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ENRIQUE M. VALLÉS1
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ABSTRACT: The controlled synthesis of poly(dimethylsiloxane) homopolymers (PDMS)
using hexamethyl(cyclotrisiloxane) monomer (D3), a mixture of ciclohexane/tetrahy-
drofuran 50/50 v/v and sec-Bu–Liþ as initiator was studied using different experimen-
tal conditions, and whole-sealed glass reactors according to standards procedures in
high-vacuum anionic polymerization. It was observed that polydispersity indexes
(PD) and conversions strongly depend on temperature and reaction times. For PDMS
homopolymers with molar masses below 100,000 g/mol, high conversion ([90%) and
PD \ 1.1 can be achieved at long reaction times (24 h) and mild temperature condi-
tions (below or up to 30 �C). On the other hand, to synthesize PDMS homopolymers
with molar masses higher than 100,000 g/mol and PD \ 1.1 it is necessary to
increase the temperature up to 50 �C and decrease the reaction time (8 h). However,
under these reaction conditions, it was observed that the conversion decreases (about
65–70% conversion is achieved). Apparently, the competition between propagation
and secondary reactions (redistribution, backbiting, and reshuffling) depends on the
molar masses desired. According to the results obtained in this study—which were
compared with others found in the scientific literature—propagation is favored when
Mn \ 100,000 g/mol, whereas secondary reactions seem to become important for
higher molar masses. Nevertheless, model PDMS homopolymers with high molar
masses can still be obtained increasing the reaction temperature and shortening the
total reaction time. It seems that the combined effect of these two facts favors propa-
gation against secondary reactions, and provides model PDMS homopolymers with
molar masses quite close to the expected ones. VVC 2009 Wiley Periodicals, Inc. J Polym Sci

Part A: Polym Chem 47: 4774–4783, 2009
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INTRODUCTION

Poly(dimethylsiloxane) (PDMS) is a silicon-based
homopolymer that can be regarded as derivative
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of inorganic silicates by partial substitution with
methyl groups. This fact provides a wide spec-
trum of properties that cannot be found in com-
mon organic polymers, which result from the
combination of the polar Si–O backbone with the
contribution of the organic groups. Among these
properties, those that can be mentioned are low
glass transition temperature; a high gas perme-
ability; usability over a wide range of tempera-
tures; low chemical reactivity; and essentially a
nontoxic nature.1 Therefore, PDMS is used as the
main component of rubbers, resins, dielectric
multimedia, hydraulic or heat transfer fluids,
lubricants, medical materials, and surfactants.

The conventional synthesis of PDMS usually
starts with dichlorosilanes by hydrolysis and con-
densation, giving cyclic, and linear polymers.2

This method of synthesis results in a poor molecu-
lar weight control of the resulting products, and
provides polymers that cannot be used as model
materials for special purposes. Therefore, to have
a better control of the molecular parameters, the
above-mentioned synthetic procedure was gradu-
ally replaced by ring opening polymerization of
cyclic siloxanes (ROPS).

ROPS is a process that transforms a particular
cyclic siloxane monomer into a linear siloxane
polymer as a result of the cleavage of the Si–O–Si
bonds in the monomer ring and the subsequent
reformation of this bond in the polymer chain.3 In
contrast with the polycondensation of dichlorosi-
lanes, in this case no low molecular weight side
product is formed and the concentration of the
reactive end groups remains at a low stationary
level during the chain extension. According to
the anionic (AROP) or cationic character of their
reactive intermediates, ROPS may be classified as
AROP or cationic. Alternatively, we can distin-
guish between thermodynamically or kinetically
controlled ROP, depending on the mechanism of
control of the resulting products. Both processes
achieve an equilibrium state, in which open chain
and cyclic homologues are present. Nevertheless,
kinetically controlled ROPS provides almost
exclusively open chain homologues if suitable
cyclic siloxane monomers are chosen.

