ELSEVIER

Journal of Organometallic Chemistry 646 (2002) 171-178

ournal
ofOrgano.

metallic

Chemistry

www.elsevier.com/locate/jorganchem

Bis(trifluoromethane)sulfonimide initiated ring-opening
polymerization of octamethylcyclotetrasiloxane

Jean-Roger Desmurs ?, Léon Ghosez ®, José Martins ¢, Thomas Deforth ©,
Gérard Mignani **

* Rhodia Organique, 190 Avenue Thiers, 69457 Lyon cedex 06, France
® Institut Européen de Chimie et Biologie (IECB), c/o ENSCPB, 16 avenue Pey Berland, 33607 Pessac cedex, France
¢ Rhodia Silicones, Usine Silicones, 55 rue des Freéres Perret, BP 22, 69191 Saint-Fons cedex, France

Received 11 July 2001; accepted 30 October 2001

Abstract

Polymerization of octamethylcyclotetrasiloxane in the presence of hexamethyldisiloxane and catalytic amounts of bis(trifl-
uoromethane)sulfonimide (TFSI-H) under dry conditions at 25 or 100 °C gave o,w-bis(trimethylsilyl)-polydimethylsiloxanes
(PDMS) of a low molecular weight (A, < 13000 g mol —!). The polymers are very similar to those obtained in the presence of
trifluoromethane sulfonic acid as initiator but the polymerization initiated by TFSI-H was faster. Addition of the sufficient
quantity of tributylamine to neutralize completely any acid suppressed the polymerization. No polymerization was observed in the
presence of triflic anhydride (TfA), trimethylsilyl-bis(trifluoromethane)sulfonimide, trimethylsilyltriflate or the lithium salt of
bis(trifluoromethanesulfonyl)imide. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Polymerization; Bis(trifluoromethane)sulfonimide; Polymerization; Octamethylcyclosiloxane; o,m-Bis(trimethylsilyl)-polydimethylsilox-

anes

1. Introduction

The growing use of polysiloxanes in macromolecular
engineering has led to numerous studies of the polymer-
ization of cyclosiloxanes and the polycondensation of
silanols. Both reactions require the use of a catalyst.
The catalytic system (acidic or basic, homogeneous or
heterogeneous) has been selected according to the de-
sired material [1-4].

Anionic polymerization of cyclic monomers has been
commonly used for the preparation of polysiloxane. In
some cases, this reaction is quite close to living poly-
merization and gives a high yield of polymer. The
cationic polymerization of cyclosiloxanes presents,
however, some advantages over the anionic route. With
some initiators it takes place very rapidly at room
temperature and the initiator can be easily removed
from the polymer. Moreover, the reaction can be per-
formed with cyclosiloxane monomers bearing func-
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tional groups (e.g. SiH or SiCH,Cl) which are unstable
under the conditions of the anionic process.
Acid-initiated ring opening polymerization of cy-
closiloxanes has been extensively used both in the labo-
ratory and in the industry. Mechanisms are complex
and still unclear. Most studies reported in the literature
deal with polymerizations of hexamethylcyclotrisilox-
ane (D;) or octamethylcyclotetrasiloxane (D,) initiated
by strong protic acids such as H,SO, and HCIO, or by
Lewis acids. Among those, trifluoromethanesulfonic
acid (triflic acid) has been extensively investigated [1—
49]. More recently, catalytic systems derived from triflic
acid or perfluorohomologues have been reported to
polymerize cyclosiloxane monomers, in particular those
containing fluorine substituents. Typical examples are
perfluoroalkylsulfonic acids (C,F,,, SO;H) [5-8],
trimethylsilyltrifiate (CF;SO5SiMe;, TMST) [9-13] or
benzyldimethylsilyltriflate (BDMST) associated with a
selective proton trap (e.g. triethylamine, tri-n-buty-
lamine, pyridine) or a quaternary ammonium triflate
such as r-Bu,N*CF;SO; . TMST associated with triflic
acid was also successively used for the polymerization
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of 1,1-diphenyl-3,3,5,5-tetramethylcyclotrisiloxane [9].
The addition of TMST or triflic anhydride (TfA) was
expected to reduce the formation of cyclic oligomers
resulting from an end-to-end ring closure mechanism
and to decrease the amount of condensation reactions
resulting in chain coupling. TMST alone did not cata-
lyze the polymerization of D; [14].

