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Abstract

In a former article the dissociation of organolithium salts due to p-complexing additives is described. Durene and tetraphenylethylene tend

to break up at least partly the dimeric structure of polystyryllithium in non-polar solvents, as well as higher aggregates such as those formed

by polybutadienyllithium. In this research these p-complexing additives are used to break up a similar association, i.e. the formation of

tridimensional insoluble multifunctional initiator mixtures, when a bifunctional initiator is synthesized, using a precursor and a 2-fold excess

of butyllithium. As the precursor mainly 1,3-diisopropenylbenzene (m-DIB) is used, but also 1,3-di(1-phenylethenyl)benzene (PEB) is

examined. Subsequent addition of styrene in the presence of durene and tetraphenylethylene gives satisfying results in the synthesis of SBS-

triblock copolymers.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The synthesis of styrenic thermoplastic elastomers

generally consisting of two glassy end blocks connected

by an amorphous polydiene block through the use of living

anionic polymerization is well documented [1].

The method of the use of a bifunctional initiator with

which first butadiene is polymerized anionically and

subsequently styrene requires that the polybutadiene block

has the highest 1,4-microstructure possible in order to

guarantee that this polybutadiene block has the required

elastomeric properties. This could only be obtained in non-

polar solvents with organolithium compounds as initiators.

However, in order to avoid the aggregation of such

initiators in non-polar medium due to the strong interaction

of the ionic charges and resulting in the formation of

insoluble tridimensionally associated species, small
0032-3861/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2004.11.015

* Corresponding author. Tel.: C32 1632 74 31; fax: C32 1632 79 90.

E-mail address: marcel.vanbeylen@chem.kuleuven.ac.be (M. Van

Beylen).
amounts of s-complexing polar solvents such as tetrahy-

drofuran (THF) or triethylamine were often added to break

up the association. However, addition of even small

amounts of such additives invariably caused an undesirable

increase of the content of 1,2-microstructure of the

polybutadiene.

Thus Yu et al. showed that the use of precursors such as

1,3-diisopropenylbenzene (m-DIB) containing two non-

conjugated double bonds and having a low ceiling

temperature with twice the amount of butyllithium (BuLi)

in non-polar medium such as cyclohexane [2–5] did not

result in a soluble well-defined truly bifunctional initiator

and that an association process might be at the origin of this

effect. Therefore we looked in this work for an additive that

is capable of complexing with the LiC-cation, thereby

breaking up partially or completely the association without,

however, interacting as strongly with the LiC-cation as

s-complexing agents would do, in order that this LiC-cation

can still undergo the proper interaction with the diene

monomer, which is thought to be necessary for the

preferential formation of 1,4-structures.
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It was already advocated by O’Driscoll et al. [6] that a

p-complexing agent such as 1,2,4,5-tetramethylbenzene

(durene) could display a similar but much weaker effect than

THF [7] on the anionic propagation of polystyryllithium

(PStLi) in benzene increasing initially the rate but slowing it

down at higher concentration of additive.

This effect which was attributed to the formation of a

p-complex between durene and the LiC-cation, has escaped

further attention of the researchers in the field, making,

however, frequently use of the dissociative capacity of

s-complexing agents such as ethers and amines in anionic

polymerization.

Therefore an extensive study of the influence of a series

of p-complexing agents was made by us in a previous

publication [8] as well as a detailed kinetic study of the

anionic propagation of PStLi in cyclohexane in the presence

of durene as an additive [9] which was also confirmed by

quantum chemical calculations [10]. We could show that the

dissociation constant (Kd) of the dimers of PstLi, which is

estimated to be around 10K7 M in pure cyclohexane, was

equal to 6.2!10K3 M when 0.56 M durene was added [9].

This means that at a formal concentration of PStLi of

10K3 M, about 79% of the dimeric aggregates are disrupted.

This percentage can if wished still be increased at higher

durene concentrations. This induced us to think that this

new kind of additives, although much weaker than the

s-complexing agents, might to a large extent dissociate the

organolithium aggregates, when added in sufficiently high

concentration, without, however, interacting too strongly, as

s-complexing agents would do, with the LiC-cation so as to

prevent e.g. the interaction of the LiC-cation with the

butadiene monomer.

1,3-Diisopropenylbenzene was reacted in cyclohexane

with a twofold excess of t-BuLi, which was shown by Yu et

al. [2] to be more effective than s-BuLi for the synthesis of a

dilithiuminitiator, in the presence of at least 0.5 M durene.

Previous experiments in our laboratory [8] showed that,

when tetraphenylethylene (TPhE) is used as an additive,

much smaller amounts than in the case of durene can be

used to bring about the dissociation of the dimeric

aggregates of PStLi in cyclohexane, the difference being

as large as a factor 100. Other p-complexing additives like

benzene and tetramethylethylene (TME) proved too weak to

produce sufficient dissociation of the aggregated chain-

ends. 1,3,5-Trimethylbenzene (mesitylene), hexamethyl-

benzene (HMB) and 2,2-diphenylpropane are also examined

as potential p-additives in the synthesis of the triblock

copolymers but proved ineffective due to side reactions.

We also checked the use of the double diphenylethylene

type precursor 1,3-di(1-phenylethenyl)benzene (PEB) of

Dow Chemical as a precursor instead of m-DIB with BuLi.

Different research groups have studied precursors based on

double 1,1-diphenylethylene, most of the work, however,

being done by co-workers of Dow Chemical [11,12]. It is

reported that the dilithium initiator based on 1,3-di(1-

phenylethenyl)benzene (PEB), although soluble in
hydrocarbon solvents such as cyclohexane and benzene,

produces both polystyrenes and polybutadienes with

bimodal molecular weight distribution [13]. Since it was

possible that the observed bimodality could result from

either chain-end association effects or from branching

effects due to inexact stoichiometry, the effect of added

Lewis base, THF, was examined [13]. In a more recent

series of papers Tung and Gatzke [14–17] suggested a whole

range of different studies, mostly about 1,3-di(1-dipheny-

lethenyl)benzene (PEB) and 1,3-di[(1-methylphenyl)ethe-

nyl)]benzene (MPEB). The addition reactions of the

precursors were found to be clean and rapid. The resulting

initiators were insoluble, but when freshly prepared, they

were fine suspensions and would coagulate into hard

particles only upon standing for several hours or more.

The fine suspensions were effective in initiating butadiene

polymerization and became soluble after contacting them

with the monomer.
2. Experimental section

2.1. Chemicals

The reagents are purified in a similar way as described in

our previous papers [8,9]. Mesitylene, 1,3-diisopropenyl-

benzene and 2,2-diphenylpropane are purified as styrene

using CaH2 and PStLi or BuLi.

2.2. Synthesis of precursor 1,3-di(1-phenylethenyl)benzene

(PEB)

Quirk and Ma [13] also used PEB as a precursor in the

synthesis of a difunctional initiator and they refer to Schulz

and Höcker [18]. Following them we used a Wittig reaction

to synthesize PEB. At 0 8C benzoylbenzophenone (well

dried and degassed) was added to methylphosphorane. The

reaction was stirred for some hours and kept overnight.

Then, it was decomposed by addition of ca. 300 mL of

water. After extracting the water layer with ether, the

organic phases were dried over MgSO4 and the solvent was

stripped off. After column chromatography with chloro-

form, the product was distilled several times using a vacuum

line. It was identified by mass-spectrometry and NMR. The

purity was proven by high liquid chromatography, where

only one single peak was detected.

2.3. Synthesis of triblockcopolymers

The synthesis of the triblockcopolymers was carried out

using a bifunctional initiator, obtained by the reaction of

t-BuLi and mostly m-DIB, although in a few cases also

the precursor PEB was used to further test our method.

The synthesis was carried out under high vacuum using

highly purified reagents and in the presence of the desired

p-complexing agent. After completion of the reaction the
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active centers were deactivated. The polymers were then

precipitated in an excess of methanol, repeatedly washed

and dried to constant weight.
2.4. Characterization techniques: size exclusion

chromatography

The molecular weights (Mn) of the polymers (containing

only one monomer) were measured using a Waters

apparatus, with THF as elution solvent. The columns (106,

105, 104, 103 and 500 Å) were calibrated with polystyrene

standards. Therefore it was necessary to recalculate the

results if the samples are polybutadiene. In our laboratory a

calibration was done using polybutadiene standards. The

difference between both standards is linear and by a factor

of 0.40. Using polystyrene standards for polybutadiene

samples, forced us to reduce the measured molecular weight

(Mn) with 40%. In the laboratory of Theyssié a similar study

was performed and they arrived at a value of 55% of the

measured Mn [2].

