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Abstract

The synthesis of copolymers composed of dimethylsiloxane segments (DMS) of different lengths, regularly separated by one bisphenol A
unit (BPA) is described. This was achieved by performing hydrosilylation dfdiglyl BPA with hydride terminated polydimethylsilox-
anes in the presence of Pt(0) catalyst. The influence of several factors, including the control of the [Si—H]/[double bond] ratio and the
protection of the —OH groups, on the molecular weight distribution of the polymers is described. Side reactions, such as the isomerization of
the double bond and the O-silylation were studiedtdyand?°Si n.m.r. As expected, there is a strong influence of the DMS segment length
and of the presence of H-bonding interactions on the thermal properties of the resulting poigr2@éf Elsevier Science Ltd. All rights
reserved.
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1. Introduction Polycondensation was performed with and without the
protection of the phenol groups, as shown below (Fig. 1).

Polydimethylsiloxanes (PDMS) bearing pendant phenol  The properties of the resulting polymers were examined.

groups are of interest for the modification of the properties

of formaldehyde—phenol resins [1-5]. They are also widely

used as photoresists for microlithography [6]. Phenol

terminated PDMS were usually obtained by hydrosilylation 2. Experimental

of 2-allyl-6-methylphenol, 2-allyl-4,6-dimethylphenol or

eugenol with hydride terminated PDMS [1-3]. Rushkin et 2.1. Reagents

al. prepared polymers bearing pending phenol groups by

reacting polymethylhydrosiloxane (PMHS) and poly- Tetramethyldisiloxaneld, n= 1, Hils America Inc.),

methylsilmethylene with protected 2-allylphenol, i.e. hexamethyltrisiloxanellf, n = 2, Hils America Inc.), tetra-

1-(trimethylsilyloxy)-2-allylbenzene, in order to avoid the Methyldisilylethylene ifa, n = 1, Huls America Inc.) and

side reaction of O-silylation [7]. Recently polycondensation trimethylichlorosilane (MgSIiCl, Aldrich) were distilled

of 2,2-diallyl bisphenol A (BPA) with tetramethyldisilox- before use. The average molecular weights of hydride termi-

ane or hexamethyltrisiloxane was found to give oligomers nated polydimethylsiloxanesc( n = 8; Id, n = 17 andle,

without noticeable phenol group silylation [8]. A similar N= 52 Hiils America Inc.) were determined by several

reaction was performed between 2allyl bisphenol F methods (see Table 1). They were used without further

and hydride terminated polydimethylsiloxanes which leads Purification. 2,2-diallyl BPA (Il , Aldrich, 90%) was sepa-

to polymers used as chemical sensors [9]. The aim of this rated from its impurities, i.e. mono or diallyloxy BPA/},

work was to study in detail the polycondensation of hydride Using the procedure described in Fig. 2: a mixture of 6.605 g

terminated siloxanes and carbosilanes witH-gjallyl BPA (21.4 mmol) of Il and 21.4 ml of aqueous NaOH (3 N)

[10], using our previous experience in the field of controlled Were heated at 68 for 'H. The allyloxy containing BPA

polycondensation using the hydrosilylation reaction [11]. compounds were extracted with toluene (20 ml). The
neutralisation of the aqueous phase with dilute HCI induced

*Corresponding author. Tel:+33-1-49-78-11-94; fax:33-1-49-78-11- the precipitation of a brown_produc_t, which was dissqlved in
91. toluene, washed several times with water, and dried over
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Fig. 1. Synthesis of poly(DM®&it-BPA) by polycondensation. X% O:
n=1,2,8,17,52; X= CH-CH,: n=1.
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Table 1
Molecular weights of the hydride terminated polydimethylsiloxanes

Ref. From®H n.m.r. From s.e.c. From i.r. determination
M, n My (My/Mp) n M, n

Ic 650 8 800 (1.2) 10 650 8

Id 1400 18 1300 (1.4) 17 1320 17

le 4200 56 3400 (3.5) 45 3950 52

Na,SO,, leading to puréll as checked byH and®*C n.m.r.
(yield: 90%).

