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ABSTRACT The effect of the time of styrene addition on the composition of poly(styreneisobuty1ene- 
styrene) (PS-PIB-PS) block copolymers synthesized using a dicumyl chloride/TiCb/pyridine initiating system 
and the sequential addition of monomers was investigated at -80 O C .  It was found that the addition of styrene 
at an isobutylene (TS) reaction time significantly exceeding the time necessary for complete IB consumption 
results in contamination of the material with a substantial amount of homo-PS. Conversely, the addition 
of styrene to PIB chains formed under conditions of intermediate IB conversion resulted in a very slow 
buildup in molecular weight after the addition of styrene. This retardation of the rate after the addition of 
styrene was proven to be the result of a random copolymerization between styrene and unreacted IB. It was 
also found that the addition of the proton trap 2,6-di-tert-butylpyridine resulted in a narrowing of product 
polymer molecular weight distribution. 

Introduction 
In 1965, Shell announced the commercial production of 

thermoplastic elastomers (TPEs) from block copolymers 
of styrene and butadiene and of styrene and isoprene.’ 
The synthetic procedure followed from the work of 
S z w a r ~ , ~ , ~  who in 1956 reported that certain anionic 
polymerizations gave “living” characteristics and that a 
second monomer could be added without termination. 
Since these developments, living anionic polymerization 
has been thoroughly characterized and utilized to syn- 
thesize a wide variety of polymers with well-defined 
architectures such as star-branched polymers,” star- 
branched block copolymers: block copolymer ionomers,- 
and telechelic  polymer^.^ 

Unfortunately, the number of monomers which can be 
polymerized anionically is quitelimited. As a result, there 
has been a great effort to produce living polymerizations 
of cationically polymerizable monomers, enabling the 
synthesis of many new materials. However, due to the 
high reactivity of carbocations, the realization of living 
carbocationic polymerizations has been very difficult and 
slow in development. In fact, the first truly living 
carbocationic polymerization was not reported until 1984, 
by Higashimura et al.,l0 for the polymerization of isobutyl 
vinyl ether by an HI/I2 initiating system. Living polym- 
erization for this system was achieved, as described by 
Sawamoto,l’ through the insertion of monomer into an 
12-activated carbon-iodine bond. The intimate interaction 
between growing chain ends and their binary 1 - 4 2  
counterionic moieties renders the chain ends reactive 
toward propagation but unreactive toward higher energy 
chain transfer and termination reactions. This method of 
living carbocationic polymerization has been termed 
“stabilization by a suitably nucleophilic counterion” and 
has been successfully used to produce living carbocationic 
polymerizations of monomers such as vinyl ethers,1° 
p-methoxystyrene,12 and N-vinylcarb~zole,~~ which form 
highly stabilized carbocations. 

A more recent development involving the addition of 
Lewis bases such as ethyl acetate, dimethyl sulfoxide, and 
dimethylacetamide to the reaction medium of a carboca- 
tionic polymerization, has been found to provide living 
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characteristics to the cationic polymerization of monomers 
which form relatively unstable carbocations, such as 
isobutylene (IB)14 and styrene,15 in addition to those 
monomers which form relatively stable carbocations. This 
method of living carbocationic polymerization has been 
termed “electron donor mediated cationic polymerization”, 
since the Lewis base or a Lewis base:Lewis acid (coinitiator) 
complex is believed to provide stabilization to growing 
polymer chains. The most obvious manifestation of this 
stabilization is a dramatic decrease in the overall rate of 
polymerization, which is most often attributed to the 
formation of an equilibrium between a large number of 
dormant (reversibly terminated) chain ends and a small 
number of active chains.lgl9 

As a result of the development of living carbocationic 
polymerization, many new polymers of sophisticated 
architecture have been produced, such as triblock 
copolymers,20-25 star-branched polymers,sa star-branched 
block copolymers,2w2 and telechelic p0 lymers .9~~~  

