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ABSTRACT 

The purpose of these studies was to combine polydimethylsiloxane 
(PDMS) and polyisobutylene (PIB) sequences into novel triblock, 
PDMS-b-PIB-b-PDMS, and multiblock, f PDMS-b-PIB-b-PDMSj,, 
copolymers. The key toward syntheses was the definition of condi- 
tions for the initiation of living anionic polymerization of hexamethyl- 
cyclotrisiloxane (D3) at the -CH2 OLi termini of well-defined tele- 
chelic PIB sequences. Subsequent deactivation of living D3 polymeri- 
zation charges with Me3 Sic1 yielded the target triblock whereas stoi- 
chiometric amounts of Me, SiClz gave the multiblock copolymer. 
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1034 WILCZEK, MISHRA, AND KENNEDY 

Conditions for the fast quantitative initiation of D3 from the -CH20Li 
end groups of PIB were worked out by model studies with the Li salt 
of 2,4,4-trimethyl-l-pentanol (TMP-OH), a molecule that exactly mimics 
the alcoholate termini of PIB. Initiation (i.e., “blocking”) of D3 polym- 
erization from Li phenolate-ended PIB has also been studied by the use 
of the Li salt of the 2,4,4-trimethyl-2-(p-hydroxyphenyl)pentane (TMP- 
PhOH) model compound. However, the phenolate exhibited a much 
lower initiating efficeincy for D3 polymerization than the alcoholate 
under the same conditions (THF, 0-60°C). The triblock copolymer ex- 
hibits satisfactory hydrolytic resistance under certain conditions. 

INTRODUCTION 

Both PIB and PDMS exhibit a combination of desirable physical properties 
and are valuable commercially available materials for a great variety of applica- 
tions [ 1-31. One aim of this research was to link these polymers into PIB- 
PDMS block copolymers and thus to create new materials that exhibit a com- 
bination of the properties of the two components. The recent semicommer- 
cia1 availability of alcohol- and phenol-capped telechelic PIBs [4] opens up 
the possibility toward the synthesis of these unique block copolymers. 

An examination of synthetic options yielded two approaches toward the 
preparation of PIB-PDMS block copolymers: 1) polycondensation of difunc- 
tional silanes leading to  telechelic polysiloxanes followed by chain extension 
with hydroxyl-telechelic PIB, and 2 )  living polymerization of cyclotrisiloxanes 
initiated by alcoholate- or phenolate-ended PIB [5, 61. Since the former 
method was expected ty yield a broad distribution of polysiloxanes and block 
copolymers contaminated by homopolymers [6-91, we chose to concentrate 
on the more promising second method. Specifically, we were interested in 
finding conditions conducive for the living anionic polymerization of D3 with 
Li alcoholate-ended PIB [ 10-141 . We theorized that well-defined PDMS-b- 
PIB-b-PDMS triblocks and 4 PDMS-b-PIB-b-PDMSj. multiblocks could be 
obtained by quenching the living D3 polymerization by Me, Sic1 or by stoi- 
chiometric quantities of Me2 SiC12, respectively. Figure 1 shows the schemes 
envisioned. This paper demonstrates that, under suitable conditions, Li alco- 
holates can induce the rapid and quantitative initiation of living DJ polymer- 
ization and that this technique can be used for the clean synthesis of diverse 
PIB-PDMS block copolymers. 
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stoichiom. 
(CH, ) SiClz 

(-LiC1) 
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excess (CH, ) , Sic1 (-LiCl) 
CH3 

I I I 
CH, CH, 

I I 
CH, CH3 CH3 CH3 

I * f l  

1 
LiOSifO-Si)mOCH,-PIB-CH 0 Si-O)mSiOSi(CH,), 

PDMS-b-PIB-$-PDMS 

HOCHP -PIB-CH, OH 

c n-BuLi 
LiOCH, -PIB-CH, OLi 

FIG. 1. Scheme for the synthesis of PDMS-b-PIB-b-PDMS and 
f PDMS-b-PIB-b-PDMSjn . 