The kinetically controlled AROP of PDMS
is exclusively based on anionic polymerization of
hexamethyl(cyclotrisiloxane) (D3). In particular,
high-vacuum anionic polymerization technique
offers powerful methods for the controlled manip-
ulation of macromolecular architecture,4 and
allows the preparation of nearly monodisperse
PDMS with tailored structures. In the case of

siloxanes, the method is based on a chain exten-
sion reaction in which a particular catalyst reacts
with D3 to yield short silanolate-ended chains
that are able to attack other D3 molecules to yield
the desired polymer.5–9

The kinetically controlled AROP of D3 has been
a synthetic challenge that has taken the efforts of
the chemical community for more than 40 yr. In
1969, the seminal works of Frye10 and Lee11 dem-
onstrated that D3 polymerization initiated by
organic lithium compounds was only possible if do-
nor solvents were present in the reaction media.
Taking into account this fact, one of the first
reports regarding the controlled AROP of D3 using
sec-butil lithium (sec-Bu–Liþ) as initiator was per-
formed by Zilliox et al.12 in 1969. PDMS homopoly-
mers and their copolymers with styrene were syn-
thesized at room temperature, with molecular
masses ranging from 16,000 to 900,000 g/mol and
1.01\polydispersity indexes (PD)\1.3. In this pa-
per, the authors observed that PDMS homopoly-
mers are quite monodisperse up to 200,000 g/mol,
but in their own words ‘‘…some side reaction in the
polymerization causes broadening, which is more
important the higher the molecular weight.…’’ The
first attempt to study the kinetically controlled
AROP of D3 initiated by sec-Bu–Liþ as initiator
was performed by Oulad Hammouch et al.13 in
1995. In this work, they found an optimum poly-
merization time of 3 h at 30 �C to obtain PDMS
homopolymers with narrow molar masses distribu-
tion, and controlled molecular weights. Neverthe-
less, they only explore a molar masses spectrum
ranging from 4000 to 38,000 g/mol.

In 2000, Bellas et al.14 reported the controlled
anionic polymerization of D3 using sec-Bu–Liþ as
initiator to prepare model PDMS and its block
copolymers with isoprene and styrene. In this
work they stated that the AROP of D3 could be
achieved using a two-step methodology in which
D3 polymerization was first promoted by THF at
room temperature during 4 h, and then was
continued at �20 �C during 8 days. According to
their results, narrow PDMS homopolymers were
obtained. Nevertheless, the molar masses data
reported in this work (obtained by SEC and mem-
brane osmometry) corresponds only to block and
mikto-arm copolymers of PDMS, with total molar
masses ranging from 48,000 to 96,000 g/mol and
PD \ 1.05 relative to poly(styrene) standards.
The PDMS arms or blocks in these copolymers
had low molar masses (\20,000 g/mol), and only
two SEC chromatograms of pure PDMS homo-
polymer were reported. Nevertheless, this
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methodology was employed in other works to
obtain model block copolymers with PDMS
blocks.15–17

Besides the above-mentioned efforts, much of
the findings regarding the AROP of D3 are
because of the group leaded by Chojnowski. This
group studied the controlled synthesis of gradient
block copolymers of different cyclic siloxane mono-
mers and the synthesis of complex macromolecu-
lar structures derived from PDMS homopoly-
mers.18–25 Additionally, the group has written
many papers and reviews regarding with this
subject.3,26–28 However, by reading their works it
is possible to conclude that all the polymerizations
were carried out under inert gas atmosphere (ar-
gon); molar masses range from 6000 to 300,000 g/
mol; and PD indexes were in many cases higher
than 1.1.

Taking into account all the previous mentioned
works, we would like to report experimental
results regarding the controlled AROP of D3

monomer using sec-Bu–Liþ as initiator, and classi-
cal anionic polymerization techniques in whole
vacuum-sealed glass reactors. To achieve this, we
explored different temperatures and reaction
times to find the best experimental conditions to
obtain model PDMS with molar masses ranging
from 4.0.103 to 1.3.105 g/mol and PD \ 1.1. We
hope that the results reported in this work will
contribute to the knowledge of the controlled D3

polymerization, expanding the data reported up
to the present in the scientific literature.