N,O-bis(trimethylsilyl)acetamide (BSA, Aldrich) and
platinum (0) catalyst PCO72 (platinum-divinyltetramethyl-
disiloxane complex, 3-3.5% platinum concentration in
xylene, His America Inc.) [12] were used as received.
Silylation of lll was carried out in acetonitrile with BSA/
Me;SiCl ([Me3SiCl)/[BSA] = 0.05) at 8C°C for 4h, giving
IV with a 80% yield after purification on silica gel using
n-pentane/BO (95/5) as the eluent [13]. 44liallyloxy-
BPA (V) was obtained by reacting BPA with a 3-fold excess
of allyl bromide under phase transfer catalysis conditions in
toluene at 48C, using NaOH (3 N) and tetrabutylammo-
nium hydrogen sulfate (TBAH, 10 mol%) as the transfer
agent. Potassium fluoride (KF, Flukaj;butylbromide
(t-BuBr, Aldrich) and tetrabutylammonium fluoride
(TBAF, Merck) were used as received.

MY
HO OH
111

=
NaOH / H,0 %\’Cﬁv . |
+ —_— - ONa 0
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2.2. Polycondensation

Typical polycondensation reactions (Fig. 1) were
performed in CHCI, under nitrogen, with a 1:1 molar
ratio of Si—H to allyl groups(V; = VeagentéViotal = 0.4).
The platinum catalyst was added &CQ[Pf]/[Si-H] = 5 X
10™%) and the mixture was then heated at@0Reactions
were followed by monitoring the decrease of the Si—H i.r.
band, at 2120-2130cm for the siloxane precursors
(depending on the length of the precursor) and at
2110 cm* for lla. Polymers were usually recovered by
evaporation of CKCl, and dried under vacuum. Experimen-
tal conditions are summarized in Table 2, in which the
molecular weights of the crude polymers determined by
s.e.c. are listed. Polid + IIl') (i.e. resulting from the poly-
condensation of monomets andlll ) and poly(d + Il )
were purified by selective precipitations by water from THF
solutions, leading to several fractions, which were analyzed
by s.e.c. andH n.m.r.

2.3. Deprotection of the Ph—OH groups

2.3.1. With t-BuBr/KF [22]

t-BuBr (0.28 ml) and 0.24 g of KF were added to a solu-
tion of poly(la +1V) (0.6 g) in DMF (8 ml) and the
mixture was stirred for two days at room temperature. The
polymer was recovered after evaporation of the solvent and
analyzed by i.r.

2.3.2. With TBAF [23]

A 1.05 ml solution of TBAF in THF (1.1 M) was added to
a solution of polylla + 1V) (0.67 g) in THF (17 ml) under
stirring at room temperature. After 5 h, the polymer, which
precipitated was recovered by dissolution in £LH, and
analyzed by i.r. Polyé + 1IV) was deprotected using the
same procedure, except that the reaction time was 24 h.

2.3.3. With HCI/EtOH [14]

Deprotection of polyila + IV) was carried out by adding
50 ml of HCI 1% in EtOH to a solution of 1 g of polita +
IV) in toluene (5 ml). After 5 h at 3, the mixture was
washed with water until neutral pH, the polymer was
extracted with CHCI,, dried over NaSQO, and analyzed

extracted with toluene
H+

v

pure III

Fig. 2. Purification oflll by selective extraction.
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by i.r. and *H n.m.r. Deprotection of poly& + IV) and exothermic. After 0.5 h at°C, the reactions were heated
poly(le + IV) were performed using the same procedure, at 40C until a complete disappearance of the Si—H i.r. band

at 25C for 2 and 3 h, respectively. was observed. The results are collected in Table 2. Poly-
mers, which contain OH groups, are soluble in methanol and
2.4. Methods of analysis insoluble inn-hexane (except fon = 52). Their average

) . . molecular weights were determined by s.e.c. in THF. Poly-
Average molecular weights were determined by s.e.c. in qarg having relatively high molecular weights were

toluene or in THF on a Waters apparatus, equipped for gpiained:M, varies from 7200 to 27 400, depending on
refractive index detection using a polystyrene calibration i : N Ei
curve, H, BC and %Si n.m.r. spectra were recorded at As expected, a §I|ght decrease mfas def!ned in Fig. 1