EXPERIMENTAL 

Materials 

The source and purity or purification of isobutylene (IB), BC13, methylene 
chloride, and hexanes have been described [ 15, 161 . THF was purified by 
high-vacuum techniques and stored over Na-K alloy in a flask equipped with 
a Rotaflo stopcock. n-Undecane (Chemical Samples Co.) was refluxed over 
CaH, and condensed into an ampule with a Rotoflo stopcock under high 
vacuum. n-BuLi (-1.5 mol/L in hexanes, Aldrich Co.) was titrated with 
benzyl chloride [ 171 . 1 ,lo-Phenanthroline (Aldrich Co., Gold Label) and 
CaH2 (Aldrich Co.) were used as received. 
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1036 WILCZEK, MISHRA, AND KENNEDY 

1,4-Di(-2-chlor0-2-propyl)benzene (dicumyl chloride) was prepared from 
1,4-di(-2-hydroxy-2-propyl)benzene (dicumyl alcohol) with hydrogen chlo- 
ride [18]. 2,4,4-Trimethyl-l-pentanol (TMP-OH) (Aldrich Co.) was refluxed 
over CaHz under N2 and condensed into an ampule with a Rotaflo stopcock 
under high vacuum. 2,4,4-Trimethyl-2-(p-hydroxyphenyl)pentane (TMP-PhOH) 
was prepared by alkylating phenol (Fisher Scientific Co.) with 2,4,4-trimethyl- 
1-pentene (Aldrich Co.) [19]. The TMP-PhOH solution in hexanes was re- 
fluxed over CaHz under Nz and filtered, then the solvent was evaporated. 
Finally the TMP-OH was dried in high vacuum for 6-8 h. Hexamethylcyclo- 
trisiloxane (D3) (Petrarch Inc.) was dried over CaHz at  -80°C in a vial with a 
Rotaflo stopcock and then sublimed under high vacuum. Trimethylchloro- 
silane and dimethyldichlorosilane (Petrarch Inc.) were distilled under N2, quin- 
oline (Aldrich Co.) was added (10 ~01%) and the chlorosilanes were condensed 
into vials with a Rotaflo stopcock under high vacuum. 

Procedures 

H-NMR spectra were recorded on a Varian T-60 NMR spectrometer. GC 
analyses were done on a Hewlett-Packard HP-5750 instrument using a 12-ft 
column packed with SE-30; He carrier gas, temperature programming from 25 
to 25OoC, n-undecane internal standard. The GPC technique has been de- 
scribed [15]. Infrared spectra were recorded on a Perkin-Elmer Model 521 
spectrometer [20] . Osmometric measurements were performed with a Knauer 
vapor-pressure osmometer (No. 1100, Utopia instrument Co.) and a high-speed 
membrane osmometer (Model 503, Hewlett-Packard) with toluene solvent at  
4OoC. Isobutylene polymerization and general experimental procedures have 
been described [ 151. ~ 

The Syntheses of Alcohol-Telechelic PI6 (HO-PIB-OH) 

The t-chloro-telechelic PIB prepared by the semicontinuous “inifer” method 
[ 16 J was converted to a,w-di(isopropeny1)polyisobutylene by dehydrochlorina- 
tion with t-BuOK [21] and the latter to the alcohol-telechelic PJB by hydrobor- 
ation with BH,*THF [20]. The HO-PIB-OH starting material had& = 4200, 
aw/an = 2.25, as determined by GPC, vapor pressure osmometry, and ‘H NMR. 
The number-average functionality was Fn = 1.96 ? 0.08 by infrared spectrom- 
etry. After purification the HO-PIB-OH was refluxed in hexanes solution over 
CaHz (granules) overnight, the required amount of the solution was transferred 
with a syringe to a polymerization reactor equipped with a Rotaflo stopcock 
under Nz , and the hexanes were evaporated under high vacuum. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



NEW TELECHELIC POLYMERS 1037 

Kinetic Studies of D3 Polymerization Initiated with 
TMP-PhOLi, TMP-OLi, and n-BuLi 