EXPERIMENTAL

Materials

All materials were purified by standard anionic
polymerization procedures, in whole-sealed appa-
ratus specially design for each reagent.29,30,31 The
initiator employed, sec-butyl lithium (sec-Bu–Liþ),
was prepared in vacuo from sec-butyl chloride
(Fluka) and lithium metal (Fluka). Details of the
synthesis can be found elsewhere.29 The exact
concentration of the initiator was determined
twice: first, by titration32 using phenyl acetic acid
(Aldrich); and second, performing the homopoly-
merization of a known quantity of styrene mono-
mer (Aldrich) (purified according standards ani-
onic polymerization techniques) by using an exact
volume of the initiator solution.30 Tetrahydrofu-
ran (THF, Ciccarelli) was used as promoter of D3

polymerization whereas cyclohexane (Dorwill)
and degassed methanol (Quı́mica Industrial) were

used as the solvent and terminating agent,
respectively. D3 (Sigma-Aldrich) was purified
according to the conventional routines described
in an excellent review regarding high-vacuum an-
ionic polymerization techniques.30 The apparatus
designed to obtain these ampoules is shown in
Figure 1, and a short description of the procedure
to obtain the precalibrated ampoules of D3 mono-
mer is described as follows.

After purification of D3 monomer according to
the conventional procedures mentioned earlier,30

the pure monomer and the solvent were distilled
into a 500 mL flask to obtain a mother solution of
D3 monomer in cyclohexane (MS in Fig. 1). Subse-
quently, the apparatus was detached from de vac-
uum line by heat-sealing its upper constriction
(VLC). By using gently manual movements, exact
volumes of the mother solution were collected in
the precalibrated ampoules attached to obtain pre-
cise D3 quantities to perform the polymerization
experiences. These ampoules were detached from
the apparatus by heat-sealing their constrictions.
The exact monomer concentration in the mother
solution was determined by 1H-NMR analysis
using 1 mL of one of these ampoules.

Synthesis of Model PDMS Homopolymers

All manipulations were performed under high
vacuum in glass PyrexV

R

reactors equipped with
break-seals for the addition of the reagents and
constrictions for removal of products at different
stages of the reaction.29,30,31 A scheme of the poly-
merization apparatus used for the synthesis is
shown in Figure 2. The broken ampoules of

Figure 1. Fractionation apparatus for D3 monomer.
References: MS: mother solution of D3 monomer in
cyclohexane. VLC: vacuum line constriction. The lat-
eral collecting ampoules were calibrated to obtain
precise volumes of the mother solution. The ampoules
were detached by each constriction using heat-sealing
and a flame torch.
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reagents were used to collect samples at different
stages of the polymerization reaction. When it
was necessary, additional ampoules were attached
to the main polymerization apparatus. Constric-
tions and heat-sealing procedures by using a
flame torch were employed to obtain these sam-
ples. A description of the synthetic procedure
employed is described as follows.

The apparatus was connected to the vacuum
line, checked for pinholes, flame-dried, and
pumped for 20–30 min to remove volatile species.
Then, 5 mL of concentrated n-butil lithium solu-
tion in hexane (n–Bu–Liþ 2M, Aldrich) were
injected through the purge constriction into the
purge section flask. The whole apparatus was
pumped for an additional 30 min to remove the
hexane and air inserted during the injection, and
an appropriate amount of pure cyclohexane (40–
50 mL) was then distilled and degassed over
45 min. The apparatus was removed from the

VLC, and was washed with the diluted n-Bu–Liþ

solution inside by gentle manual agitation. After
washing, the solvent was distilled to the reactor
and the purge section was removed by heat-seal-
ing the middle constriction leaving the clean reac-
tor with an appropriate amount of pure solvent.

The break-seal of the D3 monomer solution was
first broken and the content was poured into the
reactor flask, followed by addition of the sec-
Bu–Liþ ampoule. Both ampoules were rinsed with
the solution to remove any traces of initiator or
monomer. The reaction between monomer and ini-
tiator was left to proceed for �20 h at room tem-
perature. Placing the reactor in a water bath,
which was set at the desired reaction tempera-
ture, the break-seal of the THF ampoule was
broken to promote the D3 monomer polymeriza-
tion. Samples of the resulting product were taken
at different stages of the polymerization, and
quenched with methanol. The sampling volume
was around 1–2 mL of the reaction solution, and
it was obtained by heat-sealing the constriction of
the sampling ampoules. The final reaction prod-
uct was precipitated in cold methanol; redissolved
in pure THF; and finally purified extracting the
solvent by using a rotatory evaporator.

