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Abstract

Telechelic, hydroxyalkyl terminated polydimethylsiloxanes were obtained under mild conditions via hydrosilylation of allyl alcohol or

ethylene glycol monoallyl ether by oligomeric av-hydride terminated polydimethylsiloxanes, with the use of a platinum catalyst. They were

subsequently modified in a phase transfer catalyzed reaction by propargyl bromide, to give telechelic polysiloxanes terminated by acetylenic

groups. The synthetic pathway is described and the characterization of the obtained products is presented.

q 2003 Published by Elsevier Ltd.
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1. Introduction

Acetylene terminated monomers have been studied as

thermosetting resins, printing inks photocurable coatings,

etc [1,2]. These precursors are often synthesized utilizing

propargyl bromide and organic diols [3 – 6], as the

preparation of the propargyl ether function, based on

classical phase-transfer catalyzed (PTC) reactions is very

easy [7,8]. However, no reports have been found on

propargyloxy terminated telechelic siloxane oligomers, in

spite of the fact that polydimethylsiloxanes (PDMS), due to

their properties such as high thermal stability, low surface

energy, low glass transition temperature (below 2120 8C)

and high gas permeability and biocompatibility are very

interesting materials. Telechelic organofunctional polysi-

loxanes are typically prepared by equilibration of octa-

methylcyclotetrasiloxane (D4) and disiloxanes bearing the

functional groups, in the presence of acid or base [9].

Another preparation of functional oligosiloxanes is the

hydrosilylation of alkenyl compounds in the presence of a

platinum catalyst [10]. Because the hydroxy functions are

prone to side reactions [11], they are often protected as

trimethylsilyl ethers. Deprotection is performed either by

hydrolysis in the presence of an acid [12] (but side reactions

can occur as a consequence of the cleavage of siloxane

bonds) or by methanolysis, under milder conditions [10]. In

this article, we propose a two step synthetic pathway to

well-defined acetylene terminated oligodimethylsiloxanes

[13]. In the first step, av-hydroxyalkyl terminated PDMS is

obtained by hydrosilylation of unprotected alkenols. In the

second step, it is modified under PTC conditions in order to

obtain telechelic acetylene terminated siloxane oligomers,

that could be further chain extended via oxidative coupling

[14]. The reactivity of three polysiloxanes differing by the

alkenyl spacer between the siloxane part and the hydroxyl

group was studied. They were modified by propargyl

bromide with sodium hydroxide, in the presence of

tetrabutylammonium bromide as the catalyst. The results

show that there is a large influence of the nature of

hydroxyalkyl terminating groups.
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2. Experimental

2.1. Materials

The following chemical reagents were used (without

purification):

av-Hydride-terminated polydimethylsiloxane ((1)

Mn ¼ 500 2 600—ABCR), av-hydroxyhexyl-terminated

polydimethylsiloxane (Mn ¼ 2300—Goldschmidt), allyl

alcohol (Eastman Organic Chemicals), ethylene glycol

monoallyl ether (98%—Tokyo Kasei Organic Chemicals),

platinum divinyltetramethyldisiloxane complex in xylene

(PTDD—2.25 wt% of Pt—ABCR), propargyl bromide (PB,

80 wt% solution in toluene—Aldrich), dipropargyl ether

(Aldrich), sodium hydroxide (pellets, analytical grade—

SDS), tetrabutylammonium bromide (TBAB, 99%—

Aldrich), dichloromethane (98%—Prolabo), diethyl ether

(analytical grade—SDS), isopropanol (iPA—pure—Ana-

lytical Carlo Erba), toluene (pure—SDS), magnesium

sulfate (pure—Prolabo).

2.2. Characterization of polymers

1NMR, 13C NMR and 29Si NMR spectra were recorded

in CDCl3 with an AC 200 Bruker spectrometer. The

following symbols stand for: doublet—d., multiplet—m.,

singlet—s., triplet—t.

SEC measurements were recorded in toluene with a

refractive index detection, using a polystyrene calibration

curve. The columns used were two 5 mm PLGel Mixed-D.

All polymer samples were kept in toluene for 24 h at room

temperature before SEC measurements were performed.

IR spectra were recorded with a Perkin-Elmer 1760 FTIR

spectrometer.