Herein, we describe the ring opening polymerization
of D, in the presence of bis(trifluoromethane)-
sulfonimide (CF;S0,),NH, (TFSI-H) as initiator and
hexamethyldisiloxane (Me;SiOSiMe;, HMDS) as a
chain end blocker. The aim was to prepare a low-
molecular weight o,m-bis(trimethylsilyl)-polydimethyl-
siloxane (PDMS) according to Eq. (1).

n/4(Me,SiO), + Me;SiOSiMe,
Dy

HMDS

[TFSI-H] . . .

—— Me;Si — (OSiMe,),, — OSiMe, (1)
PDMS

For comparison we have also studied the same poly-
merization reaction in the presence of triflic acid as
initiator. Other potential initiators have also been ex-
amined, e.g. TfA, TMST, trimethylsilyl-bis(trifl-
uoromethane)sulfonimide ((CF;S0,), NSiMe,, TMSS)
or the lithium salt of TFSI-H. Also the effect of added
tri-n-butylamine on the polymerization reaction will be
discussed.

2. Experimental

2.1. Materials

Octamethyltetracyclosiloxane and hexamethyldisilox-
ane are Rhodia Silicones products (purity > 99.9% by
NMR) which were dried for 24 h over magnesium
sulfate and kept for several days over 4 A molecular
sieves under argon atmosphere. Triflic acid, trimethylsi-
lyl-bis(trifluoromethane)sulfonimide, triflic acid anhy-
dride and trimethylsilyltriflate were also coming from
Rhodia (purity > 99% by NMR). TFSI-H was bought
from Sigma (purity >97% by NMR) and its lithium
salt came from Fluka (purity >99% by NMR). N-
Trimethylsilyl-bis(trifluoromethane)sulfonimide was
prepared from allyl trimethylsilane following the de-
scribed procedure [50]. Its purity ( > 98%) was assessed
by NMR. The initiators were kept away from moisture
and used without further purification. Tributylamine
(Fluka, purity >99% by GC) was dried over calcium
hydride.

2.2. Methods
Polymers were analyzed by gel permeation chro-

matography (GPC) in trichloroethylene using a Spectra
Physics Isochrom chromatograph equipped with a

Perkin—Elmer 1320 infrared detector and 10°, 2 x 5.10%,
100 A PL columns. Average molecular weights M., and
M, are given in polystyrene standards equivalents.

PSi-NMR spectra (59 MHz, gated decoupling with
addition of Fe(acac);, TMS as internal reference) and
'"H-NMR spectra (300 MHz, HMDS as internal refer-
ences) were taken in CHCIl; with a Bruker AMX 300
spectrometer. Polymerization kinetics was followed by
viscosimetry in a 25 °C thermostatic bath.

The determination of the trimethylsilyl group content
was done by GC after ethoxylation of PDMS.

2.3. General procedure for polymerization

Polymerizations were performed under argon in a
250 ml three-necked flask equipped with a magnetic
stirrer and a temperature regulating system. All glass-
ware was flame-dried under vacuum. The flask was
filled with a mixture of D, (100 g, 0.337 mol) and
HMDS (1.35 g, 0.0083 mol). The initiator (4% molar
with respect to D,) and, in some cases, the freshly dried
and filtered amine (0.31 g, 0.0017 mol) were added at
23-25 °C under continuous stirring. Polymerizations
were conducted at 25 °C or the mixture was brought
up quickly (10 min) and kept for 5 h at 100 °C.

The reaction was monitored by measuring the viscos-
ity of the reaction mixture. If necessary, the polymeriza-
tion could be stopped by stirring the mixture for 1 h
with sodium bicarbonate in excess with respect to the
initiator. Filtration yielded a transparent oil. The vis-
cosity of the various samples was measured without
further purification.

When the polymerization was completed, residual
monomer, end-capping agent and some low-molecular
weight cyclic or linear oligomers were distilled off
(270 °C, 15 mbar with a stream of 50 1 h—! of nitro-
gen) and the residue was analyzed.

