Kinetics of the Anionic Ring-Opening Polymerization of
Octamethylcyclotetrasiloxane Initiated by

Potassium Isopropoxide

Yong Zhang,"? Zhijie Zhang," Qian Wang," Zemin Xie'

ICenter for Molecular Science, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080,

People’s Republic of China

*Graduate School of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

Received 9 December 2005; accepted 4 March 2006
DOI 10.1002/app.24665

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Kinetics of the anionic ring-opening polyme-
rization of octamethylcyclotetrasiloxane (D,) in bulk initi-
ated by potassium isopropoxide was studied. Several pro-
moters including N-methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), and diglyme were used. It is
indicated that the reactions are first-order in D, during the
initial stage of polymerization. The polymerization rate of D,
is influenced by a number of factors, such as the nature of pro-
moters, the molar ratio of promoter to initiator (C,/C; ratio),
and the reaction temperatures. With the use of NMP as pro-
moter, the polymerization rate constant at 30°C is 10.482 h ™!

with the C,/C; ratio equal to 3.0. As the C,/C; ratio increases,
the polymerization rate constant increases sharply and the
cyclic oligomers content in polymer decreases evidently. The
back-biting reaction that leads to the formation of decame-
thylcyclopentasiloxane (Ds) occurred in the polymerization
of Dy. The rate of the D5 formation relatively to the rate of Dy
conversion increases with the conversion of D,. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 102: 3510-3516, 2006
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merization; polysiloxanes; activation energy; kinetics

INTRODUCTION

The industrial synthesis of polydimethylsiloxane
(PDMS) by anionic ring-opening polymerization of
octamethylcyclotetrasiloxane (Dy) is well-known."?
But this method often suffers following drawbacks:
the initiator such as KOH has poor solubility in apo-
lar solvents or in Dy, and high temperature (140°C)
is needed for the polymerization, and the resulting
polysiloxanes are equilibrium mixtures of linear and
cyclic species. Recently, more attempts have been
focused on the nonequilibrium polymerization of Dy,
especially on the development of new efficient initia-
tion systems.>” Among variety of initiators, alkali
metal alkoxide is of interest because of its high effi-
ciency and low cost. The polymerization of D4 can
proceed successfully under this type of initiator
without any promoter,® while the high reaction tem-
perature (above 150°C) greatly restricted its indus-
trial application. So far, the polymerization of Dy
with this type of initiator under promoters has not
been reported. In this work, to achieve the nonequi-
librium polymerization of D, in bulk near room
temperature, potassium isopropoxide is used as the
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initiator because of its comparatively good solubility
in apolar solvent or in D,. N-Methyl-2-pyrrolidinone
(NMP), N,N-dimethylformamide (DMF), and diglyme
were used as promoters, respectively.

EXPERIMENTAL
Materials

Isopropanol was distilled from 4 A molecular sieves.
Hexane was refluxed over sodium for 24 h and dis-
tilled under nitrogen. NMP, DMF, and diglyme were
dried over sodium and collected by trap-to-trap dis-
tillation under reduced pressure. D, was dried over
CaH, and distilled under nitrogen. Trimethylchloro-
silane (Me3SiCl) was distilled under nitrogen. After
purification, all reagents were stored under a nitro-
gen atmosphere. Potassium is cut into small pieces
in nitrogen prior to use.

Preparation of initiator

To a mixture of 42 g (0.11 mol) potassium and
36 mL hexane, a hexane (24 mL) solution of isopro-
panol (6 mL, 0.08 mol) was added dropwise over
1 h at room temperature under nitrogen. After being
stirred for another 2 h, the unreacted potassium and
insoluble white precipitate were removed. The titra-
tion of the resulted solution with HCl gave the con-
centration of 0.312M.
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Figure 1 *Si-NMR spectrum of the sample from the
polymerization system of D, initiated by potassium iso-
propoxide.

Polymerizations

To the flask charged with D, (6.5 mL, 0.02 mol), the
solution of initiator (1 mL, 3.12 x 10~* mol) was
added. As a designed amount of promoter was in-
jected into the mixture via a microsyringe, the initia-
tion then the propagation immediately started. After
designed time, the reaction mixture was quenched
with an excess amount of trimethylchlorosilane.