2.3. Synthesis of av-(hydroxy propyl) polydimethylsiloxane

(2)

A av-hydride-terminated polydimethylsiloxane (1)

(58.3 g, 0.183 mol of Si–H) was placed under nitrogen in

a two necked flask equipped with a condenser and diluted

with isopropanol (44 ml) and allyl alcohol (18 ml,

0.265 mol). Platinum divinyltetramethyldisiloxane complex

in xylene (440 ml, [Pt0]/[Si–H] ¼ 2.4 £ 1024) was diluted

in isopropanol (7 ml) and added dropwise to the magneti-

cally stirred mixture. After 15 min at room temperature, IR

analysis revealed that only a very small amount (less than

10%) of SiH bonds remained. The reaction mixture was then

stirred for an additional 17 min at 65 8C in order to reach full

conversion. Solvent and excess allyl alcohol were evapor-

ated from the reaction mixture which was not further

purified. 67.2 g of a brown oligomer were obtained (97%

yield).
1H NMR: 0.0 ppm s. Si(CH3)2, 0.5 ppm m. Si–CH2,

1.3 ppm m. CH2–CH2–CH2 and OH, 3.5 ppm t. O–CH2

13C NMR: 0.00 and 0.94 ppm SiMe2, 13.84 ppm Si–

C H2, 26.45 ppm CH2–C H2–CH2, 65.40 ppm O–C H2
29Si NMR: 7.9 ppm OSiMe2(CH2)3OH, 221.4 ppm

OSiMe2OSiMe2-(CH2)3OH, 222.0 ppm and 222.1 ppm

OSiMe2O.

2.4. Synthesis of av-(2-hydroxy-ethyl)oxypropyl

polydimethylsiloxane (3)

A av-hydride-terminated polydimethylsiloxane (1)

(51.4 g, 0.161 mol of Si–H) was placed under nitrogen in

a two necked flask equipped with a condenser and diluted

with toluene (40 ml) and ethylene glycol monoallyl ether

(22.5 g, 0.22 mol). To the magnetically stirred mixture,

platinum divinyltetramethyldisiloxane complex in xylene

(380 ml, ([Pt0]/[Si–H] ¼ 2.4 £ 1024) was added. After

about 2 min of an induction time, a very exothermic

reaction took place and the solution turned yellow. The

stirring was continued for the next 1 h at room temperature.

The IR and 1H NMR spectra recorded after that time

revealed the total disappearance of Si–H bonds. Toluene

was evaporated from the reaction mixture and the residue

was then diluted with Et2O (150 ml) and washed with water

(4 £ 100 ml) before drying over MgSO4. After filtration, the

volatile parts of the solution were evaporated, and the

residue was dried under vacuum for 18 h to give 66 g (97%

yield) of purified product that is a pale brown liquid.
1H NMR (Fig. 1): 0.0 ppm s. SiMe2 (a), 0.5 ppm m. CH2

(b), 1.5 ppm m. CH2 (c), 2.0 ppm broad peak OH (g),

3.3 ppm t. CH2 (d), 3.4 ppm m. CH2 (e), 3.7 ppm m. CH2 (f)
13C NMR: 20.93 ppm SiMe2 (a0), 0.00 ppm SiMe2 (a),

13.09 ppm CH2 (b), 22.33 ppm CH2 (c), 60.57 ppm CH2 (d),

70.92 ppm CH2 (e), 73.01 ppm CH2 (f)
29Si NMR: 7.8 ppm OSiMe2(CH2)3O(CH2)2OH,

221.3 ppm OSiMe2OSiMe2-(CH2)3O(CH2)2OH,

221.9 ppm, 222.0 ppm and 222.1 ppm OSiMe2O.

2.5. Synthesis of av-[2-(propyn-1)oxyethyl]oxypropyl

polydimethylsiloxane (6)

A av-(2-hydroxyethyl)oxypropyl polydimethylsiloxane

(3) (58 g, containing 0.129 mol of hydroxy groups),

propargyl bromide (80% solution in toluene, 48.1 g,

0.4 mol) and solid NaOH (11 g, 0.28 mol) were placed

under nitrogen in a two necked flask. Then TBAB (2.1 g,

6.5 mmol) was added to the magnetically stirred mixture.

The 1H NMR spectrum recorded after 24 h of stirring at

room temperature proved that the reaction was complete.

The oligomeric product was then diluted with toluene

(100 ml) and washed with water (until neutral pH) and dried

over MgSO4. After filtration, the solvent was evaporated

and the reaction product was dried under vacuum for 16 h.

54.7 g of the functionalized product (yellow liquid,

MnSEC ¼ 900; Ip ¼ 1:3) were obtained (91% yield).
1H NMR (Fig. 2): 0.0 ppm s. SiMe2 (a), 0.45 ppm m.