3. Results and discussion
3.1. Polymerization catalyzed by TFSI-H or TfOH

For the ring-opening polymerizations of D, in the
presence of HMDS at 25 or 100 °C readily proceeded
in the presence of TFSI-H or TfOH we have chosen to
synthesize an PDMS with low molecular weights (Table
1).

As shown by following the change of viscosity with
time, the polymerization was quite fast, even at 25 °C.
In the case of TFSI-H, the polymerization was essen-
tially completed after 1 h. With TfOH as initiator the
reaction was slower.

After removal of the volatile products, polymer yields
were in the range of 88-92% for both initiators.
Byproducts were cyclosiloxanes including unreacted D,,
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Table 1
Polymerization of D, with HMDS and synthesis of PDMS initiated
by TfOH and TFSI-H at 25 or 100 °C

Runs number 1 2 3 4
Initiator TfOH TfOH TFSI-H TFSI-H
Mcata. (g)* 0.203 0.203 0.380 0.380
Treotymerization (°C) 25 100 25 100
V25 ,,° 211 222 258 291
V25, ,° 268 255 295 298
V25, ,° 290 265 298 306
V255 ,° 300 285 304 308
GPCleruie proaucy©

M, 13 360 11 740 11570 11 460
M, 24310 23 360 22810 22790
I, 1.82 2 2 2
Yield (%) ¢ 88.4 87.8 91.9 91.9
V25inat poMS) 449 441 467 458
G_P C final PDMS) d

M, 12 310 12 900 11275 12 455
M, 24 835 24720 24 150 23935
I, 2 1.9 2.15 1.9
DPn

By GPC 164 172 154 153
By ?Si-NMR 144 165 165 165
By ethoxylation 149 149 138 135
M* 11188 11188 10 374 10 152

20.013 mol (4%o in mol to D).

® Viscosity (mm? s~ ') at 25 °C after x h of reaction for a PDMS
before distillation of the volatiles.

¢ Analysis before distillation (without elimination of low-molecular
compounds).

d Analysis after distillation (elimination of low-molecular com-
pounds).

¢ Theoretical Dy, =4 [D,]/[HMDS] = 162.

‘M (real mass of PDMS with the following structure
Me;Si0—(Me,Si0), , —SiMe;) is calculated from the Dp, after ethoxy-
lation.

24463 163
HMDS
¥ (used as

internal reference)

« High potymer »

Infra-red

detection

« High oligomers »

!
- N s
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Fig. 1. Polymerization of D, with HMDS and synthesis of PDMS
initiated by TFSI-H 100 °C (Run number 4, see Table 1). GPC
chromatograms of the crude product (A) and of the final polymer
(B). We made stated by NMR analysis that the quantity of HMDS
remained after the reaction was negligible.

residual but negligible HMDS and some very low
molecular weight linear PDMS.

GPC of the crude reaction mixture indicated the
formation of two main components. There was a peak
corresponding to a polymer (M, ~ 24000 g mol !, in
polystyrene equivalents) with a shoulder corresponding
to ‘high’ oligomers (cyclosiloxanes, macrocycles, linear
compounds) and a zone of several peaks corresponding
to low oligomers, residual D, and HMDS. Polydisper-
sity (I, = M,,/M,) of the polymer was typically between
1.9 and 2.1. After purification (stripping and evapora-
tion), only the first peak was present (M, = 11000—
13000, M,, =24 000—25000) and the shoulder had also
disappeared. Fig. 1 shows two GPC chromatograms
resulting from run 4. The first chromatogram A corre-
sponds to the crude material, the second, B, corre-
sponds to the product obtained after distillation and
stripping with nitrogen. As can be seen from Table 1,
both initiators gave similar results.

'H- and #Si-NMR spectra of purified polymers indi-
cated the presence of the expected dimethylsiloxy chain
groups and trimethylsilyl end groups. The surface ratio
between these signals allowed the calculation of the Dy,
and the real M, of the PDMS. The results were in
complete agreement with the ethoxylation—GC method
measuring trimethylsilyl group ratios: Dp, ~ 135-150
and M ~ 10000-11 000 (Fig. 1). These numbers are, as
expected, lower than those found by GPC, because of
the non-exact fitting of the structure of PDMS to
polystyrene standards used for the calibration of the
columns of the GPC equipment.