Recently, Kaszas et al. synthesized new TPEh from block 
copolymers of IB and styrene2OI2l as well as IB and other 
comonomers such asp-~hlorostyrene,2~ ~-methylstyrene,2~ 
p-tert-b~tylstyrene,2~ and indene.25 The method of syn- 
thesis used to produce these block copolymers involved 
the addition of styrene to living polyisobutylene (PIB) 
chains produced from a difunctional initiator. The most 
important aspects of these polymerizations would seem 
to be the adherence to living polymerization characteristics 
throughout the block copolymerization and the efficiency 
of crossover from the PIB block to the end blocks. Kaszaa 
et aL20 reported the effect of the electron donor NJV- 
dimethylacetamide and a proton trap, 2,6-di-tert-bu- 
tylpyridine, on the molecular weight distribution (MWD) 
and tensile strength of poly(styrene-b-isobuty1ene-b- 
styrene) (PS-PIB-PS) block copolymer samples synthe- 
sized using a 1,4-bis(2-methoxy-2-propyl)benzene/TiC~ 
initiating system in a 60/40 methylcyclohexane/methyl 
chloride solvent mixture at  -80 OC. This paper reports 
upon the effect of the time of addition of styrene to PIB 
chains on block copolymer composition and illustrates the 
importance of proper timing of the styrene addition for 
the synthesis of polymers with Well-defined structures. 
The impetus for this study follows from previous obser- 
vation by o u ~ e l v e s l ~ ~ ~ ~  and others3-l that, for the living 
polymerization of IB, a deviation from living character- 
tistics occurs at high monomer conversion. 
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Experimental Section 
Materials. Hexane and styrene were dried by distillation 

from calcium hydride. IB and methyl chloride were dried by 
passing the gaseous material through a column packed with BaO 
and CaC12. Titanium tetrachloride, pyridine, 2,6-di-tert-bu- 
tylpyridine, and anhydrous methanol were used as received. 

1,4-Bis(2-chloro-2-propyl)benzene (dicumyl chloride) (DCC) 
was produced by passing gaseous HCl through a methylene 
chloride solution of 1,4-bis(2-hydroxy-2-propyl)benzene (dicumyl 
alcohol) at 0 OC.16 

Synthesis of Poly(styrenebisobuty1enebstyrene) Block 
Copolymers. Block copolymerizations were carried out at -80 
"C in a drybox using dry 1 W m L  three-necked, round-bottomed 
flasks equipped with a mechanical stirrer. First, living PIB 
dications were produced by adding 1.50 X mol of Tic& to 
a solution of 0.50 mol of IB, 1.53 x 103 mol of pyridine, and 7.62 
X 1V mol of DCC in hexane/methyl chloride (60/40 (v/v)) (total 
solution volume = 400 mL). After a predetermined reaction time 
for the IB polymerization, the polystyrene blocks were formed 
by addition to the living PIB chains of 100 mL of a prechilled 
2 M solution of styrene in 60/40 (v/v) hexane/methyl chloride. 
Polymerization was stopped after 40 min by the addition of 30 
mL of prechilled methanol. 

Study of the Effect of 2,6-Di-tert-butylpyridine on PS- 
PIB-PS Block Copolymers. Block copolymerizations were 
carried out at -80 OC in a drybox wing dry three-necked, round- 
bottomed flasks equipped with a mechanical stirrer. Into a 200- 
mL flask were charged 1.09 mol of IB, 1.66 X 109 mol of DCC, 
3.34 X 109 mol of pyridine, and 1OOO mL of a 60/40 (v/v) mixture 
of hexane/methyl chloride. With stirring, 4.09 X 1t2  mol of 
Tic& was added to the reaction mixture to begin IB polymer- 
ization. Two 400-mL portions of the polymerizing reaction 
mixture were poured individually into two 1OOO-mL round- 
bottomed flasks equipped with a mechanical stirrer. To one of 
the 400-mL portions was added 4.00 X lo"' mol of 2,6-di-tert- 
butylpyridine at a reaction time of 17 min. After a reaction time 
of 100 min, 100 mL of a prechilled 2 M solution of styrene in 
60/40 (v/v) hexane/methyl chloride was added to each reaction 
vessel. Each polymerization was stopped after a reaction time 
of 160 min by the addition of 30 mL of prechilled methanol. 

Random Copolymerizations. Random copolymerizations 
between IB and styrene were carried out at -80 OC in a drybox 
by adding 3.0 X 103 mol of DCC and 6.0 X 103 mol of pyridine 
to a 3OOO-mL solution of 60/40 (v/v) hexane/methyl chloride and 
then dividing the solution into seven fractions by transferring 
the solution to chilled round-bottomed flasks via chilledgraduated 
cylinders. To each individual solution, of a given volume, the 
appropriate amounts of IB and styrene were charged to give a 
solution containing a total monomer concentration (IB plus 
styrene) of 1 M. The polymerizations were started by the addition 
of neat Tic4 to the reaction mixture in an amount resulting in 
a Lewis acid concentration of 2.0 X 1t2 M. After 10 min, the 
polymerizations were stopped by the addition of 30 mL of 
prechilled methanol. 