CH2 (b), 1.55 ppm m CH2 (c), 2.35 ppm t. xCH (d),
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3.35 ppm t. CH2 (h), 3.5 ppm m.CH2 (e), 3.6 ppm m. CH2

(f), 4.15 ppm d. CH2 (g)
13C NMR: 20.59 ppm SiMe2 (a0), 0.94 ppm SiMe2 (a),

14.04 ppm CH2 (b), 23.28 ppm CH2 (c), 58.24 ppm CH (h),

68.98 ppm CH2 (d), 69.75 ppm CH2 (e), 74.08 ppm CH2 (f),

79.56 ppm CH2 (g).

3. Results and discussion

Telechelic polydimethylsiloxane oligomers of the general

formula HCxC–CH2OCH2–X–(CH2)2–(SiMe2O)nSiMe2–

(CH2)2–X–CH2OCH2–CxCH (X ¼ –none–, –(CH2)3– ,

–CH2OCH2 –) were synthesized according to the proposed

reaction pathway (Fig. 3).

3.1. Hydrosilylation of alkenyl alcohols

av-Hydroxypropyl (2) and (2-hydroxyethyl)-oxypropyl

(3) terminated polydimethylsiloxanes were synthesized by

hydrosilylation of allyl alcohol and monoallyl ether of

ethylene glycol, respectively, by av-hydride terminated

polydimethylsiloxane (1) ðMSEC ¼ 700; Ip ¼ 1:1Þ with a

complex of platinum and divinyltetramethyldisiloxane as

the catalyst (Fig. 3). The hydroxy groups of alkenols were

not protected during the hydrosilylation step, unlike

previous procedures of the synthesis of hydroxyalkyl

terminated oligosiloxanes [10].

3.1.1. Hydrosilylation of HOCH2CHyCH2 (2)

In the process of optimizing the reaction conditions, it

was found (Table 1, line 1), that a low concentration of the

platinum catalyst ([Pt0]/[Si–H] , 1024) leads to a large

amount of condensation products between SiH groups and

the hydroxy groups of allyl alcohol and isopropanol (which

was used as the solvent). The molecular weight of the

oligomeric product was estimated by the end groups

analysis by 1H NMR (MNMR). The measured value (Table

1, line 1) was found to be larger than the expected one,

which can be due to simultaneous hydrosilylation to the

double bond and condensation with hydroxyl group of the

same molecule of allyl alcohol. Increasing the amount of

Fig. 1. 1H NMR spectrum of (3).
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platinum catalyst to [Pt0]/[Si–H] ¼ 2.4 £ 1024, we were

able to eliminate completely side reactions with alcohols

(Table 1, line 2). Only the product of b-addition to the

double bond of allyl alcohol was detected. It has been

observed by Zhang and Laine [15], that some O-silylation

products are formed in the case of hydrosilylation of allyl

alcohol by hydride terminated polydimethylsiloxanes. Our

observations could be explained by the fact that we used a Pt

catalyst concentration four times higher than that used by

Zhang and Laine. It has indeed been shown by these authors

that an increase of the catalyst concentration leads to a

dramatic decrease of O-silylation products in the case of

octakis(dimethylsiloxy)octasilsesquioxane.

3.1.2. Hydrosilylation of HO(CH2)2OCH2CHyCH2 (3)

In the case of the synthesis of av-(2-hydroxyethyl)ox-

ypropyl polydimethylsiloxane, similar conditions (solvent

and catalyst concentrations) as for allyl alcohol were

applied during the first experiments (Table 1, line 3).

However, in spite of the fact that [Pt0]/[Si –

H] ¼ 2.4 £ 1024, the reaction product analysis indicated

the occurrence of some condensation with isopropanol.

Much better results were obtained using toluene (Table 1,

line 4) that is a standard solvent for hydrosilylation. No

condensation with the hydroxy group of HO(CH2)2OCH2-

CHyCH2 was detected. The addition of the SiH group to the

double bond occurred according to Farmer’s rule, giving

only the products of b-addition.

Fig. 2. 1H NMR spectrum of (6).

Fig. 3. Synthesis of telechelic acetylene terminated polydimethylsiloxanes.
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During the hydrosilylation, traces of a side reaction

giving HO(CH2)2OCHyCHCH3 (cis and trans isomers)

were observed. This kind of isomerization of allyloxy

compounds into isopropenyl ether derivatives was reported

in the literature [16] as caused by the presence of Pt0 as well

as other transition group metals. Because these isopropenyl

alcohols are inert towards hydrosilylation [17], and only

traces are generated (compared to the large excess of

HO(CH2)2OCH2CHyCH2 used), their influence on SiH

conversion is negligible. They are removed easily during the

purification process.