- Th A (from 16 to 6), is observed when the siloxane segment

200, 50.3 and 39.8 MHz, respectively, in CRGL 25C  |gngith increases. A typical chromatogram (pdy¢- 11 ),
with an AM 200 SY Bruker apparatus. Differential scanning 4 5) is shown in Fig. 3(a). The limits used for the deter-

calorimetry (d.s.c.) was performed on a Perkin—Elmer DSC- ination of the average molecular weights are indicated
4 or on a Setaram DSC-92 apparatus with &2Min heat-  gong with the total elution volume characteristic of the
ing rate. Thermogravimetric analyses were carried out under .|umns. At elution volumes higher than 18 ml appeared
nitrogen with a 16C/min heating rate on a TGA V5.0A  haaks corresponding to low molecular weight products,

DuPont 9900 apparatus. the amount of which can be strongly decreased by selective
precipitation of polymers in a THF/water mixture, as shown
in Fig. 3(b). The structure of these low molecular weight

3. Results and discussion . - .
oligomers (cyclic/linear), which represent 10% of the

3.1. Synthesis of poly(DMS-alt-BPA)s samples, as determined from the peak areas, is under inves-
tigation. Polydispersity indexes around 3 were observed,
Polycondensation reactions of diallyl BPAII() with ~ Which are much lower than those reported by Mathias et

hydride terminated polysiloxanes having 1-52 siloxy units al- in the case of the polycondensation of commertial

were performed in CkCl, in the presence of a Pt(0) cata- With la (M, =220Q |, = 12) [8], and by Grate et al. for

lyst, leading to copolymers made up of dimethylsiloxane the polycondensation of 2;2liallyl bisphenol F withib

segments (DMS) of different lengths, regularly separated Using the “one monomer deficient methodM, =

by one bisphenol A unit (BPA), to which the general 10300Q I =114)[9].

name poly(DMSalt-BPA) was given. As already pointed Some polycondensations were carried out, starting from

out [8], polycondensation ofa with Il was strongly tetramethyldisilethylenéla. No significant differences in
the time necessary for a complete disappearance of the
Si—H bond during the polycondensation Idif with la or

Table 2 Ila were observed, and similar molecular weights were

Synthesis of poly(DM&t-BPA)s by polycondensation (for abbreviations,  gptained (runs 2 and 13 in Table 2).
see the experimental part)=[[[Si—H] = 1; catalyst, PCO72; [Pt}/[Si—
H] =5x 10"% solvent, CHCly; Ve = VieagentVioras = 0.4; 0, 40°C; yield

>95%) 3.2. Influence of the stoichiometry of the starting monomers
Run  Monomers n  t(h) (Myeeof b P T A key point of the control of polycondensation is the

1 lasme 1 a8 3100(T) 16 7 21 stoichiometry of the starting monomers. It was important
2 la+me® 1 10 7200 (T) 3.0 16 32 to examine two factors.

3 b+ 114 2 10 8500 (T) 3.0 16 16 First, the average molecular weights of the hydride termi-
4 dc+m? 8 12 9300(T) 34 10 -—27 nated polydimethylsiloxanedc| Id and le) were deter-

5 d+m? 17 12 10000(T) 31 6 90 mined by several methods, as indicated in Table 1: s.e.c.
6 le+ll 52 12 27400(T) 26 6 -114 : . o

7 lativ 1 24 5000 () 24 10 —15 in toluene using a polystyrene calibration curve dhtl

8 Ib+IV 2 20 9800 () 32 15 -25 n.m.r. integration of Si—Ckversus Si—H of the precursors

9 Ic+ 1V 8 20 27300() 40 23 —65 seemed to give satisfactory results, except for the longest
10 d+1v 17 22 46200() 27 9 -95 polysiloxane precursote, where the discrepancies were
11 leslv. 52 26 63400() 21 14 -115 assumed to come from a less accurate integration of the
12 lla -+ 1 48 3900(T) 25 9 35 . T ;

13 la +md 1 10 7600 (T) 24 17 o8 end group signal byH n.m.r. Preliminary polycondensation

14 lla + IV 1 48 13400 () 32 22 -14 reactions were carried out, taking into account the average
15 la+V 1 24 4000() 1.8 9 -—20 molecular weights determined B n.m.r., but these values