For the SBS-triblock copolymers the same problem

arises. To solve this problem a mixture of OsO4/H2O2 was

used to eliminate the polydiene middle block in SBS-

triblock copolymers and then the molecular weight of the

polystyrene outer blocks was measured. This procedure was

reported by Kolthoff et al. [19] and was also applied by Yu

et al. [2].
2.5. Nuclear magnetic resonance (NMR)

In this research NMR was mainly used to determine the

microstructure of the polybutadiene blocks and to determine

the ratio of butadiene versus styrene monomers in the block

copolymers. All NMR-spectra were obtained on a Brucker

AM 400 MHz. The percentage of 1,4- and 1,2-units of

polybutadiene can be calculated using the integration of a
1H NMR spectrum. The signal at d 5.4 represents 2 protons

of a 1,4-unit and at d 5.6 we have 1 proton of a 1,2-unit. The

cis- and trans-1,4-units of polybutadiene can be determined

using 13C NMR. The signal at d 2.7 is the one of cis-1,4 and

trans-1,4 is situated at d 33. Determination of 1,4- and 3,4-

units of polyisoprene is possible by 1H NMR. For

polyisoprene we do not have 1,2-microstructure in the

polymer when LiC is the counter-ion but instead there are

3,4-units. There is a signal of 1 proton of a 3,4-unit at d 4.7.

Here d 5.1 is also a peak of 2 protons of the 1,4-

microstructure. To determine the ratio styrene/butadiene

in copolymers only 1H NMR is used. From the ratio of the

integration at d 7–7.3 and the sum of the integration at 5.4

and 5.6, we obtain a ratio styrene/butadiene. Knowing that

the peak at d 7–7.3 represents 5H of the aromatic ring of

styrene and that the signal at d 5.4 represents 2H of a 1,4-

addition unit and that the one at d 5.6 is due to the absorption

of 1H of a 1,2-addition unit, the signal at 4.9 is due to 2H

also of the vinyl units.
3. Results and discussion

We used 1,3-diisopropenylbenzene (m-DIB) as precursor

molecule in almost all experiments for different reasons.

One of the most important is the low ceiling temperature

(Tc). The anionic polymerization of m-DIB in THF at low

temperature is reversible with a ceiling temperature close to

room temperature [20]. This reversibility was advanta-

geously used for the synthesis of a supposedly bifunctional

anionic initiator [21,22]. However, it has been observed by

Yu et al. [3] that the anionic polymerization of m-DIB took

place even at 50 8C in cyclohexane, which indicated that the

ceiling temperature of m-DIB must be higher. Size

exclusion chromatography and 1H NMR spectroscopy

showed that the molecular weight of the oligomers and

the amount of unreacted vinyl groups did not change beyond

1 h of reaction, even for a long period of time.

The precursor should have a low ceiling temperature, the

reaction of m-DIB and t-BuLi is in competition with

homopolymerization. It is most favorable to have a low

ceiling temperature, which efficiently prevents homopoly-

merization to occur. Therefore the experiments in which

m-DIB is involved, are carried out at elevated temperature,

i.e. 40–45 8C. Lutz et al. [23] also reported that the two

double bonds of m-DIB are almost isoreactive, for the para-

isomer, however, the first addition is faster than the second.

This equal reactivity of both sides of m-DIB is most in favor

of its use in the preparation of triblock copolymers. Yu et al.

[2] showed that the use of t-BuLi is preferable to that of s-

BuLi. Therefore only t-BuLi is used instead of s-BuLi,

although the latter is commonly known to be more reactive.

In this work we will use Li-DIB as an abbreviation for the

bifunctional initiator and the other possible reaction

products of the reaction. These compounds could be either

monofunctional, bifunctional or multifunctional. The use of

the symbol Li-DIB does not imply that the initiator is

monofunctional.
3.1. Durene as additive in the synthesis of SBS-triblock

copolymers

The reaction that was studied is the addition of two

molecules of t-BuLi to m-DIB. The reaction is of course

more complicated than the synthesis of a dicarbanionic

species. Due to association of the bifunctional initiator, the

latter becomes insoluble. Also oligomerization of the

precursor molecule itself can be a problem in this reaction,

although working at elevated temperatures can prevent this

partly on account of the low ceiling temperature of m-DIB.

In the literature it is reported that the addition of polar

additives can break down the aggregates so at least the

dilithium initiator is present in the unassociated form and

remains soluble while no oligomers are formed in the

system. Based on the work of O’Driscoll [6] and our own [8]

concerning the effect of durene on polystyryllithium we
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used durene as a dissociating additive in the synthesis of the

dilithium initiator from m-DIB and t-BuLi.

A first experiment was carried out at room temperature

with a concentration of 10K3 M t-BuLi and 5!10K4 M

m-DIB in cyclohexane in the presence of 0.8 M durene. A

maximum in absorbance was obtained around 310 nm,

which can be attributed to the dilithium initiator of m-DIB.

Lutz et al. [23] studied the kinetics of the reaction of

butyllithium with m-DIB and they reported a maximum

in absorbance at 315 nm in benzene and at 310 nm in

cyclohexane. Therefore it can safely be assumed that the

peak at 310 nm is due to Li-DIB, knowing that the

absorbance of possible side-products is situated at lower

wavelengths, as will be discussed more in detail later on.

We estimated that 3 should have a value around

11,000 l molK1 cmK1 per reactive center. After 100 h a

plateau level is reached, which indicated that the reaction is

completed.
3.1.1. Effect of temperature

The reaction of t-BuLi with m-DIB was very slow at

room temperature. Therefore we tried similar experiments

at more elevated temperature, i.e. 40 8C. In all reactions the

concentration of the formed Li-DIB is followed at a

wavelength of 310 nm. Fig. 1 shows that there is a marked

acceleration in (a, b, c) compared with (d, e, f) which are

reactions at 40 and 20 8C, respectively. The leveling off is

much faster reached at 40 8C than at 20 8C.

Another experimental observation was that the reaction

mixtures of (a, b, c) were generally more transparent than

those of (d, e, f). This could be due to the fact that the

reactions of the latter were much slower, so that a higher

possibility exists of a competitive reaction taking place such

as an attack of a methyl group leading to formation of a
Fig. 1. Increasing absorbance due to formation of Li-DIB after different

times in the reaction of t-BuLi with m-DIB in the presence of durene. (a)

reaction temperatureZ40 8C, [durene]Z0.5 M, [Li-DIB]Z1.3 10K3 M;

(b) 40 8C, [durene]Z0.8 M, [Li-DIB]Z1.1 10K3 M; (c) 40 8C, [durene]Z
0.8 M, [Li-DIB]Z0.8 10K3 M; (d) 20 8C, [durene]Z0.5 M, [Li-DIB]Z1.3

10K3 M; (e) 20 8C, [durene]Z0.5 M, [Li-DIB]Z1.0 10K3 M; (f) 20 8C,

[durene]Z0.5 M, [Li-DIB]Z1.0 10K3 M.
benzyl-type anion. The differences of the finally reached

plateau were the result of a slight difference of initial t-BuLi

that should be the same as the final Li-DIB initiator

concentration. The absorbance plateaus reached in (d, e, f)

were lower because in the latter some precipitation occurred

giving some scatter, which led to a wrong result when we

compared this with the absorbance of the samples which

were transparent at the end. The reaction solution also

contained then less Li-DIB species because there was some

t-BuLi lost in side reactions.

The formation of a benzylic anion could give a slight

precipitate. If this happens, it would be a supplementary

advantage to work at elevated temperature. Indeed, the main

reaction was much faster and the competitive reaction was

occurring to a comparatively lesser extent. It can be seen

that the plateau level reached at 20 8C was not only reached

after a longer time but also the plateau itself is not as high as

the one with a similar concentration at 40 8C. The

temperature 40 8C is much closer to the ceiling temperature.

