, (CH3)CCl), 1.05 (3H, (CH3)CCl),
0.80 (3H, CH3); 60 MHz 13C NMR (CDCl3) δ 150.6,
148.0, 128.3, 128.3, 127.6, 126.3, 126.0, 125.7, 72.3, 60.3,
59.5, 43.4, 39.0, 36.4, 34.8, 33.4, 28.4, 23.9. Similarly,
the polymerization of IB did not take place using cumyl
chloride in conjunction with BCl3 in MeChx/MeCl (60/
40 v/v) solvent at -80 °C, and the 1:1 adduct of cumyl
chloride and IB was quantitatively formed. These
results are in accord with known solvent dependent co-
initiating activity of BCl3, i.e., ionization of the -CH2-
C(CH3)2-Cl chain end only occurs in polar solvents. On
the basis of these results, it was concluded that the
crossover from DiRMeSt‚HCl to IB is quantitative,
giving rise to the selective formation of DiRMeSt-IB1-
Cl. Therefore, a stronger Lewis acid such a TiCl4 is
necessary for further propagation of IB under these
conditions.

To find optimum reaction conditions for the polym-
erization of IB from living PRMeSt chain end, we
extended our studies to the living cationic polymeriza-
tion of IB using the DiRMeSt‚HCl/BCl3 and/or TiCl4/
DTBP system in MeChx/MeCl (60/40 v/v) at -80 °C. The
effect of addition order of reagents such as IB and Lewis
acids on the living cationic polymerization was exam-
ined. The first series of IB polymerization was carried
out by adding TiCl4 to the solution of DiRMeSt‚HCl and
IB. In the second series of experiments, which closely
resembles the conditions of sequential block copolym-
erization, BCl3 was added to the solution containing
DiRMeSt‚HCl, followed by IB and finally TiCl4. The
third series of experiments was performed by the
addition of BCl3 and TiCl4 to the solution of DiRMeSt‚
HCl, immediately followed by the addition of IB. The
results are shown in Figure 4 and Figure 5.

In the first and second series of experiments, ∼100%
IB conversion was reached in 60 min, and the linear

Figure 2. Mh n and Mh w/Mh n vs conversion plots for the polym-
erization of RMeSt. Other polymerization conditions: same as
in Figure 1. Key: filled symbols, Mh n; open symbols, Mh w/Mh n.

Figure 3. GPC traces of PRMeSt by incremental monomer
addition (IMA) technique: (a) original PRMeSt at -80 °C; (b)
PRMeSt after 8 min monomer-starved condition at -60 °C;
(c) PRMeSt after 30 min at -80 °C; (d) original PRMeSt at
-80 °C; (e) PRMeSt after 2 min at -80 °C. Other polymeri-
zation conditions: same as Figure 1.

Scheme 1
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first-order kinetic plots (Figure 4) and linear Mh n vs
conversion plots (Figure 5) indicated the absence of
termination and chain transfer to monomer. In the third
series of IB polymerization, a linear first-order kinetic
plot (Figure 4) was also obtained, demonstrating the
absence of irreversible termination. However, the po-
lymerization was almost three times slower than that
of the other two systems, yielding only ∼60% conversion
in 1 h. The Mh n s vs conversion plot was linear (Figure
5), but it was well above the theoretical line, indicating
low Ieff. This low Ieff strongly suggested a side reaction,
most likely by intramolecular back biting (indanyl ring
formation), upon ionization of DiRMeSt‚HCl with TiCl4
in the absence of IB.27 On the basis of these results, it
was concluded that TiCl4 is necessary for the polymer-
ization of IB; however, TiCl4 should be added last to
avoid side reactions in the synthesis of P(RMeSt-b-IB)
copolymers via sequential monomer addition.

Synthesis of P(rMeSt-b-IB) Copolymers by Se-
quential Monomer Addition. For the synthesis of
P(RMeSt-b-IB) copolymers, living PRMeSt with different
chain lengths was first obtained using the DiRMeSt‚
HCl/BCl3/DTBP/MeChx:MeCl(60:40 v:v)/-80 °C system,
followed by the addition of IB. From the resulting

PRMeSt-IB1-Cl chain end, IB was further polymerized
by the addition of TiCl4. Figure 6 shows typical GPC
traces of the P(RMeSt-b-IB) copolymers measured using
both refractive-index (RI) and ultraviolet (UV at λ ) 254
nm) detectors. As shown in Figure 6, the GPC RI traces
of P(RMeSt-b-IB) copolymers shifted toward higher
molecular weight. However, a small peak at a position,
identical to that of the PRMeSt homopolymer, was found
in both RI and UV traces, indicating that a small
amount of PRMeSt homopolymer remained even after
complete conversion of IB. The area of UV traces was
used to calculate the Beff (100 × weight of PRMeSt in
P(RMeSt-b-IB) block copolymer/total weight of PRMeSt,
%) by PeakFit software using exponential Gaussian
distribution.