CHARACTERIZATION

Size Exclusion Chromatography

The different polymer samples were characterized
by SEC on a system built with a Waters 515
HPLC pump and a Waters model 410 differential
refractometer detector, equipped with four PLGel
columns with 10 lm bead size and 500, 103, 104,
and 106 Å porosity, respectively. The solvent
employed was toluene at 25 �C flowing at a rate of
1 mL/min. The injection volume was 200 lL, and
polystyrene (PS) standards were used for calibra-
tion. The Mark–Houwink calibration constants
used for each polymer were Kps ¼ 3.45 � 10�4,
aps ¼ 0.62 for PS, and Kpdms ¼ 2.0 � 10�4, apdms

¼ 0.62 for PDMS.33

Nuclear Magnetic Resonance (1H-NMR)

The 1H-NMR spectra of the mother solution of D3

in cyclohexane, and PDMS homopolymers were
recorded on a Bruker 300 MHz instrument using
deuterated chloroform (Aldrich) as solvent. In the
particular case of the mother solution, the concen-
tration of D3 monomer was obtained by the ratio

Figure 2. Polymerization apparatus for the synthe-
sis of model PDMS homopolymers. References: I:
sec-Bu–Liþ ampoule. S: THF ampoule. M: D3 mono-
mer ampoule. C: Collecting ampoule. F: Methanol
ampoule. (a): Reactor. (b): Purge section. VLC: vac-
uum line constriction. MC: middle constriction. PC:
purge constriction.
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of the integrated areas of the methyl to methyl-
enic 1H signals.

RESULTS AND DISCUSSION

General Procedure for the Synthesis
of PDMS Homopolymers

Despite the molar masses desired, the general
experimental procedure used for synthesizing the
model PDMS homopolymers could be rationalized
as a two-step methodology. In the first step, the
equilibration reaction between D3 monomer and
sec-Bu–Liþ is left to proceed for �20 h at room
temperature. Under these circumstances, the
reaction of the organic lithium compound with D3

monomer in hydrocarbon media proceeds accord-
ing to the following set of alkylation reactions10,34:

sec-Bu�Liþ þD3 �!k1 sec-BuD�
3 Li

þ

sec-Bu�Liþ þ sec-BuD�
3 Li

þ �!k2 sec-BuD�
2 Li

þ

þ sec-BuD�Liþ

sec-Bu�Liþ þ sec-BuD�
2 Li

þ �!k3 sec-BuD�Liþ

in which k1, k2, and k3 are the corresponding
kinetic constants and k1 � k2 or k3

Taking into account that these alkylation reac-
tions proceed relatively fast and exothermally
at ambient temperature, because [D3] � [sec-
Bu�Liþ] we selected a reaction time of �20 h in
absence of any polymerization promoter to dis-
place all the equilibriums to the formation of
the desired sec-BuD–Liþ initiating species (sec-
Bu(CH3)2SiO

–Liþ) in the reaction media. Although
we did not perform any kinetic experience to
determine the proper reaction time to achieve
this result, we followed the experimental routine
employed in our previous works,15–17 and accord-
ing to the findings reported by Zundel et al.34,35

regarding the controlled polymerization of meth-
yl(methacrylate) using sec-butil lithium ligated
by silanolates as initiator. We believe that the ex-
perimental time chosen could be shortened, but
at the moment we do not have any evidence to
support this presumption.

Once we ensured that sec-BuD–Liþ initiator
was obtained, the polymerization apparatus was
immersed in a water bath at the chosen reaction
temperature. The break-seal of the THF ampoule
was broken to promote the polymerization of the

excess of D3 monomer present in the reaction
media.

Synthesis of Model PDMS Homopolymers
with Mn < 105 g/mol

The synthesis of model PDMS homopolymers with
molar masses less than 100,000 g/mol was explored
varying temperature, reaction time, and initiator
concentration. We explored four temperatures and
different initiator concentrations by taking sam-
ples at different times for monitoring the polymer-
ization reaction. An exhaustive analysis was per-
formed in this range of molar masses distributions
because this is the most common range reported in
the open literature regarding the synthesis of
PDMS with controlled molecular architectures.
The main results obtained are described as follows.