The reaction can go more easily to completion with

simultaneously a smaller loss of t-BuLi in possible

competitive reactions.

3.1.2. Initiation of styrene with Li-DIB

In a preliminary test we added styrene to the synthesized

Li-DIB in order to check the functionality of the Li-DIB

initiator. In this test-experiment we were able to determine

the concentration of Li-DIB and the concentration of PStLi

and to compare these with the concentration of initially

added t-BuLi. PStLi could easily be measured because its

maximum in absorbance is situated in cyclohexane at

326 nm. At this wavelength there was no interference of the

absorbance of durene, which has a maximum in absorbance

at 278 nm. This determination of living-ends would not be

possible if butadiene would be added because the maximum

in absorbance of PBuLi is also situated at 278 nm, i.e.

exactly the same as that of durene.

We used two different samples of Li-DIB as initiator

for the polymerization of styrene in the presence of 0.5 M

durene. A first sample was prepared by the reaction of

t-BuLi with m-DIB under the same conditions as the other

reaction, i.e. 45 8C for about 30 h in cyclohexane, but

without durene added to the solution. This is called the

blank. A first visual observation was that there were

solubility problems and precipitation, with the Li-DIB

initiator in the blank. These problems were inexistent in the

second sample containing durene. In both experiments the

formation of the Li-DIB initiator was followed by UV/Vis-

spectrophotometry at 310 nm. In the study with the additive

a nice evolution of the reaction occurred as shown in Fig. 2.

In the blank, this was not the case at all as shown in the same

plot. In the latter no continuous line could be drawn through

the different points.

Both Li-DIB initiators were used for the polymerization

of styrene at 40 8C. A well-known amount of styrene was

added, so the molecular weight (Mn(calc)) of the polymer



Fig. 2. Progress of the reaction of t-BuLi with m-DIB at 310 nm; (%) in

cyclohexane with 0.65 M durene at 45 8C and (:) in cyclohexane without

any additive at 45 8C.

Table 2

Mn (calc) versus Mn (exp) using different concentrations of the initiator

based on a 2 t-BuLi/m-DIB system at 40 8C with 0.5 M durene

[t-BuLi] (M) Mn (calc) Mn (exp)

1.0!10K3 16,600 17,500

3.9!10K3 6700 13,300

9.6!10K3 15,000 38,400
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could be predicted and compared with the Mn measured by

size exclusion chromatography (Mn(SEC)). These values

are given in Table 1. We could also determine the

concentration of PStLi from the UV-spectra, this is

represented by [PStLi]. [t-BuLi] is the initial concentration

of t-BuLi that we used in the reaction with m-DIB with a

molar ratio of 2/1 of both reagents.

It can be seen that the concentration of PStLi as well as

the Mn(SEC) matched much better with, respectively,

[t-BuLi] and Mn(SEC) in (a) than in (b). This led to the

conclusion that durene had a well-defined positive influence

on the reaction of t-BuLi with m-DIB and on the subsequent

initiation of styrene by Li-DIB and that the initiator in the

presence of durene acted as a truly bifunctional initiator.

Taking notice of the polydispersity (D) in (a) and (b), it can

be seen that in (a) a monodisperse polymer is obtained while

in (b) some undesirable side reactions must have taken

place, with higher polydispersity as a consequence.

3.1.3. Effect of reagent concentration

It is obvious that the molar ratio of the concentration of

t-BuLi and m-DIB cannot be changed, it always has to be

exactly 2. Higher ratios would result in an excess of t-BuLi

and therefore would lead to contamination with diblock

copolymers in the synthesis of triblock copolymers. Lower

ratios lead to an excess of m-DIB and would result in

multifunctional initiator molecules due to oligomerization.

The reaction of t-BuLi with m-DIB was also carried out

with different initial concentrations in the presence of 0.5 M

durene. A known amount of butadiene was added to the

initiator, so we were able to predict the molecular weight of

the polymer. This is given in Table 2 asMn (calc).Mn (calc)
Table 1

Styrene initiated by Li-DIB: (a) in cyclohexane with 0.65 M durene and (b) in cy

[t-BuLi] (M) [PStLi] (M) [Sty] (M)

(a) 1.4!10K3 1.3!10K3 0.18

(b) 1.4!10K3 1.0!10K3 0.20

a Molecular weight distribution.
is the value calculated assuming that there were two

growing centers per molecule. Mn (calc) is then compared

with the value of Mn obtained from SEC (Mn (exp)).

In Table 2 it can be seen that only in the first case theMn

(exp) correspond to the Mn (calc). In the second and third

experiment we detected some precipitation and after

addition of the monomer the yellow color of the initiator

did not disappear completely. We assumed that in these two

experiments the initiator was still too much associated in

aggregated species so all initiator molecules are not

available anymore to initiate the polymerization. Both

findings point in the same direction: in the first experiment

the initiator initiated difunctionally and in the other cases

the initiator was not able to initiate the polymerization in the

correct way. Because we could not record the absorbance of

the polybutadienyllithium, which has a maximum absor-

bance at 278 nm, we determined a concentration at a

wavelength of 295 nm although this is on the slope of the

absorption band. This calculation resulted in equal concen-

trations for the PBuLi and t-BuLi concentrations of 1.0!
10K3 M in the first experiment.
3.1.4. Propagation of monomers in the presence of durene

It has been pointed out several times in this work that

polar additives are unfavorable for the microstructure of

polydienes when polar additives are present in the mixture

during propagation. It should be clear now that durene and

also the other p-complexing additives are much weaker

complexing agents than the s-complexing additives. Even

so the question arises if they are not complexing too strongly

to permit the right interaction between the monomer that is

being built in into the growing chain and the LiC-cation,

since they are apparently strong enough to break down the

aggregates or at least an important part of the aggregates.

The microstructure remained the same when p-complexing

compounds were added for different monomers, i.e.

isoprene and butadiene as well as in different solvents, i.e.

cyclohexane and benzene. As pointed out many times in

several studies the greatest problem with s-complexing

additives like THF or Et3N, is that they resulted in
clohexane without any additive

Mn(calc) Mn(SEC) Da

41,600 39,800 1.06

33,500 54,600 1.66



Fig. 3. Microstructure of polybutadiene with varying concentrations of

durene in cyclohexane, [PBuLi]z10K3 M.
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considerable amounts of 1,2-units in the studies with

polybutadiene and of 3,4-units with polyisoprene. As seen

in Fig. 3 durene did not contaminate the microstructure of

polybutadiene even in a concentration ratio of 1000

compared to the PBuLi species. There are small differences,

but these are negligible. Comparing this figure with a similar

one of THF, the difference is tremendous. In the latter only

small amounts such as 0.1 wt% already resulted in more

than 40% vinyl content.
Fig. 4. Comparison of the reaction of t-BuLi with m-DIB in the presence of

durene (&) and the reaction of the reaction product of t-BuLi/durene with

m-DIB (%), both at 45 8C.
3.1.5. Metalation of durene in the reaction system

In a former discussion we already mentioned the

possibility of competitive reactions in the reaction system.

We carried out detailed studies about this side reaction,

which is a metalation of durene by carbanionic species,

especially with t-BuLi, because this is one of the most

reactive organolithium species in the different stages of the

synthesis of SBS-triblock copolymers.

At the start of our research a mixture of 0.5 M durene and

10K2 M t-BuLi in cyclohexane was prepared and put at

20 8C. After stirring for 24 h we could, however, not detect

any change in the reaction mixture. Then it was heated to

45 8C and the mixture was followed using UV/Vis spectro-

metric analysis. At this relatively elevated temperature one

could see a light yellow color developing and after longer

times even precipitation of yellow particles, which became

orange or even red at higher conversions. There was

definitely a reaction of t-BuLi with durene. In the past some

studies have been made about the attack of PStLi on toluene

[24,25]. The only difference between toluene and durene is

that the latter contains three extra methyl substituents on the

aromatic ring. It seemed reasonable to assume that the

reaction in both cases was of the same type.

The reaction that occurs is the abstraction of a proton

from a methyl group to yield a benzyl type-anion, the

negative charge of which is delocalized in the aromatic ring.