3.2. Phase transfer catalyzed modification of hydroxyalkyl

polydimethylsiloxanes

Phase transfer catalysis was chosen as an easy and

effective way to functionalize av-hydroxyalkyl terminated

polysiloxanes (Fig. 3). Propargyl bromide was used because

of its expected high reactivity under conditions of a PTC

reaction. It was used as an 80% solution in toluene, and

tetrabutylammonium bromide (TBAB) and solid NaOH

were used as the PT catalyst/base system [18]. Reactions

were carried out at room temperature and monitored by 1H

NMR. The results are shown in Table 2. It was found that

the activity of TBAB in the reaction was limited to 3 days,

presumably because of Hofman degradation [19]. Prolonged

stirring did not improve the reaction result and some catalyst

had to be added regularly. Moreover, due to their low

reactivity, av-hydroxyalkyl terminated polysiloxanes had

to be treated for a long time with high concentrations of the

catalyst and NaOH, compared to the reaction conditions

used in the case of model molecules.

3.2.1. Reactivity of hydroxyalkyl groups

A significant difference in the behavior of hydroxyl

group terminated oligomers, during PTC modifications, was

observed. Reactivity of hydroxyalkyl moieties decreases in

the following order of alkyl linkages between polysiloxane

backbone and hydroxy group: – (CH2)2O(CH2)3 .

–(CH2)6– , –(CH2)3– (Table 2). The best results were

obtained for the polysiloxane terminated with (2-hydro-

xyethyl)oxypropyl groups, presumably because of the

presence of the oxyethylene unit in the alkyl chain that

gives additional catalytic effect. Indeed, ethylene oxide

moieties are well known for their catalytic properties in

liquid–solid PTC reactions [20].

Table 1

The results of the hydrosilylation of alkenyl alcohols of the general formula HO–CH2–X–CHyCH2 by av-hydride terminated polydimethylsiloxane

Polymer X Solvent [Pt0]/[SiH]a Timeb (h) Temp.(8C) Additionc (%) Condensationd MNMR
e MNMR

f expected

AA (%) iPA (%)

2 None iPA 6.5 £ 1025 76 90 69 6 25 920 770

2 None iPA 2.4 £ 1024 17 65 100 0 0 770 770

3 CH2OCH2 iPA 2.4 £ 1024 6 RT 99 0 1 780 860

3 CH2OCH2 Toluene 2.4 £ 1024 1 RT 100 0 0 710 860

a The molar ratio of the concentration of platinum to SiH groups.
b Time between catalyst addition and recording of the IR spectrum.
c The percentage of addition to the double bond of an alkenol.
d The amount of condensation between Si–H and hydroxyl group of an alkenyl alcohol (AA) or isopropanol (iPA).
e The molecular weight of the hydrosilylation product estimated by the chain end analysis by 1H NMR.
f MNMR calculated on the basis of MNMR of the starting av-hydride terminated PDMS.

Table 2

Conditions of PTC modification of HO–CH2–X–(CH2)2–PDMS–(CH2)2–X–CH2–OH by propargyl bromide

Oligomer X Time

(h)

Temp.

(8C)

[NaOH]/[OH]a [PB]/[OH]b [TBAB]/[OH]c Conv.d

(%)

[DPE]/[OH]e MSEC
f Ip

g MNMR
h MNMR

i exp

4 None 170 RT 6.3 5.2 0.17 91 1.335 800 1.7 800 800

5 (CH2)3 480 RT 3.1 3.1 0.12 83 0.840 1900 2.5 2700 2400

6 CH2OCH2 24 RT 2.1 3.1 0.05 ,100 0.308 900 1.3 1000 900

a Ratio of the concentration of base to the concentration of hydroxy chain ends of polydimethylsiloxane.
b Ratio of the concentration of propargyl bromide to the concentration of hydroxy chain ends of polydimethylsiloxane.
c Ratio of the concentration of the PTC catalyst to the concentration of hydroxy chain ends of polydimethylsiloxane.
d Conversion of the hydroxyl groups estimated by 1H NMR.
e Ratio of the concentration of dipropargyl ether (DPE—the side reaction product) to hydroxy chain ends of polydimethylsiloxane.
f Number average molecular weight of the reaction product estimated by SEC in toluene.
g Polydispersity index.
h Molecular weight estimated by chain ends analysis in 1H NMR.
i MNMR calculated on the basis of MNMR of the starting av-hydroxy terminated PDMS.
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3.2.2. Low molecular weight oligomer formation

SEC diagrams of the PTC modification products, apart

from the main peak, show also low molecular weight peaks

(Figs. 4 and 5). Their intensity differs for different alkyl

spacers between hydroxy group and polysiloxane backbone.