From Figure 6, the Beff was calculated and plotted as
a function of Mh n for PRMeSt block segment in Figure 7.
At 1.43 and 2.85 M of IB concentrations, the Beffs were
calculated to be approximately 60% and 70%, respec-
tively, regardless of the chain lengths of living PRMeSt
in the Mh n ) 3000-20 000 range. This was surprising
in view of the efficient crossover observed with DiRMeSt-
IB1-Cl. The previous study of the model reaction of
DiRMeSt‚HCl and IB in the presence of BCl3 has
demonstrated the quantitative formation of DiRMeSt-

Figure 4. Conversion and ln([M]0/[M]) vs time plots in the
polymerization of IB at -80 °C. Polymerization conditions:
[IB] ) 1.426 M, [DiRMeSt‚HCl] ) 0.002 M, [BCl3] ) 0.006 M,
[TiCl4] ) 0.036 M, and MeChx/MeCl ) 60/40 v/v. Key: filled
symbols, conversion; open symbols, ln([M]0/[M]).

Figure 5. Mh n and Mh w/Mh n vs conversion plots in the polym-
erization of IB at -80 °C. Polymerization conditions: same
as Figure 4. Key: filled symbols, Mh n; open symbols, Mh w/Mh n.

Figure 6. GPC traces of P(RMeSt-b-IB) copolymer with
different molecular weight of PRMeSt obtained via living
cationic sequential block copolymerization of RMeSt and IB.
Key: (s) RI detection; (- - -) UV detection at 254 nm.

Figure 7. Effect of chain lengths of PRMeSt and concentra-
tions of IB on the blocking efficiency (Beff) for the synthesis of
PRMeSt-b-IB copolymers.
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IB1-Cl. Since BCl3 is unable to ionize DiRMeSt-IB1-Cl,
we postulated that the lower than 100% Beff is due to
side reactions after the addition of TiCl4. To identify the
side reaction, DiRMeSt-IB1-Cl was aged with TiCl4 in
the absence of IB for 40 min. 1H and 13C NMR spec-
troscopy confirmed that the major product of this side
reaction was the indanyl ring compound of DiRMeSt-
IB1-Cl via intramolecular alkylation: 250 MHz 1H NMR
(CDCl3) δ 7.43-7.04 (9H, Ar), 2.47, 2.42, 1.98, and 1.92
(dd, 2H, -CH2- (indanyl ring)), 2.03, 1.98, 1.62, and
1.55 (dd, 2H, -CH2-), 1.39 (3H, CH3), 1.33 (3H, CH3
(indanyl ring)), 1.21 (3H, CH3 (indanyl ring)), 1.18 (3H,
CH3), 0.95 (3H, CH3); 60 MHz 13C NMR (CDCl3) δ 153.0,
150.9, 150.8, 128.4, 127.1, 126.9, 126.4, 125.7, 123.3,
122.9, 56.6, 54.8, 47.6, 43.2, 39.1, 34.3, 32.4, 31.7, 31.3,
29.2. After fractionation of the block copolymer from
dead P(RMeSt), the terminal structure of the dead
P(RMeSt) was also investigated using 500 MHz 1H NMR
spectroscopy. The same characteristic -CH2- (indanyl
ring) peaks (at approximately 2.5 ppm) were conspicu-
ously observed, indicating that termination is due to
indanyl ring formation.

Considering that indanyl ring formation is zero-order
in IB concentration (Rsr ) ksr[P+]) and initiation of IB
is first-order in IB concentration (Rini ) kini[P+][IB])
(Scheme 2), the relative rate between initiation and side
reaction can be expressed as follows:

Rini and Rsr denote the rates of initiation and side
reactions, and kini and ksr also denote the rate constants
of initiation and side reactions, respectively. [P+] and
[IB] refer the concentrations of active species and IB,
respectively. Ieff is defined as Rini/(Rini + Rsr). Assuming
that Rsr remains constant with increasing chain length,
it can be concluded from eq 1 that the relative ratio (Rini/
Rsr), which affects Beff in the synthesis of P(RMeSt-b-
IB) copolymer, depends solely on the concentration of
IB.