Benzyllithium is known to be insoluble in hydrocarbon

solvents and it is therefore accepted that this benzylic type

LiC-salt is formed and that it is the cause of the broad band
in the spectrum. We studied the reaction of t-BuLi with

durene from different viewpoints. First some experiments

were carried out at different temperatures, viz. 6, 25 and

45 8C followed by a series of experiments with concen-

trations of t-BuLi varying from 10K3 M to 10K1 M t-BuLi.

In both series of experiments an increase in absorbance in

the region of 300–340 nm was observed with time and after

at least 35 h a decrease in absorbance was seen at 310 nm

together with the formation of a second smaller band at

higher wavelength (w375 nm). This was probably caused

by precipitation. The maximum of the absorbance is always

situated around 310 nm, attributable to benzyllithium-type

products.

An interesting point to know is whether the reaction

mixture containing the benzyllithium-type molecules is

still able to react with m-DIB. Therefore a mixture of 2!
10K3 M t-BuLi and 0.5 M durene in cyclohexane was

heated to 45 8C. We added m-DIB after the t-BuLi had

reacted with durene for 4 h. The progress with time was

followed at 310 nm and compared to the reaction of t-BuLi

with m-DIB together from the beginning in the presence of

durene as represented in Fig. 2. This comparison is shown in

Fig. 4.

The reaction rates looked comparable during the first 5 h

of the reaction, the difference being due to a small difference

in concentration of t-BuLi in both cases (i.e. 2!10K3 M

for the reaction of t-BuLi/durene (4 h)Cm-DIB and 1.4!
10K3 M for t-BuLiCm-DIB in the presence of durene), but

then in the experiment of the reaction of the product of

t-BuLi/durene with m-DIB the absorbance reached a

maximum and diminished later on. To explain this

difference in behavior, we were inclined to think that,

when a certain amount of benzyllithium-type product had

been formed before the addition ofm-DIB, the production of

this benzyllithium-like product went on, even after addition

of m-DIB, and in contrast with t-BuLi, this product did not

react with m-DIB, but the addition product of t-BuLi to

m-DIB and the benzyllithium-like product absorb at

approximately the same wavelength. The spectroscopic
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evolution of curve b therefore probably represents the sum

of two competitive reactions: one is the reaction of t-BuLi

with m-DIB and the other is the reaction of t-BuLi with

durene, leading to benzyllithium-like products that became

increasingly insoluble. This could explain the decrease of

the absorbance at later stages.

It can be concluded that t-BuLi attacks durene in a

concentration range from 10K3 M to 10K1 M and in a

temperature range of 6–45 8C but that the formation of

benzyllithium-like product was insignificant, when durene

was not in the presence of t-BuLi before m-DIB was added

to it. It is not advisable therefore to store durene together

with t-BuLi in cyclohexane. The reaction product of this

mixture is a benzyllithium-like compound, which was not

able anymore to react with m-DIB. It was also rather

insoluble in cyclohexane but in THF it was very soluble.

That made it possible to measure an absorbance spectrum of

the compound, but in this solvent it showed rapid

termination. For the purpose of partially or completely

disrupting the aggregation of the living ends, as in this work,

we feel that durene can safely be used provided that it is not

stored with or added to the solution of the organolithium

reagent before m-DIB is added to the organolithium species.

3.1.6. Cross-over reaction in the presence of durene

In the next step of the synthesis of a SBS-triblock

copolymers the second monomer is to be added to the

dilithium polybutadiene compound to result in the two outer

blocks. In several of our experiments we added styrene to

polybutadienyllithium (PBuLi), which we obtained after

reaction of Li-DIB with butadiene in the presence of durene.

In none of the experiments, was there a sign of a reaction of

the PBuLi with styrene monomer when durene is present.

Even after more than 6 weeks at 40 8C there was not any

change of the color. The color is a very good parameter in

this case, because if there would be a reaction we would

obtain formation of a styryl-anion, which has a broad

absorption over the UV/Vis-spectrum with a maximum in

absorbance at 328 nm in cyclohexane and a high extinction

coefficient of 13,300 MK1 cmK1. This broad absorption

results in a yellow color in the visible part of the spectrum.

The color change would be already detectable with the

naked eye but even with the UV/Vis-spectrophotometer we

could not detect any change.

However, it is well known that styrene does add to PBuLi

living chains [26,27] in the absence of any polar additive, be

it at a low rate. In the course of this work we first added

styrene to PBuLi which had been prepared in the presence of

durene and this durene was still there when we added

styrene to PBuLi. So the durene must be the cause that no

reaction with styrene occurred. If it is accepted that in non-

polar medium reaction with a monomer occurs by

association of this monomer to the LiC-cation and that is

then inserted into the CK–LiC bond, this complexation

(which is probably responsible for the predominantly

1,4-microstructure of polybutadiene in butadiene
polymerization) can apparently not take place for styrene

when the LiC-cation is complexed with durene. Although

durene seems to be a rather weak complexing agent

compared e.g. with THF, it reduces the reactivity tremen-

dously (see Ref. 9) apparently so much that the reaction of

PBuLi with styrene, which is already very slow in pure

cyclohexane without durene, does not take place any more

when durene is present. The reaction of PBuLi with

butadiene in cyclohexane and in the presence of durene

does, however, still occur because butadiene monomer

forms a stronger complex with PBuLi than durene, so that

the reaction of butadiene with PBuLi can still occur (with

conservation of 1,4-content). With the more weakly

complexing styrene this is not the case. Styrene still reacts

with the more reactive PstLi in the presence of durene but as

mentioned (see Ref. 9) at a much reduced rate.

However, from the literature we know that in most cases

of the preparation of SBS-triblock copolymers the authors

added some Et3N or THF to the mixture of BuLi with

m-DIB or another precursor already in the beginning of the

reaction and then there was no problem of course at the time

of the addition of styrene. This effect of addition of THF or

Et3N is ascribed to the fact that they destroy the complex

with durene but then lead to another reaction mechanism

since it is known that polymerization of butadiene in the

presence of such polar agents gives less 1,4- and much more

1,2-microstructure. Therefore 3 V% THF was added to the

reaction mixture when the propagation of butadiene was

completed. After the right amount of styrene was first added

to the solution, the reaction started immediately. Using this

procedure there is no danger of losing some of the 1,4-

microstructure of the diene block because this block is

already synthesized before THF was present.

As an experiment to test whether one could use TMEDA

instead of THF at this stage, butadiene was polymerized in

cyclohexane initiated by t-BuLi and in the presence of

durene and styrene was added. After addition of a small

amount, i.e. 0.3 V% TMEDA, the reaction started immedi-

ately. This again illustrates that the s-complexing agent

TMEDA (or THF) is a much stronger complexing agent for

organolithium compounds than the p-complexing agent

durene, but as pointed out earlier, the latter left the

microstructure of polydienes unaltered when these are

polymerized in non-polar medium.
3.1.7. SEC Study of the bifunctional initiator

Syntheses were performed in the presence and in the

absence of durene in order to be able to make a good

comparison of the quality of the bifunctional initiator. The

SEC-spectra are given in Figs. 5 and 6, respectively. In the

SEC-spectrum of the Li-DIB, which was synthesized in

the presence of durene we could detect 2 different peaks.

This was not a bimodal sample but there are two different

components. The one with the highestMn is the signal of the

bifunctional initiator. In our SEC-apparatus this corresponds



Fig. 5. SEC-trace of the terminated dilithium initiator synthesized in the

presence of durene.

Fig. 7. SEC-traces of polybutadiene at the higher elution volume (Ve)

shifted to lower Ve after addition of styrene.
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with 52.85 mL. The other signal in the spectrum is due to

durene.

In the other spectrum we see a signal of a low molecular

weight species and some other signals of higher molecular

weight material. Maybe this is due to the fact that t-BuLi

was not able to react with all the m-DIB present and that

some of them-DIB was able to polymerize. Another striking

difference is the fact that there was a lot of precipitation at

the end of the reaction in the case of the synthesis without

durene and this was not the case in the mixture where durene

was present. The question arises whether the peak of the

Li-DIB in Fig. 5 is actual a monomodal peak or a

combination of several individual peaks due to monofunc-

tional, bifunctional and maybe even multifunctional

initiator. However, another application of SEC can be the

measurements of the central diene block and the final

triblock for a qualitative study. It is a fact that there

definitely was an increase of the molecular weight after

addition of styrene to the reaction mixture of PBuLi and that

both blocks were monomodal. This is clearly illustrated in

Fig. 7.