16 lla+V 1 45 8000 () 25 17 2 were probably overestimated, as shown by the presence of

_ _ o remaining Si—H in all cases on the i.r. spectra, even after
2In toluene (t) or in THF (T) using a polystyrene calibration curve. lond r tion tim Th xact val f Si—H mol iV
P By d.s.c. at 26C/min, second heating. ong reactio es. 1he exac .a ues o o 0 fequ a-
¢ Commercial sample II. lent for lc—e were thus determined by addirly via a
4 purified I11. microsyringe during the course of these preliminary
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10 12 14 16 18
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Fig. 3. S.e.c. chromatograms of pdly(+ Il ) (run 5, in THF): (a) crude polymer (full line); (b) after fractionation (first fraction, dotted line).

experiments, until a complete disappearance of the Si—H analyses of the polymers), but th&igi spectra are different,
bond was observed by i.r. At this point, the exact stoichio- as shown by the presence (run 1) or the absence (run 2) of a
metry ([SH]/[double bondl= 1) was assumed to have signal at 8.0 ppm which corresponds to the addition of Si—H
been reached and the deduced valuellpére reported in onto the allyloxy groups. This assignment was made with
Table 1. Another set of polycondensation reactions, the help of the ‘model’ polycondensation laf with V (run
reported herein, were conducted, using theseNRstalues 15, Fig. 4).
for the [Si—H]/[double bond] ratio calculation.

Then, the influence of the 5% impurities of commercial 3 3 gpectroscopic determination of the side reactions
Il was checked. The main impurities characterizedty
n.m.r. are mono and diallyloxy BPA/). These compounds Fig. 5 shows the'H n.m.r. spectrum of poly® + IIl)
can be easily removed since they are less soluble in agueougrun 3). This spectrum is consistent with the regular struc-
NaOH than the sodium salt dfl (see Fig. 2). The dis- ture described in Fig. 1. Onlg addition units are observed
appearance of the Si—H function followed by i.r. was faster and no signals corresponding to Si—H or allyl end groups are
during the polycondensations conducted between the puri-detected. However, some side reactions occurred as shown
fied monomeill andla or lla than with the commercial by a careful examination of the spectrum.
monomer (runs 2 and 13 compared to runs 1 and 12). Higher Isomerization of allyl benzene, leading to methylstyrene,
molecular weights were observed, probably because ofis a well-known reaction, which occurs in the presence of
better control of the stoichiometry. TH&l and **C n.m.r. transition metal catalysts. Here, the characteristic signals of
spectra of the polymers obtained by reactionlafwith the isomerization of the double bond Ibf can be seen at
commercial or purifiedll are consistent with the regular 1.8 ppm (H, d), 6.1 ppm (K, m) and 6.5 ppm (K d) (see
structure proposed in Fig. 1 (see below for the spectroscopicFig. 5 for attributions). These values as well as the coupling

[-Si-O-Si-CH, -CH, -CH, -O O-CH,-CHy - CHy ] |
| |

CH,Cl,

Ia +V
CH; CH;

Fig. 4. Scheme of the model reactitm+ V.
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Fig. 5.*H n.m.r. spectrum of poly¢ + 111 ) (run 4) (CDC}).

constant J(H, — Hp,) = 16.4 Hz are consistent with the precipitations. This indicates that the isomerization of the
formation of thetrans compound [15]. These signals were allyl double bond led to vinyl end groups which seemed to
observed in all cases and also on fiten.m.r. spectra of  be relatively inert towards hydrosilylation, thus stopping the
poly(lc + 1Il') and poly(d + lll') purified by selective  polycondensation process, although hydrosilylation of trans

|
Si-0-Si—]|
I |

HO OH

CHAIN ENDS

)

| | | |
20 10 0 -10
8 (ppm)

Fig. 6.%Si n.m.r. spectrum of poly& + 111 ) (run 2) (CDC}).
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Fig. 7. O-silylation and hydrogenation of the allyl double bond as possible side reactions.

propenylbenzene has been already mentioned in theinsoluble in methanol in contrast with the free OH-group
presence of HPtCl catalyst [16]. containing poly(DMSalt-BPA). They were analyzed by