Homopolymer Extraction. The extraction of polystyrene 
from PS-PIB-PS block copolymers was carried out using a 
method described previously by Kaszas et al.le Approximately 
10 g of block copolymer sample was placed in a cellulose thimble 
and extracted with refluxing MEK for 3 days. Extracts were 
isolated by solvent evaporation, dried under vacuum, weighed, 
and analyzed by gel permeation chromatography (GPC) and 'H 
NMR spectroscopy. 

Instrumentation. Molecular weights were determined by 
GPC using an instrument composed of a Waters high-pressure 
510 HPLC pump, three Waters Ultrastyragel columns of pore 
sizes 500, loa, and lo" A, and a Waters differential refractometer, 
Model 410. A PIB calibration curve was constructed using 
standards obtained from American Polymer Standards Corp. 

1H NMR spectra were obtained using a 200-MHz Bruker ACE- 
200 NMFt spectrometer. 

Domain morphology was analyzed by scanning transmission 
electron microscopy (STEM) using a JEOL lOOCX instrument 
on microtomed samples of 800-1000-A thickness stained with 
RuOa. 
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Figure 1. Synthesis of PS-PIB-PS block copolymers. 

Results and  Discussion 
In our laboratory, we have developed and extensively 

characterized a living IB polymerization process which 
utilizes a di- or trifunctional cumyl chloride/TiCWpyridine 
initating system.'6 This system has been successfully 
applied to the synthesis of telechelic i ~ n o m e r s ~ ~  withnear- 
monodisperse MWDs and, more recently, to the synthesis 
of PS-PIB-PS block copolymers38 and block copolymer 
i ~ n o m e r s . ~ ~  As shown in Figure 1, our synthesis of PS- 
PIB-PS block copolymers consists of the addition of 
styrene monomer to living PIB chains produced from the 
DCC/TiCk initiating system with pyridine as electron 
donor. The most important aspects of the polymerization 
have been found to be the maintenance of living polym- 
erization characteristics throughout the block copolym- 
erization and an efficient crossover from the polyisobu- 
tylene block to the styrene blocks. 

Characteristic of the living cationic polymerization of 
IB is a deviation from living characteristics at  high 
monomer  conversion^.^^^^^^^^^ This deviation has been 
suggested by Faust,4l for the living polymerization system 
consisting of a 1,4-bis(2-methoxy-2-propyl)benzene/TiC4 
initiating system in 60/40 (v/v) n-hexanelmethyl chloride 
solvent mixture at -80 OC, to be due to proton elimination 
from growing chain ends. For our living isobutylene 
polymerization, we also observed a deviation from living 
characteristics at  monomer conversions above ca. 90% .B*e 

Since active PIB chains tend to undergo proton elim- 
ination reactions when monomer becomes depleted, the 
time of styrene addition is critical to blocking efficiency. 
A late addition of styrene may result in the formation of 
block copolymer samples contaminated with AB block 
architectures and homopolymers. Conversely, an early 
addition of styrene, i.e., one occurring at  a time when a 
significant fraction of the IB remains, may result in the 
formation of block copolymers lacking a distinct crossover 
from the PIE3 block to PS blocks as a result of random 
copolymerization between styrene and residual IB. 

To illustrate the effect of the time of styrene addition 
on block copolymer sample composition, an IB polym- 
erization reaction mixture with a difunctional initiator 
was divided into three equivalent fractions, each of which 
was injected with a standard charge of T ic4  and allowed 
to polymerize to three different degrees of IB conversion, 
i.e., to three different IB polymerization times, before 
receiving a charge of styrene monomer. These polymer- 
izations were monitored by removing aliquots from the 
reaction mixture, quenching the aliquota with methanol, 
and determining the molecular weight and MWD of 
polymers formed by GPC. 