3.2. Study and characterization of the synthesized triblock

copolymers

3.2.1. Study of the molecular weight

After the bifunctional initiator was synthesized the first
Fig. 6. SEC-trace of the terminated dilithium initiator synthesized without

durene.
monomer, i.e. butadiene was added. After complete

polymerization a small sample was taken of the reaction

mixture. After termination and precipitation in methanol, a

2 wt% solution of the recovered polybutadiene is measured

by SEC. A recalculation of the figures is necessary because

the columns of the instrument were calibrated with

polystyrene. To the remaining of the reaction mixture

some THF as well as the second monomer, i.e. styrene, is

added. The resulting SBS-triblock copolymers of this step

can also be terminated and precipitated to prepare a sample

for SEC measurements. For this kind of polymers the same

problem arises, i.e. the columns of the instrument are

calibrated with polystyrene. Indeed, the principle of SEC is

based on the size of the polymer cluster and this is different

depending on the nature of the polymer. On the other hand it

is possible to calculate the molecular weight of polystyrene

using the measured Mn of the polybutadiene block and the

ratio of butadiene–styrene, which can be determined by

NMR. It is not possible to determine whether the styrene is

attached to either one side of the polybutadiene block or

whether it is attached on both sides. A concentration

measurement of the PStLi can, however, solve this problem;

an example of this method will be given in the next section.

To solve this problem it is possible via the OsO4/H2O2-

elimination technique to measure the molecular weight of

the polystyrene outer blocks. Using a mixture of OsO4/H2O2

it is possible to eliminate the polydiene middle block in

SBS-triblock copolymers and then measure the molecular

weight of the polystyrene blocks.

We carried out a detailed study of the attack of

OsO4/H2O2 on several kinds of polymers, such as homo-

polymers like polystyrene (PS) and polybutadiene (PB), but

also diblock copolymers (SB) with a polystyrene block and

a block of polybutadiene. Finally we did two experiments

with triblock copolymers (SBS) with polybutadiene as an

inner block and polystyrene as the outer blocks. In the

samples containing polystyrene homopolymers the same

molecular weight was obtained before and after using

OsO4/H2O2. The polystyrene remained exactly the same,

and was not affected by the reaction with OsO4/H2O2. In the

homopolymer of polybutadiene we did not find any trace of



Fig. 8. Spectroscopic study of the different steps in the synthesis of SBS.
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polymer anymore in SEC after reaction. The polymer had

completely disappeared, as it should. In the following

samples of the diblock copolymers, which were prepared by

reaction of polystyryllithium of known molecular weight

with butadiene there was no polybutadiene attached

anymore after reaction with OsO4/H2O2, since the values

of the molecular weight of the polystyrene were very

similar. In NMR there was no trace of polybutadiene either.

Also in the cases of the triblocks all polybutadiene was

gone after reaction with OsO4/H2O2. This was proven by the

molecular weight of the polystyrene and by NMR-

measurements. It is also proven that the polystyrene was

not attacked by OsO4/H2O2 because in none of the pure

polystyrene samples was there a notable change of the

molecular weight or the molecular weight distribution after

treatment with OsO4/H2O2.

We can conclude that we got now a very positive result

for the preparation of SBS-triblock copolymers using

Li-DIB as an initiator in the presence of 0.8 M durene as

can be seen in the last sample of Table 3. The Mn of the

polystyrene calculated with NMR and on the basis of the

molecular weight of the first synthesized block, matched

very well with the Mn of the polystyrene after reaction with

OsO4/H2O2. The given molar masses of the polystyrene

blocks are the molar masses of one outer block. Thus the

total molar mass of polystyrene is double of the mentioned

value.
3.2.2. Spectroscopic study

We also performed a spectroscopic study of the different

steps of the synthesis. We found the concentration of PBuLi

in cyclohexane to be nearly the same as the concentration of

Li-DIB, for example 1.08!10K3 M and 1.06!10K3 M in

the experiment of Fig. 8.

The 3’s we used together with the corresponding

wavelengths are:
Tab

Det

Kin

Pol

Pol

Pol

Dib

Dib

Dib

Tri

Tri

a

1H
b

3 (Li-DIB)310 nmZ11,500 MK1 cmK1
3 (PBuLi in CH)295 nmZ5700 MK1 cmK1
3 (PBuLi in THF)320 nmZ4570 MK1 cmK1
3 (PStLi in THF)330 nmZ12,000 MK1 cmK1
le 3

ailed study of the reaction of OsO4/H2O2 on different kinds of polymers (betw

d of polymer Mn(PS) Mn(PB)

ystyrene 3800 (1.46) –

ystyrene 20,000 (1.22) –

ybutadiene – 346,000 (1.29)

lock SB 55,900 (1.21) 111,800a

lock SB 55,800 (1.17) 125,900a

lock SB 10,800 (1.21) 49,400a

block SBSb 10,000a 50,900 (1.17)

block SBSb 25,700a 48,600 (1.15)

Molecular weights calculated, using the molecular weight of the first synthesize

NMR.

Syntheses in the presence of durene and using Li-DIB as an initiator.
All these extinction coefficients are values concerning

only one functional group of the bifunctional molecule.

In the case of polybutadienyllithium in cyclohexane and

tetrahydrofuran we can only calculate of the absorbance on

the slope of the curve, because the maximum is covered by

the absorbance of durene. The absorbance below 290 nm in

all spectra is due to durene. This spectroscopic study was

made on the last but one mentioned in Table 3, withMn (PS)

of 10,000 andMn (PB) 50,900. Fig. 8 and Table 3 combined

indicate convincingly that we obtained a completely regular

triblock copolymer.
3.2.3. General study of triblock copolymers

In the final consideration of the structure of the triblock

copolymers we can use all the previously mentioned

parameters, i.e. concentration of the initially added t-BuLi

and m-DIB ([t-BuLi]), concentration of Li-DIB, PBuLi

and PStLi; molecular weight of the polybutadiene

(Mn(PB)(calc)) and polystyrene block (Mn(PS)(calc))
een brackets the molecular weight distribution of the polymers is given)

Mn(SB(S)) Mn(P) (after OsO4)

– 3900 (1.53)

– 19,000 (1.27)

– No trace

162,700 (1.35) 55,000 (1.38)

164,700 (1.21) 57,600 (1.34)

61,200 (1.15) 10,000 (1.31)

89,000 (1.32) 7500 (1.31)

103,700 (1.24) 26,000 (1.42)

d block and the ratio of the different monomers, this ratio is calculated using
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calculated using the added amounts of each monomer,

molecular weight of polybutadiene (Mn(PB)(SEC)) and

polystyrene (Mn(PS)(SEC)) measured by SEC, after treat-

ment with OsO4/H2O2, and the molecular weight of

polystyrene calculated using the molecular weight of the

polybutadiene block and the ratio butadiene/styrene as

determined by NMR (Mn(PS)(NMR)). The polystyrene

molar masses represent only the molar mass of one single

polystyrene outer block.

The results of five syntheses are given in Table 4. The

data in this table are all obtained using a reaction sequence

and reaction conditions as they are given in Fig. 9. All the

steps of the synthesis were carried out under high vacuum

and with highly purified reagents as discussed in the

Section 2.

To a solution of durene in cyclohexane m-DIB and

t-BuLi were added, which were also dissolved in some

cyclohexane. We thus obtained a reaction mixture of,

respectively, 5.0!10K4 MK1 DIB and 1!10K3 MK1

t-BuLi. This was kept overnight at 40 8C.

To the obtained Li-DIB, butadiene was added after the

absorbance reached its maximum value. The polymerization

was carried out at 40 8C because at room temperature the

reaction was too slow. The reaction is complete after stirring

overnight. Because there was no reaction of PBuLi with

styrene under these reaction conditions, 3 V% THF was

added at this stage. Then the concentration of PBuLi and

PStLi in this polar medium could be easily calculated. The

pertinent results are summarized in Table 4.