According to the revised literature, it is com-
mon to perform D3 polymerization at ambient
temperature until high conversion levels are
reached.36–38 These levels may vary from 50% to
90% depending on the target molar mass. For
molar masses in the range is 2500–40,000 g/mol,
Oulad Hammouch et al.13 were the first to claim
that 80–90% of conversion of the monomer into
polymer can be achieved by using a polymeriza-
tion time of 3 h at 30 �C. Because this temperature
is commonly above the ambient temperatures
usually found at the conventional laboratories,
we decided to explore a range of higher tempera-
tures (40 �C and 50 �C) to determine if this raise
affects the conversion of the D3 monomer. For
comparing purposes, we also performed addi-
tional polymerizations at ambient temperature,
and at 30 �C. In all cases, samples at the same
polymerization time were taken from the reactor.

Figure 3 displays the data for monomer conver-
sion vs. reaction time at each of the reaction
temperatures explored. It can be observed that
higher conversions at short propagation times
are reached at the highest temperature explored
(50 �C). After a reaction time of �24 h, almost all
experiences above ambient temperature reached a
similar value of conversion whereas a longer reac-
tion time is needed to reach the same value for the
experience at ambient temperature. At the first
stages increasing temperature increases monomer
conversion. Moreover, after 24 h of reaction, this
conversion is even higher than the final one
reported by Oulad Hammouch et al.13 at 30 �C. At
this point, it is worth to mention that after 3 h of
reaction, the conversion reached at 30 �C in this
work was lower than that one reported in the
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literature.13 We do not have a clear explanation
for this result, but we suspect that it should be
rationalized taking into account the low molar
masses explored. We suspect that for the same ini-
tiator concentration, a higher monomer concentra-
tion in the media favors higher conversions.

To check the effect of temperature on PD
indexes, Table 1 displays the data obtained for the
model PDMS synthesized at different tempera-
tures and reaction times. It can be seen that
independently of the experimental conditions
employed, for longer reaction times the values of
the PD indexes are equal to or higher than 1.1 at
any temperature. This fact could be rationalized

by taking into account monomer concentration in
the media, and a temperature-kinetic effect.

When monomer concentration in the reaction
media decreases, it is reasonable to think that the
probability of occurrence of secondary reactions
rises. This can be easily rationalized taking into
account that for a lower monomer concentration in
the media, the living PDMS chains could more eas-
ily suffer backbiting, reshuffling, or redistribution
reactions and the desired propagation reaction. On
the other hand, it is well established that the
kinetics of chemical reactions increases as temper-
ature rises. Taking these two facts into account, we
hypothesize that to synthesize narrow PDMS sam-
ples with PD indexes strictly lower than 1.1 and
molar masses less than 100,000 g/mol, an increase
in the reaction temperature would favor conversion
shortening reaction times. By observing Figure 4,
which displays SEC chromatographs of selected
PDMS samples with PD indexes strictly less than
1.1 taken at different stages of D3 polymerization,
it can be deduced that following this strategy a
wide range of molar masses between 103 and 105

can be covered with good conversions (90% or
more) by simply tuning temperature and reaction
time. This avoids further manipulations like add-
ing supplementary reaction steps or huge excess of
monomer at the beginning of the polymeriza-
tion.14–17,36–38 Additionally, this methodology would
lead to a precise control of the targeted molecular
mass in a really fast way for synthetic designs.

Synthesis of Model PDMS Homopolymers
with Mn > 105 g/mol

In a previous work, we studied the synthesis of
model PDMS homopolymers having molar masses

Figure 3. Influence of reaction time on monomer
conversion percentage (X %) for the controlled syn-
thesis of D3 using sec-Bu–Liþ as initiator. References:
(n) 20 �C (theoretical Mn ¼ 53,700 g/mol), (l) 30 �C
(theoretical Mn ¼ 53,700 g/mol), (~) 40 �C (theoreti-
cal Mn ¼ 87,000 g/mol), (!) 50 �C (theoretical Mn

¼ 68,800 g/mol).