Late Addition of Styrene. As shown in Figure 2, the 
addition of styrene at  an IB reaction time far exceeding 
the time necessary for complete monomer consumption, 
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Figure 2. M, buildup for the block copolymerization of IB and 
styrene at -80 "C using an excessively long IB reaction time 
([IB] = 1.2 M, [DCC] = 1.9 X 103 M, [pyridine] = 3.8 X 103 
M, [TiCL] = 3.8 X lez M, [styrene] = 0.4 M). 
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Figure 4. GPC trace of the MEK-soluble fraction of the PS- 
PIB-PS block copolymer sample synthesized at -80 O C  using an 
excessively long IB reaction time ([IB] = 1.2 M, [DCC] = 1.9 X 
lWM, [pyridine] = 3.8 x lWM, [Tic&] = 3.8 x W M ,  [styrene] 
= 0.4 M). 
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Figure 3. GPC traces of the PIB midblock and PS-PIB-PS 
block copolymer synthesized at -80 "C using an excessively long 
IB reaction time ([IB] = 1.2 M, [DCC] = 1.9 X 10-9 M, [pyridine] 
= 3.8 X 10-9 M, [Tic&] = 3.8 X le2 M, [styrene] = 0.4 M). 

indicated by the plateau in the PIB polymerization portion 
of the curve, effects a further, rapid increase in molecular 
weight. This result, in conjunction with a shift to smaller 
elution volumes in the GPC trace of the block copolymer 
relative to the GPC trace of PIB polymers removed from 
the reaction just prior to the addition of styrene, as shown 
in Figure 3, indicates that styrene was added to PIB chains. 

The MWDs of the PIB block and the block copolymer 
were determined from GPC to be 1.13 and 1.29, respec- 
tively. As may be seen from Figure 3, the GPC trace of 
the block copolymer possesses a low molecular weight tail 
that is not present in the GPC trace of the PIB midblock; 
this suggests that the block copolymer is contaminated 
with PS homopolymer produced from chain transfer during 
the crossover to styrene polymerization, involving protons 
expelled from PIB chains. To examine this contention, 
the block copolymer was subjected to solvent extraction 
with methyl ethyl ketone (MEK), which has been previ- 
ously shown to be a fairly effective method for removing 
homo-PS from PS-PIB-PS block copolymer  sample^.^^^^^ 
Extraction of this sample with MEK resulted in 13 wt  % 
solubilization. The GPC trace of the MEK-soluble 
fraction, shown in Figure 4, indicates a bimodal MWD, 
with a high molecular weight peak corresponding to the 
GPC trace of the MEK-insoluble fraction, indicating that 
the block copolymer was slightly soluble in refluxing MEK, 
and a low molecular weight peak, believed to be homo-PS 
since the lH NMR spectrum of the MEK extract showed 
a much higher relative intensity of aromatic resonance 
peaks to aliphatic resonance peaks as compared to that 
for the unextracted material. By comparing the integrated 
area under the homo-PS peak in Figure 4 to the area under 
the peak corresponding to PS-PIB-PS block copolymers, 
the amount of homo-PS was estimated to be 9.2 wt % of 
the total crude block copolymer sample. Unfortunately, 
the fraction of homo-PIB or PIB-PS diblock copolymer 
in the sample could not be determined by selective solvent 
extraction since, as shown previously,209% extraction with 

hydrocarbon solvents results in significant solubilization 
of PS-PIB-PS block copolymers or the formation of an 
emulsion. 
Kaszas et aLZo have shown that use of a proton trap, 

namely 2,6-di-tert-butylpyridine (DtBuP), in the block 
copolymerization of IB and styrene is beneficial toward 
synthesizing block copolymers with little or no homo-PS 
contamination. The absence of homo-PS in block copol- 
ymer samples synthesized in the presence of DtBuP was 
attributed by Kaszas et aLZo to the proton-trapping 
capabilities of DtBuP, which prevents protons, present as 
an impurity or as the result of alkylative side reactions 
shown to occur during styrene block formation,15 from 
initiating new polymer chains. In addition, Faust et aleM 
have shown that DtBuP favorably influences the cationic 
homopolymerization of styrene using a 2,4,4-trimethyl- 
2-pentyl chloride/TiC4 initiating system. In our view, 
DtBuP operates to prevent homo-PS formation primarily 
by scavenging protons which are spontaneously expelled 
from growing chains during the late stages of formation 
of the PIB block. To a lesser extent, it may also operate 
by trapping protons which result from alkylative side 
reactions during PS block formation and which derive 
from impurities. With regard to the relative importance 
of these sources of protons, it should be noted that 
differences in PS-PIB-PS block copolymer composition 
resulting from use of different times of styrene addition 
can only be attributed to /+proton elimination from 
growing PIB chains. All polymerizations, regardless of 
the time of styrene addition, were derived from the same 
isobutylene reaction mixture and were subjected to 
identical styrene charges; thus, the level of impurities 
should be the same in all experiments. Furthermore, the 
influence on PS-PIB-PS composition of alkylative side 
reactions during PS block growth is considered to be fairly 
independent of the time of styrene addition using this 
procedure. 