About 20 mL of a D3 solution in THF (2.0 mol/L) was prepared in a vial 
equipped with a Rotaflo stopcock by subliming into it the required amount 
of D3 and condensing THF under high vacuum. n-Undecane (-2 mL) was 
added with a syringe under Nz . TMP-OLi or TMP-PhOLi solutions in THF 
(-0.4 mol/L) were prepared as follows: About 0.5 mL TMP-OH or TMP- 
PhOH solution in hexanes was placed in a vial equipped with a Rotaflo stop- 
cock (evaporating the hexanes under high vacuum in case of TMP-PhOLi), 
and -10 mL THF was added with a syringe under Nz. Then, these hydroxyl 
compounds were converted to the corresponding lithium salts by adding, drop- 
wise with a syringe, n-BuLi solutions in the presence of a small amount of 
1,lO-phenanthroline until the reddish end point was reached 1221 . The quan- 
tity of n-BuLi used was always within experimental error of the calculated 
equimolar amount of hydroxyl groups (rrBuLi/OH < 1.09,  confirming the 
high purity of the system. 
D3 polymerizations were carried out in -10 mL reactors equipped with 

Rotaflo stopcocks. Usually 0.1-2 mL D3 solution in THF and 2-4 mL THF 
were transferred with syringes to the reactor under Nz . The reactions were 
initiated by the addition of -0.2 mL TMP-OLi or TMP-PhOLi (-0.4 mol/L 
solutions in THF) or -0.05 mL n-BuLi (- 1.5 mol/L in hexanes) with a 
syringe under N2. At suitable time intervals, samples (-0.3 mL) were with- 
drawn by a syringe under Nz , the charges deactivated with Me3 Sic1 (50% 
molar excess relative to -0Li) and after - 15 min subjected to GC analysis 
to determine the unreacted D3, TMP-OSiMe3, and TMP-PhOSMe3 quan- 
tatively. 

Synthesis of Me3Si-PDMSb-PIB-b-PDMS-SiMe3 and 
+PDMS-b-PIB-bPDMSSiMe2 Sn 

PIB-OH solution (-5 mL in hexanes, -20 vol%, dried by refluxing over 
CaH2) with a syringe under Nz . The hexanes were evaporated under high 
vacuum, and - 10 mL THF was added with a syringe under N2. After the 
polymer was dissolved, an equimolar amount of n-BuLi (-0.3 mL 1.5 mol/L 
solution in hexanes) relative to the hydroxyl groups was added with a syringe 
under N2. The D3 polymerization was initiated by adding 1-10 mL D3 solu- 
tion in THF (-2.0 mol/L) at 26°C. The conversion of D3 was followed by 
GC as described above. Samples were withdrawn by syringes and deactivated 

Into a 50-mL reactor equipped with a Teflon stopcock was placed a HO- 
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1038 WILCZEK, MISHRA, AND KENNEDY 

with either Me3SiCl (50% molar excess relative to -0Li) or Me2SiC12 (equi- 
molar amounts of Cl-Si- relative to the -0Li groups). The volatiles were 
evaporated in uucuo. The polymers were dissolved in small amounts of hex- 
anes, precipitated with methanol, separated, washed with methanol, and the 
volatiles were removed by evaporation under high vacuum for 2-3 days. (Pre- 
vious experience has shown that precipitation of PDMS from THF into MeOH 
may result in some loss of polymer; however, precipitation from n-hexane is 
almost quantitative [ 141 .) The polymer samples were subjected to GPC and 
osmome try. 

Studies of Hydrolytic Stability of PDMS-6-PIE-6-PDMS 

About 0.2 g of PDMS-b-PIB-b-PDMS (Hn = 18 500, Experiment 3 in Table 
1) in bulk or in solutions was treated with an equal volume of aqueous HC1 
solutions under the conditions shown in Table 2. After 16-72 h the systems 
were washed several times with water, dried over CaCl?, and the volatiles were 
evaporated. The polymer samples were subjected to CPC analysis to deter- 
mine degradation. 