3.2. Polymerization with TFSI-H and TfOH in the
presence of TBA

We then effected the ring-opening polymerization of
D, under the experimental conditions of Table 1 but in
the presence of enough TBA to ensure the absence of
adventitious protic acid. The amine acts as a proton
scavenger and allows to avoid initiation by a ‘simple’
Bronsted acid. In these conditions, there is no polymer-
ization. We can therefore conclude that, in the case of
TFSI-H or TfOH the initiation is due to the protons of
TFSI-H or TfOH (see the results in Table 2).

3.3. Polymerization with initiators derived from triflic
acid with or without TBA

Table 2 shows the results obtained for the polymer-
ization catalyzed by triflic acid derivatives such as TfA,
TMSS, TMST and TMSS lithium salt.

In some cases TBA was added to avoid the catalysis
by triflic acid which would be accidentally introduced in
the mixture. As before, there was no significant change
of viscosity with time indicating that there was no
polymerization.



J.-R. Desmurs et al. / Journal of Organometallic Chemistry 646 (2002) 171-178

174

"UOTIR[[IISIP 910J9q UONORAI JO [ G 1918 ), ST 18 PaInsedws (;_s ) KJISOOSIA o
("g 01 [ow Ul 09) [OW €10°0

4 4 z z z z z z L1 11 6 L 91 L S v S1 01 q ' SSTA
001 ST 001 ST 001 ST 001 S¢ 001 ST 001 ST 001 ST 001 ST 001 ST (D) tenvrHewhiedy
+ - + — + - + - + vl (—) moynm 10 (+) ynm
+TT-N“COS* D) SSNISN(“OS*HD) O“COS* D) SONISTOSE D H-ISAL 10 HOJL  Jojeniug

Do 001 10 GT 18 SOANBALIOP-PIOR OIPLI} snoleA Aq pajeniul suexofisjylowrpAod-([A[IS[AyIown)siq-0o Jo sisayjuks pue SANH YHm Y Jo uonezuowAiod
[4SICLAD



J.-R. Desmurs et al. / Journal of Organometallic Chemistry 646 (2002) 171-178 175

Dl:c1|1|05

: CTE
D8
]
5 :
D3

E' E % 5 H 3 .
< ::. i ﬂ_— M=
i LY

Fig. 2. GC of the reaction at 50 °C of the volatiles of the final
product.

3.4. Kinetic studies of the polymerization of D, and
HMDS with TFSI-H

To determine the kinetic values of the polymerization
of D, with HMDS catalyzed by TFSI-H, we have
carried out kinetic studies. The starting polymerization
mixture was the same as used before (D,: 100 g, 0.337
mol, HMDS: 1.35 g, 0.0083 mol). The mixture was
heated (50 and 100 °C) and the catalyst (TFSI: 3.95 g
or 4% molar with respect to D,) added when the
selected temperature was reached. Aliquots were neu-
tralized with TBA and distilled (120 °C/20 min/2-5
Torr/ ~ 5 g product) to separate the volatiles from the
polymer. These volatiles were analyzed by calibrated
GC to quantify the composition of its cyclosiloxanes D,
with n =3, 4, 5 and 6 (Fig. 2).

Fig. 3 shows the concentration of the volatiles and
the polymer in function of reaction time.

One can see that the statistical equilibrium for the
redistribution at 50 °C was reached after ~ 100 min
and at 100 °C after ~ 75 min. As expected, the main
product of the volatiles was the D, species. In both
cases, the yield of the PDMS polymer was about 91%
(w/w) considering the product, which had not been
distilled under the used, conditions as the PDMS
polymer.

The formation of cyclosiloxanes other than D, can be
explained by the mechanism of this cationic ring open-
ing polymerization (CROP). One step of the mechanism
describes an intra-molecular reaction of the reactive
end-group of the PDMS (‘back-biting’ [1,51]).

The decreasing amount of the cyclics is in the order
of D,>Ds> D¢ > D;. The reactivity of D5 is much
higher than for D, (n>4), due to its high ring strain,
which favors the opening of this ring. Decreasing for-
mation of the higher cyclics was explained by the

decreasing probability of the back-biting reaction with
the size of the ring [51].