To investigate the effect of DtBuP on our block 
copolymerization system, a difunctional IB reaction mix- 
ture was initiated with TiC4, and then the living, 
polymerizing mixture was divided into two portions, one 
of which received a charge of DtBuP equilvalent to 1 X 
103 M, while the other did not. After 100 min of reaction 
time, which corresponds to nearly complete monomer 
conversion; a charge of styrene was added to each IB 
reaction mixture, and after a reaction time of 160 min, 
each reaction was quenched with methanol. Each po- 
lymerization was monitored by removing aliquota from 
the reaction mixture, quenching the aliquots with meth- 
anol, and determining the molecular weight and MWD of 
polymers formed by GPC. Since each block copolymer 
was derived from the same parent polymerization mixture 
and the reaction times of PIB block formation and PS 
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1 ,  - Table I. MWDs of PLB Midblocks and PS-PIB-PS 
Copolymers Synthesized at -80 OC in the Presence and 

Absence of 2.6-Di-tert-butybyridine (DtBuPP 
absence presence of 

of DtBuP DtBuP (1.0 X M) 
MWD of PIB midblock 1.26 1.16 
MWD of PS-PIB-PS 1.36 1.17 

[IB] = 1.0 M, [DCC] = 1.5 X M, [pyridine] = 3.1 X 10-3 M, 
[Tick] = 3.7 X M, [styrene] = 0.4 M. 
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Figure 5. M, buildup for the block copolymerization of IB and 
styrene at -80 O C  using an exceptionally short IB reaction time 
([IB] = 1.2 M, [DCC] = 1.9 X 103 M, [pyridine] = 3.8 X 1W 
M, [Tic41 = 3.8 X 

block formation were identical, any differences in polymer 
composition were attributed to the presence of DtBuP. 
Comparing the MWD of PIB midblocks and PS-PIB-PS 
block copolymers formed in the absence and presence of 
DtBuP, it was found that both possessed a narrower MWD 
when synthesized in the presence of DtBuP, as shown in 
Table I. From this experiment, it  is reasonable to conclude 
that DtBuP reduces the amount of contamination by 
homopolymers and diblock polymers and maintains a 
narrower MWD, principally by preventing initiation by 
protons which are expelled from the @-position of growing 
PIB chains and, secondarily, by protons which result from 
alkylative side reactions during PS block growth or from 
impurities. However, samples produced using DtBuP will 
still be contaminated with PIB homopolymers and diblocks 
and possibly branched polymers since, for every proton 
that is expelled from a PIB chain, one of the following pair 
of isomeric unsaturated end groups is formed, - - -PB- - -CHzC(CHs)=CHz or - - -PIB- - -C- 
(CH3)&H=C(CH&, and branched polymers could con- 
ceivably be formed from the addition of one of these 
unsaturated end groups to another propagating chain or 
by Freidel-Crafts alkylation during PS polymerization. 

Early Addition of Styrene. As indicated in Figure 5, 
addition of styrene to living PIB chains under conditions 
of intermediate IB conversion results in a very slow further 
buildup in molecular weight. Since a considerable amount 
of IB was still present at the time of the styrene addition, 
it was unclear whether the increase in molecular weight 
after the addition of styrene was the result of the 
incorporation of styrene into the polymer or just the further 
conversion of isobutylene or a random copolymerization 
of the two monomers. Evidence for the incorporation of 
styrene into the polymer was provided by first extracting 
the crude product with MEK, to remove any homo-PS 
that may have been present in the sample, and then 
analyzing by 'H NMR the vacuum-dried MEK-insoluble 
fraction. The amount of styrene incorporated into the 
polymer was determined to be 10 mol 5% by comparing the 
area under the aromatic resonance peaks in the 'H NMR 
spectrum to the area under the aliphatic resonance peaks. 
In addition, the presence of styrene in the polymer was 
indicated by inspection of the produced polymer, i.e., the 
polymer exhibited elastic behavior. 