RESULTS AND DISCUSSION 

Model Studies 

Our first task was to develop conditions for the rapid and quantitative ini- 
tiation of living D3 polymerization at  the termini of telechelic PIBs. While 
the polymerization of D3 initiated by various alcoholates [23, 241 and phene  
lates [13, 233 has been reported, quantitative aspects of these reactions have 
not yet been investigated. We decided to start with model experimentation 
by the use of TMP-OLi and TMP-PhOLi, i.e., compounds that exactly mimic 
the termini of PIBs capped by -CH20Li and -C6H40Li groups: 

CH, C H z O L i  
I I 

I I 
- PIB-CH, -C-CH, -CH 

CH, CH, 

-PIB-CH, -C-CH, -C 
I 
CH, CH3 

CH, C H z O L i  
I I 

I I 
CH, CH, 

CH3 -C-CH, -CH 

TMP-OLi 

TMP-PhOL i 
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Y 

c .-l 

TMP-OL I 
n-BULI 

2.0 

1,o 

I I 
0 5 10 15 

I I 
10 15 

FIG. 2.  First-order plots of D3 conversion in the presence of (a) n-BuLi, 
(0) TMP-OLi, and (0) TMP-PhOLi, [D3] = 1.0 mol/L; [initiator] = 20 mmol/ 
L; THF; 26’C. 

The use of the Li counterion was dictated by the results of previous workers 
who found that lithium-based initiators exhibit high selectivity toward the 
anionic polymerization of cyclotrisiloxanes and are slow to react with linear 
siloxanes 112-141. The danger of parasitic initiation of D3 polymerization by 
moisture [l2, 25,261 was substantially removed by employing rigorously dry 
systems (working under high vacuum and a dry nitrogen atmosphere). To ob- 
tain high “blocking” i.e., initiation efficiency and preferably narrow molecular 
weight distribution (MWD) of the PDMS segments, conditions for high Ieff 
(initiation efficiency) and high RJRp (rate of initiation/propagation) had to 
be worked out. 

Quantitative information in regard to rates of initiationlpropagation of D3 
was obtained by kinetic studies. Figure 2 shows conversion/time plots of D3 
polymerizations obtained with TMP-OLi and TMP-PhOLi (and for comparison 
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1042 WILCZEK, MISHRA; AND KENNEDY 

with n-BuLi) initiators. According to these data, the conversion of D3 is a 
first-order process, and initiation is fast with respect to propagation with both 
initiators used. Since initiation of D3 polymerization is quantitative with n- 
BuLi [27,28],  and the rate of propagation with TMP-OLi is the same as that 
with n-BuLi, initiation must be close to quantitative with the Li alcoholate 
system as weU. The kinetics and mechanism of the polymerization are dis- 
cussed in detail in a separate paper [29]. 

In contrast, the rate of D3 polymerization by the TMP-PhOLi system was 
found to be almost 20 times slower than by TMP-OLi under the same condi- 
tions. Indeed, the initiation efficiency of TMP-PhOLi may be even lower than 
that, as suggested by the differences in the rates in Fig. 2,  due to the presence 
of moisture in the systems (i.e,, the effect of 0.1-1 mmol/L moisture in the 
charges may be much larger on the slower polymerization induced by the 
phenolate than on the faster process due to the alcoholate) [ 12, 25, 261 . Evi- 
dently the Ieff of TMP-OLi is much higher than that of TMP-PhOLi. 

To get further insight into the details of initiation of D3 by TMP-OLi and 
TMP-PhOLi, the rates of disappearance of these compounds under simulated 
polymerization conditioos were simultaneously followed by GC. Figure 3 
shows the conversion/time plots for the D3/TMP-OLi system; the samples 
were quenched by the addition of Me, SiC1, which instantaneously converts 
the -CH20Li and -SiMe20Li termini into -CH2 OSiMe3 and -SiMe20SiMe3 
end groups. According to the data, -CH20Li induces quantitative and rapid 
initiation of D3 polymerization in THF at 26'C. Initiation and subsequent 
propagation occur at comparable rates (cf. Curves 2). The somewhat faster 
conversion observed at [D3] = 1 mmol/L is due to a significant contribution 
of initiation to conversion. These facts also indicate that initiation is some- 
what faster than propagation. Initiation is complete at -5% D3 conversion 
(cf. Curves 1) under simulated polymerization conditions ([D3] o /  [TMP-OLi] 
= 50). Since initiation is fast, the molecular weight distribution is expected 
to be narrow in this system. 