Measurements

Gel permeation chromatography

Gel permeation chromatography (GPC) measurements
in toluene were performed with a Waters system
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including a 515 high-pressure liquid chromatography
(HPLC) pump, a 2410 differential refractive-index
detector, and Styragel columns (HR) at 40°C at a rate
of 0.35 mL/min with linear polystyrene standards.

295i-NMR

#Si-NMR spectra were recorded on a Bruker DPX400
instrument operating at 79.5 MHz for 2°Si.

Kinetic experiments

For all polymerizations, the reaction mixtures were
sampled in designed time with a dry syringe and
quenched with trimethylchlorosilane. After neutral-
ized with an aqueous solution of sodium bicarbonate,
the organic layer was dried over sodium sulfate
and submitted to *’Si-NMR and GPC measurement.

RESULTS AND DISCUSSION

Potassium isopropoxide was prepared by reacting
isopropanol with potassium. Then the kinetics of the
polymerization of D, initiated by potassium isoprop-
oxide under several promoters was investigated.
Kinetics of the formation of Ds was also estimated.

Kinetics of the polymerization of D,

Kinetics of the anionic ring-opening polymerization
of hexamethylcyclotrisiloxane (D3) has been studied
thoroughly under various conditions, however only
a limited attention has been paid on that of D4. To
elucidate the kinetic law of the polymerization of
D,, a number of kinetic experiments were performed.
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(a) Comparison of kinetics on the polymerization of D, promoted by different promoters [(H), NMP; (@),

DMF; (A), diglyme] with the same C,/C; ratio equal to 3.0 at 30°C. (b) Enlarged time dependence at the beginning of the

polymerization.
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Figure 3 (a) Comparison of kinetics on the polymerization of D, promoted by different promoters [(H), NMP; (@),
DMF; (A), diglyme] with the same C,/C; ratio equal to 1.0 at 30°C. (b) Enlarged time dependence at the beginning of the

polymerization.

The values as below can be calculated according to
29G8i-NMR spectrum (Fig. 1):

[D4]y/[D4]; = (Spa + Sps + Sp + Spr)/Spa
[Ds); = (4/5) [D4]y Sps/(Sps + Sps + Sp + Spx)

Conversion of Dy = ([D4], — [Da4],)/[D4], 100%
= (Sps + Sp + SDx)/(SD4 + Sps + Sp + SDx) 100%

where [Dy]p = 2.80 mol/L, Sp4, Sps, Sp, and Sp, rep-
resents for the integration area marked in *’Si-NMR
spectrum for Dy, Ds, Polymer and D, (x > 5), respec-
tively.

The relation between In([Dy4]o/[Dy4];) and the reac-
tion time (Figs. 2-5) shows linearity during the ini-
tial stage of polymerization of D, indicating that the
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reaction is first order in D, at the beginning. The
polymerization rate constant “k” (i.e., the slope of
the linear part of each curve) was obtained then the
activation energy ““E,” of the polymerization was
calculated as follows: According to Arrhenius for-
mula (k = A exp(—E,/RT)), for the same reaction
at two different reaction temperatures, it can be de-
duced that: In(ka/ki) = (E./R)-(1/T1—1/T,) (sup-
posing that “E,” is independent on “T”).

Both “k” and “E,” were listed in Table I. Evi-
dently, the polymerization rate constant “k” is influ-
enced remarkably by the nature of promoters, the
Cp/Ci ratio, and the reaction temperature. It decreases
in the order: NMP > DMF > diglyme and increases
with the C,/C; ratio or the temperature. It is notewor-
thy that using NMP as the promoter with the C,/C;
ratio equal to 3.0, the polymerization rate constant at
30°C is 10.482 h™!, much larger than the other “k”
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Figure 4 (a) Comparison of kinetics on the polymerization of D, promoted by different promoters [(H), NMP; (@),

DMF; (A), diglyme] with the same C,/C; ratio equal to 1.0 at 50°C. (b) Enlarged time dependence at the beginning of the
polymerization.
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(a) Comparison of kinetics on the polymerization of D, promoted by different promoters [(H), NMP; (@),

DMEF; (A), diglyme] with the same C,/C; ratio equal to 0.33 at 50°C. (b) Enlarged time dependence at the beginning of the

polymerization.

listed in Table I. The polymerizations accelerated by
promoters show large reaction rates at room temper-
ature, which benefits its potential industrial ap-
plications. Another two valuable points were also
obtained from Table I: One is that “E,” of the reac-
tion promoted by NMP with C,/C; = 1.0 is only
17.3 kJ mol™!, which is considerably low for the
anionic ring-opening polymerization of D,. The acti-
vation energy of the anionic polymerization of
D, initiated by potassium siloxanolate without any
promoter is 81.5 k] mol ".>' The other is when the
C,/C; ratio is not more than 1.0, the difference of “k”’
between the reaction with C,/C; = 1.0 and that with
C,/C; = 0.33, with the value of 3.0 (ki/k,), is identical
for each promoter.