To verify constant reactivity (Rsr) of the chain end,
DiRMeSt-IB1-Cl and TriRMeSt-IB1-Cl were prepared in
situ by reacting DiRMeSt‚HCl and TriRMeSt‚HCl, re-
spectively, with an equimolar amount of IB in the

presence of BCl3 in MeChx/MeCl (60/40 v/v) at -80 °C
and then aged with TiCl4 for different times. IB was
added after different aging times and polymerized for
120 min. The rate of decomposition of DiRMeSt-IB1-Cl
and TriRMeSt-IB1-Cl with TiCl4 was so fast that 77%
and 85% of the chain end of the dimeric and the trimeric
initiators were decomposed within 1 min aging time.
Since the contribution of direct initiation of IB was
observed under this condition (conversion ) 9.43%, Mh n
) 108,500, Mh w/Mh n ) 1.41), the rate constants of decom-
position of DiRMeSt-IB1-Cl (kd ) 2.38 × 10-2 s-1) and
TriRMeSt-IB1-Cl (kd ) 3.16 × 10-2 s-1) were calculated
from the results within the first minute. Even though
the experimental error is large within 1 min aging time,
the rate constant of decomposition, i.e., indanyl ring
formation, can be considered to be independent of the
chain length.

The effect of the concentration of IB on the Rini/Rsr
ratio was investigated using DiRMeSt-IB1-Cl and
PRMeSt-IB1-Cl (Mh n ) 20 000). Figure 8 confirms that
the Rini/Rsr ratio is linearly dependent on the concentra-
tion of IB for both DiRMeSt-IB1-Cl and PRMeSt-IB1-Cl.
However, from the slopes, kini/ksrs for DiRMeSt-IB1-Cl
and PRMeSt-IB1-Cl were calculated to be 7.46 and 0.87,
respectively, indicating a much lower rate of initiation
for PRMeSt-IB1-Cl. According to eq 1, this can only be
attributed to different local concentrations of IB around
DiRMeSt-IB1-Cl and PRMeSt-IB1-Cl. On the basis of the
kini/ksr ratios for PRMeSt-IB1-Cl and DiRMeSt-IB1-Cl,
the local concentration of IB around PRMeSt-IB1-Cl is
only about one-tenth (0.114) of that around DiRMeSt-
IB1-Cl, which can be assumed to be equal to that in the
bulk. This difference appears to be the result of specific
solvation of PRMeSt-IB1-Cl by the solvent since IB is a
poor solvent for PRMeSt.

Conclusion

The synthesis of P(RMeSt-b-IB) block copolymer via
sequential monomer addition was studied. On the basis
of mechanistic studies on the crossover and early
propagation steps using model compounds, optimal
conditions for the living cationic polymerization of
RMeSt and IB have been identified. Well-controlled
PRMeSt and PIB block segments have been achieved
using DiRMeSt‚HCl as initiator in combination with a
suitable co-initiator, i.e., BCl3 for RMeSt and TiCl4 for
IB, in the presence of DTBP in MeChx/MeCl(60/40 v/v)

Scheme 2

Rini

Rsr
)

Ieff

1 - Ieff
)

kini[P+]

ksr[P+]
[IB] (1)

Figure 8. Dependence of IB concentrations on Rini/Rsr values
using DiRMeSt-IB1-Cl (2) and PRMeSt-IB1-Cl (9, Mh n ) 20 000).
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at -80 °C. It was shown that upon addition of IB to
living PRMeSt in the presence of BCl3 quantitative
crossover takes place followed by instantaneous termi-
nation (initiation without propagation) and the selective
formation of PRMeSt-IB1-Cl. Propagation of IB was
affected by adding TiCl4. It was found that the Beff (100
× weight of PRMeSt in P(RMeSt-b-IB) block copolymer/
total weight of PRMeSt, %) was linearly dependent on
the concentration of IB, but this effect was substantially
different for dimeric and polymeric PRMeSt chain,
which might be attributed to different local concentra-
tions of IB. From the different rates of initiation with
DiRMeSt-IB1-Cl and PRMeSt-IB1-Cl (Mh n ) 20 000) the
local concentration of IB around PRMeSt-IB1-Cl chain
end was calculated to be about one-tenth of that around
DiRMeSt-IB1-Cl, which is assumed to be identical to [IB]
in the bulk.
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