In contrast, TMP-PhOLi is a low-efficiency initiator for D3 polymerization. 
As shown by the date in Fig. 4, less than 20% TMP-PhOLi was converted to 

-SiOLi in the 0-60°C range. The low conversions are,evidently due to the in- 

Me 
I 

I 
Me 

herently higher stability of TMP-PhOLi relative to -SiMe, OLi. A complete 
analysis of the reasons why TMP-PhOLi is a low-efficiency initiator of D3 

polymerization is beyond the scope of these investigations. 
According to these model experiments, Li-phenolate-capped PIBs are un- 
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100 

H 

0 50 100 
TIME, M I N  

FIG. 3. D3 and TMP-OLi conversion/time plots, (1) [D3] = 1.0 mol/L, 
[TMP-OLil = 20 mmol/L; (2) [D3 I = 50 mmol/L, [TMP-OLi] = 20 mmol/L; 
THF; 26°C. 

suitable for efficient initiation of D3 polymerization, but PIB-PDMS blocks still 
may be prepared by coupling PDMS capped by highly electrophilic end groups, 

e.g., -Si-Cl, and PIB-phenolates. 
1 

I 

Polymerization Studies 

Guided by the results of the model experiments, we studied the block co- 
polymerization of D3 initiated by -CH2 OLi-capped PIB. Conditions and re- 
sults are summarized in Table 1. Strong direct evidence for triblock copolymer 
formation is the satisfactory agreement between theoretical and experimental 
molecular weights (Columns 5 and 6 in Table 1). Separation of the products 
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1 I 

10 20 
TIME, h 

FIG. 4. D3 and TMP-PhOLi conversions/time plots at various temperatures. 
[D3] = 1.0 mol/L; [TMP-PhOLi] = 20 mmol/L; THF 

by selective solvent extraction could not be carried out due to the similar 
solubility characteristics of PIB and PDMS. 

Extensive GPC studies substantiated the conclusion reached f r o m a n  deter- 
minations. Figure 5 shows GPC traces by the UV detector of the series of tri- 
blocks defined in Experiments 1-3 in Table 1 together with the starting HO-PI& 
OH. The traces are due to the inifer residue in the PIB segment, which becomes 

incorporated into the HO-PIBOH during synthesis [ 15, 20,2 11 (the PDMS 
moiety is transparent at 254 nm, the operational wavelength of the UV detec- 
tor). The fact that the W traces become markedly narrower (i.e., the molecu- 
lar weight distributions of the triblocks grow narrower) with conversion indi- 
cate quantitative “blocking” of (i.e., initiation by) D3 and the absence of MWD 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



NEW TELECHELIC POLYMERS 

71% 

1045 

Vs, m L  30 35 40 45 

FIG. 5. Normalized GPC traces (UV detector) of HO-PIBOH and 
Me3 Si-PDMSb-PIBb-PDMS-SiMe3 at different D3 conversions, as shown in 
Experiments 1-3 in Table 1. 

broadening processes (e.g., redistribution). Indeed, GC analysis of charges even 
up to -90% conversion failed to indicate the presence of octamethylcyclotetra- 
siloxane, D4 (< 5%), proving the essential absence of redistribution processes. 

When the block copolymer contains a comparable amount of PIB and PDMS 
sequences, the RI trace of the GPC instrument may also give a good approxima- 
tion of the PIB segments present because the response factor of PIB is more 
than 10 times higher than that of PDMS in THF. Figure 6 shows representative 
RI traces of a tri- and a multiblock copolymer containing -50% PIB, together 
with the starting HO-PIBOH. 