Before adding styrene a sample of the mixture is taken so

Mn of PB could be measured. This is given asMn(PB)(SEC)

and can be compared withMn which can be calculated from

the added amount of butadiene. This value is given as

Mn(PB)(calc). After propagation of styrene the diene block

of the triblock was eliminated using OsO4/H2O2 and the

molecular weight of the resulting polystyrene was

measured. This is given as Mn(PS)(SEC) and this can
Table 4

Results of different syntheses of SBS-block copolymers in the presence of

durene

[t-BuLi] (M) [PBuLi] (M) [PStLi] (M)

A 1.1!10K3 1.2!10K3 0.86!10K3

B 1.1!10K3 0.95!10K3 1.3!10K3

C 1.0!10K3 1.2!10K3 1.11!10K3

D 1.0!10K3 1.0!10K3 0.97!10K3

Mn(PB)

(calc)

Mn(PB)

(SEC)

and D

Mn(PS)

(calc)

Mn(PS)

(SEC)

%B/%S

(NMR)

Mn(PS)

(NMR)

A 34,900 34,200

(1.12)

24,000 30,000 67/33 22,000

B 41,100 48,600

(1.15)

21,000 26,000 55/45 25,700

C 18,300 25,200

(1.15)

23,400 19,600 60/40 27,100

D 31,000 35,000

(1.19)

21,600 22,500 39/61 13,100
be compared with the calculated molecular weight

Mn(PS)(calc), assuming a bifunctional initiator was

obtained and therefore the Mn of a single polystyrene

outerblock.

When [t-BuLi] and [PBuLi] are compared in Table 4, it

can be seen in all the experiments, there was a very good

agreement between the different concentrations. Another

positive result was that Mn(PB)(calc) matched quite well

with Mn(PB)(SEC). Moreover the molecular weight distri-

bution was narrow for the polybutadiene polymer. If the

amount of butadienyl reactive centers is right and if we get

the right Mn, then we can conclude that the polymer grows

on both sides. This is seen to be correct in Table 4.

In the next step to synthesize the triblock copolymer, we

had to polymerize styrene as the blocks attached to the

central diene block on both sides. When doing this we got

styryl-anions instead of butadienyl-anions.

One can see that in most cases the concentration of PStLi

is comparable to the initial concentration of t-BuLi. The

concentration of PStLi is almost the same as [t-BuLi]

and [PBuLi]. The comparison of Mn(PS)(calc) and of

Mn(PS)(SEC) proved satisfactory in A, B, C and D. As

described before it was possible to measure the ratio of the

amounts of the different monomers by NMR. Using this

ratio we were able to calculateMn(PS) usingMn(PB)(SEC).

We divided this by two because we did not want to know the

globalMn of styrene, but theMn of one of the styrene blocks.

This is given in Table 4 as Mn(PS)(NMR). When we

compared this with Mn(PS)(calc), we see a good agreement

in case A, B and C. We can also compare it with

Mn(PS)(SEC), which is the Mn of PS after the reaction of

SBS with OsO4/H2O2. These three different values should

be the same in the ideal situation. In case of again A, B and

C, they were comparable. Only in the case of D there was

some discrepancy for the value of Mn(PS)(NMR) although

there was satisfactory agreement between Mn(PS)(calc) and

Mn(PS)(SEC). The reason for this is not clear.

The agreement is satisfactory even though some of the

values are not exactly the same, because in the use of SEC

measurements an experimental error of 5% is not excep-

tional. It can be concluded that particularly in the case of B

all different calculations and comparisons point into the

same direction, namely a central diene block with a very

narrow molecular weight distribution and on both sides a

styrene block of about 25,000. The final SBS-block

copolymer had a polydispersity of 1.2.

As a concluding remark it can be noted that the molecular

weight measurements combined with the concentration

measurements are sufficient proof for the success of the

synthesis in the presence of durene.

3.3. Hexamethylbenzene as additive

Hexamethylbenzene (HMB) can be thought to be a more

strongly complexing alternative than durene due to the two

additional methyl substituents on the phenyl ring. On



Fig. 9. Reaction sequence and reaction conditions used in the study of SBS-triblock copolymers.
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account of the electron donating properties of a methyl

group it is to be expected that the p-cloud of the phenyl will
be richer in electrons in the case of HMB, and thus it will be

a better p-complexing agent for the LiC cation resulting in a

better dissociation of aggregated organolithium compounds

in non-polar solvents. To verify this, some kinetic

measurements were performed on the propagation of

polystyryllithium in cyclohexane in the presence of varying

concentrations of HMB under high vacuum [8]. At

comparable concentrations the increase in rate of propa-

gation with increasing HMB concentrations is larger than

with durene.

There was, however, a serious problem in using HMB.

Even at a concentration of HMB as low as 0.09 M it reacted

with PStLi at room temperature, the concentration of

polystyryllithium being 10K3 M. This was clearly seen in

the UV/Vis spectra. As explained in the previous discussion

about durene, the methyl groups of toluene, durene and

HMB can be metalated, which will result in a benzyl-

lithium-type compound. It could be clearly seen that the

absorbance maximum of PStLi shifted from 328 nm to a

lower wavelength of 310 nm where benzyllithium-type

products are known to absorb and this even before all

styrene had been consumed.

This made it impossible to use HMB in the synthesis of

triblock copolymers. We would get transfer, probably at all

stages, i.e. during the synthesis of the bifunctional initiator

Li-DIB, the reaction of Li-DIB with butadiene to poly-

butadienyllithium and finally at the stage of the addition of

styrene with formation of polystyryllithium. Indeed one

could expect that if polystyryllithium gives transfer with

HMB, t-BuLi will certainly attack HMB, and the possibility

to get the proper Li-DIB will be very small or non-existent.
3.4. 1,3,5-Trimethylbenzene as additive

Trimethylbenzene, also called mesitylene, is very similar

to durene, which we already described in detail. A great
advantage compared to durene is the fact that mesitylene is a

liquid at room temperature. This is not only favorable for

practical use in the laboratory but certainly also on an

industrial scale. However, it was not very easy to accom-

plish the purification on a small scale, although solubility is

no problem anymore. As for the strength of mesitylene, it

could be expected to be less strongly p-complexing than

durene. On the other hand much higher concentrations can

be used than the 1 M of durene. One can go up to 7.19 M,

which is the concentration of pure mesitylene.

In the experiments on the synthesis of triblock copoly-

mers in the presence of varying amounts of mesitylene from

0.29 up to 1.77 M, it is shown that the concentration of the

different carbanions in the three steps was not the same as

the initial t-BuLi concentration and the molecular weights,

calculated using the initially added amount of monomer and

of t-BuLi did not correspond with the measured molecular

weights.

For an attempt to elucidate the anomalies PStLi is a

favorable agent because its maximum of absorbance does

not overlap with any other possible agent in the mixture

used. Therefore a solution of 10K3 M PStLi in cyclohexane

was first prepared and after 0.47 M mesitylene was added,

the mixture was heated to 45 8C. In a second experiment the

concentration of mesitylene was 0.56 M. The other reaction

conditions (temperature, [PStLi], reaction time) were

exactly the same. A spectrum of PStLi was recorded before

the addition of mesitylene and immediately after to

determine if there was termination after addition of

mesitylene. In that case one would expect a decrease of

the absorbance due to termination by some impurities of the

mesitylene itself, and due to some dilution after addition,

although this effect was minor. Surprisingly there was even

a small increase of the absorbance immediately after

addition of mesitylene.

This absorbance was a broad band with a maximum

around 320–360 nm. In the second experiment, there was an

increase in absorbance of about 8%. In the first experiment
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the increase was even bigger, about 25%. This seemed to

indicate the formation of another carbanion with a

wavelength of maximum absorbance of 330 nm, which is

unfortunately almost the same wavelength as the maximum

of PStLi. After this initial increase there was a severe

decrease, which started already after 15 min. Especially in

the first 20 h the decrease was most apparent but it also kept

decreasing during the next hundred hours.