M, [styrene] = 0.4 M). 
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Figure 6. Dependence of IB-styrene copolymer composition 
on monomer feed composition. 
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Figure 7. Kelen-T~dos~~ plot for the determination of reactivity 
ratios for IB and styrene. 

The slow buildup in molecular weight after the addition 
of styrene is believed to be due to the occurrence of a 
simultaneous copolymerization between styrene and un- 
reacted isobutylene. To test this hypothesis, several 
simultaneous copolymerizations of styrene and isobutylene 
were conducted under conditions designed to simulate 
those which prevailed during block copolymer synthesis 
with an early addition of styrene. It was observed that 
the rate of copolymerization was considerably slower than 
the rate of IB homopolymerization and, importantly, 
slower also than the rate of styrene block formation when 
either a proper or late time of styrene addition was 
employed. The product copolymers, obtained at monomer 
conversions below 10 7% , were analyzed using GPC and 'H 
NMR. For all copolymerizations conducted, monomodal 
MWDs were obtained for the product polymer samples, 
indicating conventional copolymerization occurred, with- 
out the interference of simultaneous homopolymerization 
of either monomer. This conclusion was further substan- 
tiated by the fact that the polymers produced were 
transparent and that their physical properties changed 
continuously along the spectrum of possible feed com- 
positions, from tacky and rubbery at low styrene feed 
compositions, to hard and tough at a 1:l feed ratio, to 
brittle at high styrene feed compositions. Copolymer 
compositions were determined using 'H NMR in the same 
manner that block copolymer compositions were deter- 
mined. Figure 6 displays the dependence of copolymer 
composition on monomer feed composition. Using the 
method of Kelen and T u ~ o s , ~ '  reactivity ratios for the two 
monomers under the polymerization conditions employed 
were calculated. Figure 7 displays the Kelen-Tudos plot, 
from which the following reactivity ratios were extracted: 
n~ = 3.1, rsTy = 2.7. These results are very similar to the 
results of Imanishi et al.,@ who in the course of a study 
of the dependence on solvent polarity of the reactivity 
ratios of IB and styrene using T ic4  at -78 OC calculated 
reactivity ratios of r1B = 3.25 and rSTY = 2.75 in a solvent 
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Figure 9. GPC traces of the PIB midblock and PS-PIB-PS 
block copolymer synthesized at -80 "C using an IB reaction time 
corresponding to nearly complete IB conversion ([IB] = 1.2 M, 
[DCC] = 1.9 X 10s M, [pyridine] = 3.8 X 103 M, [Tic&] = 3.8 
X 1k2 M, [styrene] = 0.4 M). 

system consisting of 50/50 (v/v) hexane/methylene chlo- 
ride. This result of Imanishi et al.,@ which agrees so closely 
with the reactivity ratios we have calculated, indicates 
that the presence of pyridine has essentially no effect on 
the crossover from an isobutylene cation to a styrene cation 
and vice versa. The curvature displayed in Figure 7 was 
also observed by Kelen and T ~ d o s ~ ~  upon examination of 
the copolymerization data of Imanishi et al.48 According 
to Kelen and T U ~ O S , ~ ~  this curvature indicates that the 
conventional copolymerization equation, on which the 
Kelen and Tudos reactivity ratio determination method 
is based, may not be adequate for describing this copo- 
lymerization system, and as a result the reactivity ratios 
calculated may be somewhat misleading. 

Demonstration of the simultaneous copolymerization 
of styrene and isobutylene using the conditions utilized 
for block copolymerization suggests that an early addition 
of styrene leads to a "tapered" triblock copolymer pos- 
sessing chain sections characterized by a gradual crossover 
from one to the other homopolymer. In addition, the fact 
that both reactivity ratios were determined to be greater 
than one indicates that each monomer has a predisposition 
to react with itself, forming long blocks of each monomer 
within the crossover section. 

Proper Time for Styrene Addition. When styrene 
was added to the IB reaction mixture at  a time corre- 
sponding to the onset of the PIB molecular weight plateau, 
as shown in Figure 8, an abrupt increase in molecular 
weight occurred similar to the case when styrene was added 
very late in the IB polymerization (Figure 2). The addition 
of styrene to PIB chains was illustrated by the shift of the 
GPC trace of PIB to lower elution volumes upon the 
addition of styrene, as shown in Figure 9. The MWDs of 
the PIB block and the block copolymer were determined 
to be 1.19 and 1.25, respectively. The presence of homo- 
PS in the sample was investigated by extraction with MEK. 
A large fraction, 31 wt  % , of the sample was found to be 

I MEK solubls 
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Figure 10. GPC traces of the MEK-soluble and -insoluble 
fractions of the PS-PIB-PS block copolymer synthesized at -80 
"C using an IB reaction time corresponding to nearly complete 
IB conversion ([IB] = 1.2 M, [DCC] = 1.9 X 10-9 M, [pyridine] 
= 3.8 X 103 M, [Tic&] = 3.8 X M, [styrene] = 0.4 M). 