It has been previously reported that metallic salts used for s.e.c. in toluene. Except for= 1, their molecular weights
the hydrosilylation of unsaturated phenols behave also asare higher than those obtained when the polycondensations
catalysts for the silylation of the oxygen atom [17], although were carried out without protecting the OH groups. When
this reaction is less common than the O-silylation of alipha- the carbosilane precurstla was reacted withV, a poly-
tic alcohols [18]. This type of side reaction was examined by mer with a quite high molecular weight was obtained (run
29Sj n.m.r. on the polymer obtained in run 2 (Fig. 6). 14). In all cases, the amount of low molecular weight

The two main signals at 8.4 and 7.4 ppm are attributed to compounds is lower in the case of the polycondensations
the midchain and end chain silicon atoms respectively. The performed with protected OH groups than for the polycon-
O-silylation side reaction gave a small signal&2.6 ppm. densations carried out with free-OH containing monomers,
This reaction was not very important, otherwise crosslink- as seen on the s.e.c. chromatograms.
ing should have been observed during the course of the
reaction, which was not the case. Moreover, the O-silylation 3-5. Deprotection of the OH groups
reaction is accompanied by hydrogen evolution, which
should induce the hydrogenation of the allyl double bond,
as already seen in the presence of platinum catalyst (Fig. 7)
[19]. Here, no signals corresponding to such a hydrogena-
tion, especially the Ckigroup at 0.9 ppm, were observed on
theH n.m.r. spectra. Itis thus assumed that the hydrosilyla-
tion reaction of diallyl BPA as performed here was fast
enough to avoid such side reactions.

Although the use of an excess of ice-cold water was
reported to regenerate the hydroxyl group in ;BieO—
Ph— (CH)sSiMeCl, [20], more drastic conditions are gener-
ally reported in the literature [21-23]. However, a complete
deprotection of polf(a + IV) was not reached by using
t-BuBr/KF [22] or TBAF [23] as desilylating agents. Depro-
tection of the OH groups of polite + IV) was thus
performed in an acidic medium (HCI/EtOH) (Fig. 8) and
3.4. Polycondensation with protected —OH functions was complete after 8 h at 30, as checked by i.r. by looking

at the disappearance of the band characteristic of the PhOSi

Another set of experiments was carried out by reacting groups at 920 cm'. No significant degradation of the chain
IV, obtained by protecting the OH groupsltf with BSA/ occurred, as shown by the similawvalues observed before
Me;SIiCl, with the hydride terminated polysiloxanes (runs and after the deprotection reactigm= 22 and 21, respec-
7-11 in Table 2). Polycondensations wit¥i were much tively). This is in good agreement with the previous obser-
less exothermic than those wilhh . As expected, polymers  vation that polycarbosilanes are stable even when reacted
bearing trimethylsilyloxy groups are soluble in aromatic and with strong acids or bases [7,11].

aliphatic hydrocarbons, such ashexane, and they are The *H n.m.r. spectrum of the deprotected polymer is
CH; CH,
[ Sl CH2 CH') Sl CH') CH') CHv CH') CH') CHZ -] p
cn, o SA®
Me;SiO OSiMe;
H+
CH, CH, '

i |

[-Si-CH,-CH,-Si-CH, -CH, -CH, mcm -CH, - CH, -] o
! |
CH CH |
3 3 HO Z>0H

Fig. 8. Desilylation of polyila + IV).
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Fig. 9. T.g.a. thermograms of polg(+ Il ) (run 2, —.—); poly(d + Il ) (run 5, full line) and pure PDMS (dotted line)

very similar to that of the polymer obtained by direct synth- decrease inT; is observed on increasing the siloxane
esis, i.e. by polycondensation d¢fa with non protected segment length as expected (runs 2—6 and 7-11). There is
diallyl BPA (Il ) (run 13). Deprotection of polyd + V) a strong influence of H bonding interactions of the OH
cannot be performed under these acidic conditions (HCI/ groups uporil; as shown by the higi, values observed
EtOH), due to a severe degradation of the siloxane segmentdor poly(la + 111 ) (run 2) and polyfa + Ill ) (run 13)
during the course of the reaction. Degradation of the chainscompared to the lower values for pdig(+ V) (run 7)

was also observed when TBAF was used as the deprotectingand poly(la + 1V) (run 14) in which the OH groups are
agent. Basic conditions must also be avoided since the useprotected by trimethylsilyl groups.