Considering this as proof of the disappointing results and

in spite of the unexpected larger initial increase no further

attempt was made to explain this increase and the study of

mesitylene was not persued any further. It looks like a

transfer reaction occurred between PStLi and mesitylene,

which led to a product that interfered with the synthesis of

the triblock copolymers. Therefore it seemed that mesity-

lene was not a good candidate as an alternative for durene in

the synthesis of a bifunctional initiator. We were not able to

obtain a final SBS-triblock copolymer of which we could

proof it was actually a triblock.

On the other hand, just as in the samples with durene, the

microstructure of polybutadiene was not affected by

mesitylene and was of the following composition: 7%

1,2 polybutadiene, 51% trans-1,4 and 42% cis-1,4

polybutadiene.

3.5. Tetraphenylethylene as additive

The concentrations of TPhE needed for dissociation of

PstLi dimers, were much smaller than the concentrations of

durene to give a similar dissociation effect [8,28]. Compar-

ing them, it can be seen that the maximum rate of pro-

pagation in the case of TPhE was situated at 6!10K3 M

whereas this was 0.5–0.6 M in the case of durene. This is a

difference of a factor 100. We could not compare the two

additives at the same concentration because at such small

concentrations as in the regions of 10K3 M, durene was

giving no significant dissociation and higher concentrations

of TPhE were not possible either because 8–9!10K3 M

TPhE was the maximum solubility in cyclohexane. At first

sight one could say that the dissociating capacity of TPhE is

much bigger comparing the ratios of the concentrations of

the additive to living ends. These are in the case of TPhE

1–8 and in the case of durene 500–800.

Because the absorbance of TPhE was very high at a

wavelength of 280–400 nm, the increase in absorbance at

310 nm due to the formation of Li-DIB is too small to be

seen. A synthesis was therefore performed in the presence of

2.1!10K3 M diphenylpropane, in which the reaction could

be followed, with 5!10K4 M m-DIB and 1!10K3 M

t-BuLi in cyclohexane and the mixture was heated up to

45 8C for several hours. In the experiment the time of

completion was comparable with the synthesis of Li-DIB

with 0.5 M durene, namely 30 h. The formation of Li-DIB

was estimated to take only 10 h when 6!10K3 M TPhE was

used. After completion of the reaction of t-BuLi withm-DIB

butadiene was added to the red-orange solution of initiator
and we observed the disappearance of the color after only a

few hours, which was much faster than in the experiments

with 0.5 M durene.

3.5.1. Effect of TPhE on the synthesis of SBS

As discussed before it was not possible to measure the

concentrations of Li-DIB, PBuLi and PStLi in the mixture

because the absorbance of TPhE was too high. That is the

reason why only the different molecular weights are given in

Table 5.

It can be seen that the molecular weights of the

polybutadiene block, calculated from the added amount

of the monomer matched in most cases with the

molecular weights of the polybutadiene block measured

using SEC, which are given as Mn(PB)(calc) and

Mn(PB)(SEC), respectively, without any noticeable

relation to the concentration of the added TPhE to the

sample. The molecular weight distributions are given as

D between brackets. After the synthesis of polybuta-

diene some THF was added as well as the second

monomer, styrene. The same procedure was used as

described before. At first sight all the molecular weights

look very satisfying but if we look more closely and

calculate the percentage of the difference in molecular

weight of the calculated polystyrene block and the one

measured with NMR, it can be seen that the samples

with 3.9!10K3 M and 5.9!10K3 M gave better results

than the ones with smaller amounts of TPhE. To

accomplish the measurement of Mn(PS)(NMR), we used

the amount of monomer added and the percentage

styrene calculated using the NMR spectra taken of the

final block copolymers.

In these last two samples, there was only a difference of 3

and 5% between Mn(PS)(calc) and Mn(PS)(NMR), which

was much smaller than the error on the other molecular

weights, which were all around 20%. So it can be concluded

that one needs at least 4!10K3 M TPhE with 10K3 M

t-BuLi to get good results.

To be sure that we actually obtained triblock copolymers

instead of diblock copolymers the method of OsO4/H2O2

was used again. One can see that there are no big differences

between Mn(PS)(NMR) and Mn(PS)(OsO4), especially in

the samples with higher concentrations of TPhE.

3.5.2. Reaction between t-BuLi and TPhE

A negative effect could be the transfer reaction as it

occurred with durene or hexamethylbenzene. It was caused

by the metalation of the methyl groups. TPhE does not have

such groups; nevertheless we did an experiment to study

specifically the case of TPhE. Because TPhE had such a big

absorbance over the whole wavelength range, from 400 nm

down to 200 nm, it was impossible to follow the reaction

spectroscopically.

After 2–3 days we did not see any visible change in the

sample containing 10K3 M t-BuLi and 2!10K3 M TPhE in

cyclohexane at 45 8C, whereas this was certainly the case



Table 5

Molecular weights of the different blocks of triblock copolymers synthesized in the presence of TPhE

[TPhE] (M) [t-BuLi] (M) [B] (M) [Sty] (M) Mn(PB)(calc) Mn(PB)(SEC) and D

0.87!10K3 0.95!10K3 0.510 0.106 45,000 67,100 (1.15)

1.8!10K3 1.10!10K3 0.561 0.097 55,000 49,500 (1.24)

2.1!10K3 1.04!10K3 0.506 0.118 39,000 34,100 (1.18)

2.5!10K3 1.00!10K3 0.372 0.113 40,200 44,900 (1.18)

2.8!10K3 0.87!10K3 0.419 0.109 52,000 53,800 (1.11)

3.9!10K3 0.87!10K3 0.475 0.097 59,000 50,600 (1.17)

5.9!10K3 0.81!10K3 0.438 0.113 46,800 50,600 (1.17)

[TPhE] (M) Mn(PS)(calc) Mn(PS)(OsO4) Mn(PS)(NMR)

0.87!10K3 9000 7100 5900

1.8!10K3 9400 8800 8100

2.1!10K3 11,800 9500 9150

2.5!10K3 11,700 9700 9300

2.8!10K3 13,000 14,700 16,400

3.9!10K3 11,700 11,800 12,000

5.9!10K3 11,700 11,100 11,100

(PB) Representing the polybutadiene block and (PS) the polystyrene block of the triblock copolymers calculated using the ratio of the monomer and the initial

amount of initiator (Mn(calc)) and the ones measured with SEC (Mn(SEC)), [B] and [Sty] are the concentrations of butadiene and styrene used.
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with durene or hexamethylbenzene. We could therefore be

certain there was no problem during the synthesis of the

triblock copolymer.
3.5.3. Effect of TPhE on the microstructure of the

polybutadiene block

Because of the strong dissociating power of TPhE it

could be thought that the influence of the additive was too

intense to leave the 1,4-microstructure of the polybutadiene

block intact. But Fig. 10 proofs the opposite. There was no

change of the microstructure even with the highest

concentrations of TPhE used.

In view of the very strong effect of tetraphenylethylene

(TPhE)wewanted to check also 2,2-diphenylpropane (DPhP).

They both have the possibility to complexwith the LiC-cation

between two phenyl rings, although the angle between the

rings is not the same in both species. Moreover in the case of

TPhE we have phenyl groups attached to a sp2-carbon atom

and in the case of DPhP to a sp3-carbon.
Fig. 10. Microstructure of the polybutadiene middle block as a function of

the concentration of TPhE.
3.6. 2,2-Diphenylpropane as additive

In this paragraph we looked in more detail at 2,2-

diphenylpropane (DPhP) as a possible additive in our

system to synthesize Li-DIB. For a comparison with TPhE,

it seemed interesting to perform a detailed study of it in our

system, although there are quite some differences between

its fundamental structure and that of TPhE.

The goal of this study is to examine the interaction of

LiC with the two phenyl groups. We have chosen 2,2-

diphenylpropane instead of diphenylmethane, because the

latter has two acidic protons and these would react with

the very strong basic carbanions, such as t-BuLi, PBuLi

or PStLi. Apart from the above mentioned accelerating

effect and the fact that the microstructure of the

polybutadiene formed again remained the same as in

pure cyclohexane up to the highest concentrations of

DPhP, the results of the triblock copolymer synthesis

looked rather unfavorable.