MEK soluble. However, comparison of the GPC trace of 
the MEK-soluble fraction to the MEK-insoluble fraction, 
as shown in Figure 10, indicated that the two fractions 
were the same except for a slight low molecular weight tail 
in the GPC of the MEK-soluble fraction. The high 
solubility in MEK of this particular block copolymer did 
not allow for an accurate determination of the amount of 
contamination by homo-PS; however, comparing the 
magnitude of the low molecular weight tail in the GPC 
trace for the block copolymer in Figure 9 to that of the 
block copolymer synthesized using a long PIB reaction 
time (Figure 3) indicates that the amount of contamination 
of homo-PS is considerably less for the block copolymer 
illustrated in Figure 9. 

From these results, it is clear that the time of styrene 
addition is critical to block copolymer sample composition. 
Excessive aging of PIB carbocations, after depletion of 
IB, leads to the production of a very significant concen- 
tration of homo-PS due to the presence of protons which 
are generated primarily from @-proton expulsion reactions 
which become prevalent a t  high IB conversions. Con- 
versely, premature addition of styrene, at  low to medium 
conversion of IB, leads to troublesome retardation of 
polymerization due to random copolymerization of un- 
reacted IB and styrene and the formation of tapered end 
blocks. In regard to these findings, it is apparent that the 
time of addition of styrene to the IB polymerization 
mixture must be precisely controlled to ensure the 
synthesis of block copolymers having well-defined ABA 
block architectures. Styrene must be added to the IB 
reaction mixture just prior to the time of the onset of 
deviation from living characteristics, preventing the for- 
mation of homopolymers and diblock copolymers and 
allowing for a distinct crossover from the PIB midblock 
to the PS end blocks. 

To illustrate the synthetic utility of the DCC/TiC&/ 
pyridine polymerization system and the information 
obtained with regard to the effects of the time of styrene 
addition and the presence of the proton trap, DtBuP, on 
PS-PIB-PS block copolymer composition, some previ- 
ously reported results may be examined.38 The morphol- 
ogy of an ABA block copolymer is an excellent indicator 
of the uniformity of the molecular architecture since the 
production of a highly ordered dual-phase morphology 
will only be possible with materials containing polymers 
with uniform ABA block architecture. Figure 11 is a 
transmission electron micrograph of a PS-PIB-PS block 
copolymer synthesized using the polymerization system 
described in this paper, in conjunction with the proton 
trap DtBuP, and an IB reaction time corresponding to 
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significantly with propagation very late in the polymer- 
ization. Thin hypothesis is further s u p p o M  by the fact 
that addition of the proton trap DtBuP resulted in a 
narrowing of product polymer MWD. Conversely, the 
additionofstyrenetoPIB chainsformedunderconditiona 
of intermediate IB conversion results in a significantly 
retarded rate of further polymerization and leads to the 
formation of outer blocks which taper only slowly toward 
homopolystyrenedue to copolymerization between styrene 
and unreacted IB. Simultaneous copolymerizations con- 
ducted under conditions similar to those utilized for block 
copolymer sythesis yielded reactivity ratios of r , ~  = 3.1 
and rmy  = 2.7, indicating that the tapered sections of the 
copolymer contain long blocks of each monomer. 

Therefore, the optimum conditions for producing block 
copolymers which possess a sharp crmover from IB to 
styrene and which contain a minimum amount of ho- 
mopolymer contamination are realized when the addition 
of styrene is timed to occur a t  the highest IB conversion 
which is still consistent with the preservation of the living 
character of the polyisobutylene dications. In practice, 
this occurs at ca. 8590% IB conversion for the DCC/ 
TiCWpyridine system in 60/40 (v/v) hexanehethyl chlo- 
ride,andevenslightly higher conversionsmaybetolerated 
in the presence of a proton trap such as 2.6-di-tert- 
butylpyridine. 
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