Considering all the above, a possible mechanism
for the reaction could be summarized as follows:

TABLE 1
Polymerization Rate Constants and Activation Energies
of the Polymerization of D, Initiated
by Potassium Isopropoxide®

Promoter [P1/11] T (°C) k(™ E, (k] mol™")
NMP 3.0 30 10.482 -
NMP 1.0 30 0.252 17.3
NMP 1.0 50 0.385 17.3
NMP 0.33 50 0.130 -
DMF 3.0 30 1.632 -
DMF 1.0 30 0.137 29.1
DMF 1.0 50 0.280 29.1
DMF 0.33 50 0.094 -

Diglyme 3.0 30 0.144 -

Diglyme 1.0 30 0.028 43.3

Diglyme 1.0 50 0.082 433

Diglyme 0.33 50 0.028 -

? For all polymerizations, the initial concentration of Dy
is 2.80 mol/L and the molar ratio of monomer to initiator
is 67.

1. Initiation:

(CH3),CHO K" +n P — (CH3),CHO (nPK)" (1)

(CH3),CHO™ (nPK)*
+ Dy % (CH;3),CHO(—Si—O0 —); (nPK)*  (2)

2. Propagation:

(CH3;),CHO(—Si—O —), (nPK) ™"

k}’ . — + Dy
+ Dy — (CH;3),CHO(—Si—O —); (nPK)* 2%

(CH3),CHO(—Si—0 —); 4 ("PK)" (3)

3. Termination:

(CH3),CHO(—Si—O —), 4 (nPK) "

X, (CH3),CHO

+(CHy)SICL s

(—51—0 —)4,4nSi(CHs);  (4)

In egs. (1)—(4) P is the promoter molecule and n is
the complexing number. k;, k,, and k; is the reaction
rate constant for the initiation, propagation, and ter-
mination process, respectively.

The cation “K™” of the initiator is firstly complexed
with promoters [eq. (1)]. Then a loosely bonded po-
tassium siloxanolate ion pair, which is the true active
propagaion center, is formed [eq. (2)].
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Figure 6 GPC curves of samples from the polymerization
systems of D, promoted by NMP with various C,/C; ratios
and temperatures at monomer conversion of 58%.

The kinetics at the initial stage of polymerization
are given by eq. (5):

d[Dy]
dt

= ky[—SIO™ (nPK)|[Dy] )

where [—SiO™ (nPK) "] represents the total concentra-
tion of the propagation center. Thus, eq. (5) can be
changed into eq. (6):

d[Dy]
dt

= k[D4] (6)

Here, there are two instances about “k” given by
egs. (7) and (8):
k = k,[—SiO™ (nPK) "] = k,[I],

Cp/ci = kp[P]O
(C,/Ci<1.0) (8)

(Cp/Ci21.0) (7)

k = k,[—SiO™ (nPK) "] = k, I,

In egs. (7) and (8), [I]o and [P], refer to the initial
concentrations of the initiator and promoter, respec-
tively. Since “k” is a constant for each reaction, the
polymerization of D, proceeds with first order
kinetics to the concentration of D, from eq. (6),
which is in agreement with the results from Figures
2-5. The reaction rate constant “k”” with C,/C; = 1.0
and C,/C; = 0.33 is given by egs. (7) and (8), respec-
tively. In the two instances, the constant “k,” is iden-
tical due to the same value of “n”" equal to 1. Thus
the former “k” is three times as large as the latter
one, in agreement with the results from Table L
Figures 6-8 show the GPC results of various sam-
ples at monomer conversion of 58%, 52%, and 47%,
respectively. For each of the promoters, the cyclic
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Figure 7 GPC curves of samples from the polymerization
systems of D, promoted by DMF with various C,/C; ratios
and temperatures at monomer conversion of 52%.