To find out the kinetic law for the D, polymerization,
we measured the substrate half-life time (¢'%) determi-
nation (Fig. 4).

Fig. 4 shows the substrate half-life determination
from different initial concentration of D, and its sub-
strate graphical exploitation.

The exploitation of the given datas shows that the
polymerization of D, is of 2nd order with respect to
monomer (Fig. 5).

Fig. 5 shows the comparison of k of the polymeriza-
tion of D, with HMDS at 50 and 100 °C.

Rate constants of the polymerization for the D, are:
k (323 K)=184 (mol~! s~ ') and k (373 K)=19.2
(mol~! s~ ). The calculated activation energy, was ca.
0.8 kJ mol — 1.

Chojnowski published the E, value for the CROP of
D,, catalyzed with TfOH, as 24 kJ mol~"' [1]. The
addition of water, which acts as an inhibitor for TfOH,
can increase E, up to 72 kJ mol ~!. The lower activa-
tion energy for TFSI-H for the polymerization of D,
seems to confirm our observation that under the used
conditions TFSI-H could be a more powerful initiator
than TfOH for the CROP of D,.

4. Conclusion

CROP of octamethyltetracyclosiloxane was shown to
occur in the presence of TFSI-H as initiator and hex-
amethyldisiloxane (HMDS) as terminating agent. In the
chosen example of a PDMS with a low molecular
weight (M, < 1300 g mol ') the reaction afforded o, -
bis(trimethylsilyl)-polydimethylsiloxane at 25 and
100 °C in high yield ( ~ 90%).

This method has thus potential utility for the synthe-
sis of PDMS polymers. The material has very close
properties with that produced in the presence of triflic
acid but the polymerization reaction is much faster.

Ring opening polymerization of octamethyltetracy-
closiloxane in the presence of hexamethyldisiloxane as
termination agent by TFSI-H at even room tempera-
ture (25 °C), in mild conditions or at higher tempera-
ture (100 °C) has given, as expected, PDMS in
relatively high yield ( ~90%). The process has a poten-
tial utility for the synthesis of such material. Although,
this material is very close to those synthesized with
triflic acid as initiator, the polymerization with TFSI-H
is beneficial, as it goes faster.

The reaction in the same experimental conditions and
with the same initiators, but in the presence of enough
tributylamine to ensure the neutralizing of any protic
acid, gives no polymerization. No catalytic activity was
found for the polymerization of D, with triflic acid
anhydride, trimethylsilyltriflate sulfonimide, trimethylsi-
lyltriflate, and TFSI-H lithium salt.



176 J.-R. Desmurs et al. / Journal of Organometallic Chemistry 646 (2002) 171-178

Reaction at 50°C

100
£ 80 1
-
E 5 ;
F 60 - z* I
§ i ;
Fo. b :
€ o'k/’/
i :
8 o S ; :
5204 0 Es 100 1 o ™ 0 0
—8
O Bl - " , e
0 50 100 150 200 250 300

Reaction time [min]
L—o—m ~8— D4 —&— D5 —3¢—D6 —o— polymrer FOMS % (w/w) |

Reaction at 100°C
100 g
90 R .
% 80
E 70
E 60
S 50
T @
t
e 30
[x)
S 20
Q
10 b 5
0 ‘7 T L} L L] ‘
g 50 100 150 200 250 300

Reaction time [min]

—o—D8 —5—D4 —A— D5 —%—D6 —e—-pouymerPDMS%(w/w)|

Fig. 3. Concentration of PDMS and its volatiles, splitted of in its cyclosiloxanes D, for the polymerization of D, with HMDS at 50 and 100 °C
after 5 h of reaction.
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Fig. 4. Half-life determination from different initial concentration of D, and its graphical exploitation.
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Fig. 5. Comparison of k of the polymerization of D, with HMDS at 50 and 100 °C.

Kinetic investigations seem to indicate a lower acti-
vation energy for TFSI-H for the polymerization of D,
than for TfOH. It strengthens our observation that
under used conditions TFSI-H is a more powerful
initiator for the CROP of D, than TfOH.
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