In all the GPC scans (Figs. 5 and 6), the elution volumes of the block co- 
polymers are much lower than that of the HO-PIB-OH prepolymer, which indi- 
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1 1 1 

Ve, mL 30 35 40 

(11) Me3 Si-PDMS-b-PIB-b-PDMSSiMe3 ; (111) f PDMS-b-PIBb-PDMSSiMez jn 
(Experiment 9 in Table 1). 

FIG. 6. Normalized refractive-index GPC traces of (I) starting HO-PIBOH; 

cates an increase of the hydrodynamic volume on account of “blocking” and 
subsequent extension. 

The molecular weights of the multiblock copolymers (Column 7 of Table 
1) give at least an approximate value of n (block number). Thus, dividing the 
M,, in Column 7 by that in Column 6 of Table 1 gives an n value of about 3 
to 5. 

The living systems encountered in this research exhibited very high vis- 
cosities even with - 10% triblock and -10 mmol/L living -SiMe20Li end 
in THF at 26°C. Stirring was impossible due to gelation of a -20 vol% solu- 
tion (e.g., Experiment 3, Table 1). These gels, however, can be readily broken 
to much less viscous solutions, e.g., qsp = 9.5, by quenching the living charge 
with Me3SiC1. Evidently the living ends are strongly associated and may even 
lead to gels. This very large drop in viscosity upon quenching with both 
Me3 Sic1 and Me2 SiC12 suggests that the degree of aggregation of the 
-SMe2 OLi groups is higher than two. Similar gelation phenomena have 
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been observed with difunctional polyalkoxides from ethylene oxide [30] . 
The living anionic polymerization of D3 with Li compounds is a useful system 
to study aggregation phenomena in siloxane polymerizations because compli- 
cated redistribution processes would be absent [31, 321 . Investigations along 
these lines are in progress. 

In sum, according to  our model and subsequent polymerization experi- 
ments, the rapid and quantitative living polymerization of D3 at a,w-CH20Li 
end groups of telechelic PIBs is feasible and leads to various PIRPDMS block 
copolymers. Figure 1 illustrates the processes involved. The principles of 
these methods could be used for the synthesis of blocks over the entire 
PIB/PDMS composition (molecular weight) range. 

Hydrolytic Stability of PDMSbPIB-6-PDMS 

The hydrolytic stability of a representative triblock copolymer (Mn = 
18 500; cf. Experiment 3, Table 1) was estimated by comparing the GPC 
W traces of the triblock sample before and after hydrolysis. The area under 
the UV trace is linearly proportional to  the aromatic inifer residue in PIB and 
thus is a measure of the -PIBCH2-O-SiMe2PDMS linkages. Hydrolysis of 
the C-0-Si linkages yields the HO-PIROH prepolymer. No change in the 
area under and the position of the UV trace is evidence for stability, whereas 
a decrease in the area under the UV trace and a corresponding appearance of 
a W trace of the HO-PIB-OH starting material indicates degradation. We 
judged, arbitrarily, that degradation has occurred when the area under the 
original W trace has diminished by >80% with a corresponding appearance 
of the HO-PIB-OH starting material (see Results column, Table 2). 

in refluxing wet THF for 18 h (Experiment 1, Table 2). Heterogeneous sys- 
tems (i.e., in bulk or in blend with PDMS) or hydrophobic (hexanes) solutions 
of the triblock were resistant to aqueous HCl (Experiments 2, 3, 6, Table 2). 
In contrast, the triblock in THF solution degraded in the presence of HC1 
(Experiments 4, 5, 7-9, Table 2). According to control experiments, Me3% 
PDMS-SiMe3 degrades in THF solution under the influence of concentrated 
HC1. Thus, the triblock copolymer exhibited enhanced resistance toward 
hydrolysis compared with low molecular weight alkoxysilanes [33, 341, 
which is most likely due to the presence of hydrophobic PIB and PDMS seg- 
ments protecting the vulnerable C-0-Si bond and/or steric hindrance due 
to the macrosubstituents. 

Conditions and results are summarized in Table 2 .  The triblock was stable 
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