Especially the product obtained in the modification of av-

hydroxypropyl terminated PDMS contained a significant

amount of short oligomers as side reaction products, and the

polydispersity index Ip increased from 1.1 to 1.7. This

probably results in side reactions leading to backbiting and

scission of the polysiloxane backbone instead of expected

reaction with propargyl bromide.

The reaction with av-hydroxyhexyl polydimethylsilox-

ane is also relatively slow (80% of functionalization were

obtained after 13 days at room temperature). SEC

chromatogram revealed the presence of oligomers in a

much lower amount than in the case of HO(CH2)3–PDMS–

(CH2)3OH, but still significant. The sensitivity for alkaline

conditions seems to be quite pronounced, because a

repeated experiment with a larger amount of sodium

hydroxide resulted in about twice higher oligomeric

fractions.

In the case of (2-hydroxyethyl)oxypropyl terminated

polydimethylsiloxane, the increase of reactivity due to the

presence of a heteroatom in the terminating alkyl chain

seems to reduce the side reaction tendency. The fraction of

oligomeric product is negligible and the polydispersity

index is close to 1.3. However, it was observed that the

amount of oligomers increased slightly when the reaction

time was longer than 24 h.

The difference in the amount of oligomeric fraction

might be related to the difference in the structure of the

hydrocarbon bridge. Indeed, this feature seems to be crucial

for the reactivity and stability of hydroxyalkyl terminated

polydimethylsiloxanes. It was published in the literature

[21], that av-hydroxyhexyl and av-(2-hydroxypentyl)

terminated polydimethylsiloxanes are stable upon heating,

Fig. 4. Size exclusion chromatogram of oligomer (4).

Fig. 5. Size exclusion chromatogram of oligomer (6).
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on the contrary to the ones terminated by av-hydroxybutyl

and av-hydroxypropyl groups which undergo degradation

above 130 8C. It was implied that this thermal instability is

due to the back biting of the terminal silicon in the av-

hydroxypropyl PDMS by the alkoxyde end-group, leading

to the formation of stable 5 and 6 membered heterocyclic

compounds. However, whether such a mechanism occurs in

the present experiments remains to be proved.

3.2.3. Generation of dipropargyl ether

A close inspection of 1H NMR spectra of the crude

reaction mixture revealed that not only the substitution

reaction of propargyl bromide with hydroxyalkyl groups

and polysiloxane degradation take place, but also a side

reaction that leads, presumably via propargyl alcohol, to

dipropargyl ether occurs: HCxCCH2OCH2CxCH (DPE)

was identified by comparison with 1H NMR spectrum of

pure, genuine dipropargyl ether. The amount of the side

product in the reaction mixture decreases on increasing the

reactivity of hydroxyalkyl group (see the [DPE]/[OH] ratio

in Table 2).

Although this side product was easily eliminated during

the work-up and does not contaminate the oligomeric

product, one should be aware that this side reaction

consumes a large quantity of propargyl bromide, which

should be taken into consideration when adjusting the

reaction stoichiometry.

4. Conclusions

The synthesis of av-hydroxyalkyl terminated polydi-

methylsiloxanes by the hydrosilylation of alkenyl alcohols

with telechelic, hydride terminated PDMS has been worked

out. It was found that the addition to the double bond gives

the b-addition product only. The chosen reaction conditions

allowed eliminating the condensation with hydroxyl func-

tions. av-Hydroxyalkyl terminated polysiloxanes can be

functionalized under PTC conditions to give oligomers with

acetylenic groups and with ether linkages at both ends of the

oligomer chains. Sodium hydroxide and TBAB seem to be a

good catalytic system. However, the presence of NaOH

affects the siloxane chain to some extent, as indicated by

SEC measurements. Depending on the nature of the spacer

between the polysiloxane chain and the OH end-group,

different amounts of short oligomers are formed.

Summarizing the different behavior of three polydi-

methylsiloxanes terminated by different hydroxyalkyl

groups, it should be said that a longer alkyl chain makes

the oligomer chain more resistant towards alkaline

conditions.
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