oligomers content in polymer increases with the
decreasing C,/C; ratio. Especially when the C,/C; ra-
tio is lower than 1.0, the cyclic oligomers in polymer
become distinct. It reveals that the addition of pro-
moters leads to the reduction of the cyclic oligomers
content in polymer, which is one of the most impor-
tant contributions of promoters in the anionic ring-
opening polymerization of D,. On the other hand, at
the same Cp/Ci ratio and similar monomer conver-
sion, the cyclic oligomers content in polymer de-
creases in the order: diglyme > DMF > NMP, indi-
cating that NMP is the best one among the three
promoters.

Kinetics of the anionic ring-opening polymeriza-
tion of D is determined only by the C,/C; ratio at the

polymer
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Figure 8 GPC curves of samples from the polymerization
systems of Dy promoted by diglyme with various C,/C;
ratios and temperatures at monomer conversion of 47%.
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Figure 9 Relation between the concentration of Ds and
the conversion of D, in the polymerization process pro-
moted by [(H), NMP; (@), DMF; (A), diglyme] with the
same C,/C; ratio equal to 3.0 at 30°C.

same promoter and temperature. As the C,/C; ratio
increases, the identical active center coordinated
with increasing promoters occurs thus the polymer-
ization rate constant increases sharply and the cyclic
oligomers content in polymer decreases evidently,
which both suggest the realization of the nonequili-
brium polymerization of D,.

Kinetics of the formation of Ds

Another interesting consequence during the poly-
merization of D, is the kinetics of the formation of
Ds (Fig. 9). The rate of the Ds formation relatively to
the rate of D, conversion increases with the conver-
sion of D,. Similar result was also obtained when
using a superbase as the initiator."!

In other Cp/Cl- ratios and reaction temperatures, the
formation of Ds shows the similar kinetic law. A
possible mechanism is as below:

k,
(CH3),CHO(—Si—O —), (nPK)" + Dy

(CH3),CHO(—Si—0 —),, 4 (nPK)" %,
(CH;3),CHO(—Si—O —),, ;(nPK)" + D5 (9)

The kinetics is given by eqgs. (10) and (11).

d[Ds] _
Ds) g (10
0 ki) )

It can be further deduced that:

o G
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The slope of the curve in Figure 9 is given by eq.
(13).

d[Ds] _ B
d(([Dily — Da])/Daly) 4 (

d[D5]> _ ki [Dd]y
d[Ds]) Ky [D4]

(13)

Since the concentration of D, decreases with the con-
version of Dy, the ratio between the concentration of
Ds and the conversion of D, becomes larger as the
polymerization proceeds [eq. (13)]. Then an upward
curve is shown in Figure 9. On the other hand, at a
certain conversion of Dy, the slope of the curve is
only determined by the ratio k;/k,, which is a charac-
teristic of the reaction accelerated by the promoters.
From Figure 9, the slope of the curve at the same
conversion of D, decreases in the order: diglyme
> DMF > NMP, indicating that the promoters
improve “’k,”” greater than “k;” thus reduce the
cyclic oligomers content in polymer, which is also
evidenced by the foregoing GPC results. The forma-
tion of Ds during the polymerization of D, is in
agreement with the result that mixed cyclosiloxanes,
also resulted from the back-biting reaction of polysi-
loxane chain, occurs at the final stage of the nonequi-
librium polymerization of Dj.

CONCLUSIONS

The anionic ring-opening polymerization of D, in
bulk initiated by potassium isopropoxide is first
order in D, at the beginning. The active propagation
center is a loosely bonded potassium siloxanolate ion
pair separated by the promoter. A number of factors
including the nature of promoters, the C,/C; ratio,
and the reaction temperature affect the polymeriza-
tion remarkably. Among the variety of promoters,
NMP is the best promoter for the polymerization of
D, initiated by potassium isopropoxide. As the C,/C;
ratio increases, the polymerization rate constant
increases sharply and the cyclic oligomers content in
polymer decreases evidently, which both suggest the
realization of the nonequilibrium polymerization
of D,. The back-biting reaction of the propagation
center produces Ds. The rate of the Ds formation
relatively to the rate of Dy conversion increases with
the conversion of Dj.
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