We started with an amount of about 1.25!10K3 M

t-BuLi and half of this amount m-DIB in the presence of

about 2!10K3 M DPhP up to 300!10K3 M. In all the

experiments the concentration of [Li-DIB] was much too

low compared to [t-BuLi] and a complete mismatch of

[PBuLi] and [Li-DIB] was observed. On top of that the

measured Mn-values were much higher than the calculated

ones, without there being a trend in the differences. In view

of all the anomalies observed when using DPhP we did not

retain DPhP as a possible p-complexing agent in the

synthesis of triblock copolymer since we got much better

results with other additives.
3.7. Double 1,1-diphenylethylene as precursor

Different research groups have studied precursors based

on double 1,1-diphenylethylene, most of the work was done
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by researchers of Dow Chemical. 1,3-di(1-phenylethenyl)-

benzene (PEB) gave the best results although still polar

additives had to be added, the seeding technique had to be

used or oligomeric PStLi had to be used as initiator to get

well-defined soluble bifunctional initiator systems.

It has been reported that butyllithium adds readily to 1,1-

diphenylethylene (DPE) in hydrocarbon solvents [29,30].

The product could initiate isoprene and butadiene to form

copolymers with DPE. Because of the bulkiness of the

phenyl groups, DPE did not homopolymerize. The addition

of butyllithium to compounds containing two DPE groups

should produce dilithium initiators. A 5% excess of s-BuLi

was used in the experiments to counteract the estimated

amount of impurities still existing in the system. The

addition reaction was completed in about 3 h. The fine

dispersion formed for all four double DPE compounds was

found to initiate the polymerization of butadiene [31]. The

precursor is not commercially available.
3.7.1. t-BuLi as initiator with PEB

In a first series of experiments t-BuLi was chosen to add

to PEB, in a 2/1 molar ratio t-BuLi/PEB. In two experiments

we added 6!10K3 M TPhE to the reaction mixture and in

two others 0.8 M durene was used as additive. These were

the concentrations of additive at which the best results were

obtained with m-DIB as a precursor. To know the con-

centration of the precursor engaged in the reaction, we used

UV/Vis-spectroscopy. We obtained the extinction coeffi-

cient by a series of standard solutions. We found a maxi-

mum in absorbance at 236 nm with 3Z36,000 MK1 cmK1,

which was in agreement with the one obtained by McGrath

et al. [32]. For the final anion (Li-PEB) we used 3Z
13,000 MK1 cmK1 at 435 nm per anionic center in the

dilithium-compound. This value of 3was based on data from

an earlier PhD-thesis made in our laboratory [33]. In this

work the reactivity was studied of 1,1-diphenyl-n-hexyl-

lithium (1,1-DFHLi), 1,1,3-triphenyloctyllitium (1,1,3-

TFOLi) and 2-polystyryl-1,1-diphenylethyllithium

(PDFELi) with styrene in benzene and cyclohexane at

22 8C. All these species are diphenylmethylanion-com-

pounds and should be comparable with the anion in this

research. The concentrations of Li-PEB obtained were much

too low and the measured molecular weights were too high.
Table 6

Results of the SBS-blockcopolymer with PEB as precursor

Without durene With durene (0.8 M)

[s-BuLi]Z1.16!10K3 M [s-BuLi]Z1.07!10K3 M

[Li-PEB]Z1.04!10K3 M [Li-PEB]Z0.86!10K3 M

Very fine suspension of precipitate [PBuLi]Z1.31!10K3 M (

decolorized)

[PStLi]Z0.96!10K3 M

Mn(PB)(calc)Z21,200

Mn(PB)(SEC)Z17,200) (1
The results indicated that the reaction with t-BuLi was

incomplete, which might be explained by steric hindrance

due to the voluminous diphenyl-compound on one hand and

the more voluminous t-BuLi compared to s-BuLi on the

other.
3.7.2. s-BuLi as initiator with PEB

In this experiment we used s-BuLi instead of t-BuLi and

made a blank experiment (without durene as additive) and

one in the presence of 0.8 M durene. In both cases the

increase up to the final plateau level of the dilithium

compound Li-PEB was qualitatively as well as quantitat-

ively much more satisfactory than the results obtained with

t-BuLi. Also the molecular weights in the case with durene

were satisfactory although not completely correct, but as

described in the literature this compound is very difficult to

purify. The numerical results of both experiments are given

in Table 6.

The main difference between the experiment with

and the one without durene is the formation of a fine

suspension of Li-PEB in the experiment without durene

when the reaction was approaching completion, a

macroscopic observation we did not see in the samples

with durene present. The increase of absorbance was

measured at lmax, namely 435 nm. The plateau level

was reached in less than 5 h, which is much faster than

the reactions with m-DIB. This is not surprising in view

of the higher reactivity of the PEB-precursor.

The numeric data indicate a positive result. Indeed

the concentration of the initial amount of s-BuLi was

almost the same as the resulting concentration for the

Li-PEB component, only the concentration of PBuLi

was a little higher. This could be due to the absorption

of some remaining initiator, although it seemed

improbable that there was still some bifunctional

initiator in view of the relatively low molecular weight

distribution and the final agreement of the polystyr-

yllithium concentration. However, due to its very high

extinction coefficient, the smallest amount of unreacted

precursor results in a strong absorbance, and the l used

to determine the concentration of PBuLi is in the same

UV-region. Therefore it could be possible that the high

concentration of PBuLi which is calculated from the
not completely

Mn(PS)(calc)Z9500

.25) Mn(PS)(SEC/NMR)Z12,700

Mn(PS)(OsO4/SEC)Z13,150



Fig. 11. Spectral evolution of the synthesis of triblock copolymers based on

the reaction of s-BuLi with 1,3-di(1-phenylethenyl)benzene.

J. Hofmans, M. Van Beylen / Polymer 46 (2005) 303–318 317
absorbance at 277 nm was partly due to some remaining

precursor.

The shift of the lmax when going from Li-PEB to PBuLi

and subsequently to PStLi is given in Fig. 11 and confirmed

the positive results. From the qualitative point of view all

the maxima in absorbance were the same as the ones

described in the literature. The quantitative results of the

concentrations are summarized in Table 6.
4. Conclusion

In the experiments concerning the synthesis of triblock

copolymers, based on the initiation of a bifunctional

initiator synthesized from t-BuLi and m-DIB, addition of

the p-complexing agents mesitylene, hexamethylbenzene

and 2,2-diphenylpropane resulted in a mixture of different

products, which was caused by side reactions. Only addition

of durene and tetraphenylethylene resulted in well-defined

SBS-triblock copolymers and these two p-complexing

agents seemed to be the only additives that can be

recommended for the synthesis of these copolymers. It

should also be noted that tetraphenylethylene is a much

stronger p-complexing agent than durene. The experimental

conditions to be recommended for the synthesis of well-

defined SBS-triblock copolymers emerging from this work

are therefore 10K3 M t-BuLi and 5!10K4 M m-DIB at

45 8C in the presence of at least 0.5 M durene or 6!10K3 M

TPhE. The reaction of this mixture was over after about

24–30 h and resulted in a strictly bifunctional initiator, i.e. a

dilithium compound (Li-DIB).

Benzene and TME seemed to be weak p-complexing

agents as shown in previously reported work [8]. None of
the p-additives used resulted in a microstructure different

from that of polybutadiene synthesized in the absence of the

additive, i.e. pure non-polar solvent. This is a main

advantage of these additives in contrast to polar additives

as used in the literature by other research groups, resulting

always in substantial contents of vinyl units. Thus the

triblocks contain a central polydiene block with more than

90% 1,4 content so the elastomeric properties should be

optimal. This is proof that the interaction between the LiC

cation and the propagating diene monomer estimated

necessary for the formation of primarily 1,4-microstructure

can still occur in the presence of these additives.

In a final stage 1,3-di(1-phenylethenyl)benzene (PEB)

was used as a precursor instead of 1,3-diisopropenylbenzene

although they are very similar, i.e. a divinyl compound on a

central phenyl ring. Also in this system of s-BuLi and PEB,

durene and tetraphenylethylene seemed to have a positive

influence on the synthesis of a SBS-triblock copolymer

comparing it with some experiments in the absence of any

additive.
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