of catalytic amounts of BCO; for the deprotection of poly- The thermal stability of the polymers containing phenol
siloxanes having phenoxy side groups led to the degradationgroups was examined by thermogravimetric analysis (t.g.a.)
of the siloxane main chain [7]. under nitrogen at a heating rate of°Cdmin and some
thermograms are reported on Fig. 9. Temperatures at the
3.6. Physico-chemical characterization maximum of decompositionT{,,) of some polymers as

N well as that of pure PDMS are reported in Table 3. It is
The glass transition temperatureky)(of the polymers  clearly shown that an increase of the siloxane segment
were determined by d.s.c. and are reported in Table 2. A engih leads to an increase of the polymer thermal stability,

Table 3 Tmax vValues ranging from 35% for poly(la + Il ) to 440C

Thermal stability of poly(DMSalt-BPA)s for pure PDMS. An increase of the stability was also
reached by protecting the OH functions with trimethylsilyl
Run Polymer n R Tnax (°C)° groups, or by replacing the siloxane chains by a carbosilane
2 la + Il 1 H 355 segment.
3 b+ 1l 2 H 400
4 Ic + 1l 8 H 405
5 Id + 1l 17 H 410 4. Conclusion
— PDMS 0 — 440
7 la + IV 1 SiMe; 440 . . O
12 la + I 1 H 435 Polycondensation using hydrosilylation was successfully

applied to the synthesis of well-defined polysiloxanes and
®Temperature of decomposition at the maximum of the derivative carbosilanes with phenol units regularly distributed along
thermodynamic curve. the chains. The main side reaction, which limits the
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molecular weights of the resulting polymers, is the isomer- [2] Banach TE, Blohm ML, Snow KM. EP Pat. 540,273 (C.A.: 1993, 119,
ization of the allyl double bond. By protecting the OH func- 161571c).

. . : . - [3] Raleigh WJ, Johnson DS, Lucarelli MA, Hoover JF, Davis GC. EP
tions with trimethylsilyl groups, less exothermic Pat., 570,208 (C.A.: 1994, 120, 219465K)

polycondensations were observed and polymers having (4 pibino . Jp Pat. 06,136,079 (C.A.: 1994, 121, 207365K).
higher molecular weights were obtained. Deprotection of [5] Saneto T, Kotsuna T, Myake S. JP Pat. 06,136,080 (C.A.: 1994, 121,
the OH functions without degradation of the chains was 181215j).
achieved only in the case of the carbosilane containing poly- {% Eozgé Aﬁ_- ‘Tot'ym AthLT\f‘C'\f;Iﬂo' 199T:517|0- 1666:20.5764

: e usnkin IL, Interrante . Macromolecules 129 .
mers. Po'Y(DMsalt_BPA) havmg glass trangltlon tempera- [8] Mathias LJ, Lewis CM. Macromolecules 1993;26:4070.
tures ranging from-115 to 32C were obtained. Such an [9] Grate JW, Kaganove SN, Patrash SJ, Craig R, Bliss M. Chem Mater
increase off is due to the presence of BPA units and to the 1997:7:1201.
strong influence of hydrogen bonding interactions on the [10] Tronc F, Lestel L, Boileau S. Polym Prepr 1998;39(1):583.
mobility of the chains. Poly(DM%dt-BPA) showed a [11] Jallouli A, Lestel L, Tronc F, Boileau S. Macromol Symp
quite good thermal stability. This type of polycondensation 1997,122:223.

. hvd iivlati h b lied t th diallvl [12] Lappert MF, Scott FPA. J Organomet Chem 1995;492:C11.
using hydrosilylation has been applied o other dially [13] Klebe JF, Finkbeiner H, White DM. J Am Chem Soc 1966;88:3390.

precursors and the results will be published in a forthcoming [14] kocienski PJ. 8. Protecting Groups, Stuttgart: Georg Thieme, 1994.
paper. p. 28.
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