Table 1. PD Indexes and Percentage of D3 Conversion (X%) at Different Times and Temperatures for Polymers
with Molar Masses (Mn) Below 100,000 g/mol

t (hs)

T ¼ 20 �C
([sec-Bu�Liþ]0
¼ 0.082 M)

T ¼ 30 �C
([sec-Bu�Liþ]0
¼ 0.082 M)

T ¼ 40 �C
([sec-Bu�Liþ]0
¼ 0.076 M)

T ¼ 50 �C
([sec-Bu�Liþ]0
¼ 0.089 M)

Xa Mn (g/mol) PD Xa Mn (g/mol) PD Xa Mn (g/mol) PD Xa Mn (g/mol) PD

4 17.0 9,200 1.09 28.5 15,300 1.07 36.1 33,400 1.05 42.2 29,100 1.08
8 28.4 15,200 1.07 47.7 25,600 1.07 54.9 54,500 1.09 64.0 43,800 1.06

24 59.5 32,000 1.06 90.5 48,600 1.08 84.7 96,300 1.10 80.4 55,000 1.13
32 — — 100 54,000 1.10 — — — 97.7 67,200 1.15
72 — — — — — — — 100 69,700 1.13
96 100 58,000 1.12 — — — — — — —

aPercentage of conversion, calculated from the initial monomer concentration and SEC results at each sampling time.
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higher than 100,000 g/mol by using conventional
anionic polymerization techniques at ambient
temperature.36 In that work, we demonstrate that
for those polymers synthesized at high extents of
reaction ([90%) a relative broad molecular
masses distribution (MMD) is obtained, whereas
those polymers terminated at lower conversions
(40–50%) exhibit a narrow MMD. In all cases,
when the reaction is terminated at conversions of
40–50% a polymer with narrow MMD is obtained.
All these data were supported with additional
decomposition of the SEC plots in statistical sym-
metric Gaussian and Lorentzian distributions.
The results obtained suggested that, at low levels
of conversion, the concentration of monomer in
the reaction medium is sufficient to favor the
inclusion of monomer into the growing chains
diminishing the probability of polymer–polymer
interaction and providing model PDMS homopoly-
mers with PD \ 1.1. On the other side, at high
levels of conversion, the occurrence of some kind
of secondary reactions is more probable, and
consequently the PD indexes are higher than 1.1.

Taking into account the above-mentioned facts,
we decided to perform D3 polymerizations to
obtain model PDMS homopolymers having a
molar mass higher than 105 g/mol. To achieve
this, the reaction was carried out at 50 �C, taking
samples at different stages of the polymeriza-
tion and monitoring their molar masses and PD

indexes. This high temperature was chosen tak-
ing into account our previous results for the syn-
thesis of model PDMS with molar masses below
100,000 g/mol that we discussed previously. To
compare the data obtained, we performed an addi-
tional experience by following the cooling step
methodology described by Bellas et al.14 The SEC
chromatograms obtained are shown in Figure 5.

The first and third chromatograms correspond
to the samples obtained at 4 and 8 h of reaction,
respectively, whereas the last one corresponds to
the final product obtained at 28 h and 100% con-
version. It can be easily noticed that long reac-
tions times provide a poor control of the polymer-
ization process, and a SEC chromatogram with
shoulders at low and high molar masses is
obtained. This result is identical to those that we
obtained in our previous work,36 and agrees well
with the observation reported by Zillioux et al.12

for the synthesis of PS-b-PDMS copolymers. On
the contrary, when the reaction was finished at
conversions of about 65%, a narrow SEC chromat-
ogram was obtained. Finally, the second SEC

Figure 4. Model PDMS with Mn \ 105 g/mol, and
PD \ 1.1. References: T ¼ 20 �C, Mn ¼ 9200, Mn ¼
15,200, and Mn ¼ 83,200 g/mol; T ¼ 30 �C, Mn ¼
4900, Mn ¼ 25,600, and Mn ¼ 49,500 g/mol; T ¼
40 �C, Mn ¼ 37,800 g/mol.

Figure 5. Model PDMS synthesized at T ¼ 50 �C,
Mn [ 105 g/mol. References: (n) t ¼ 4 h, Mn ¼
102,700 g/mol (PD ¼ 1.05), (!) t ¼ 4 h plus 5 days
at T ¼ �20 �C, Mn ¼ 105,600 g/mol (PD ¼ 1.02), (l) t
¼ 8 h, Mn ¼ 130,500 g/mol (PD ¼ 1.08), (~) t ¼ 28 h,
Mn ¼ 208,400 g/mol (PD ¼ 1.4).
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chromatogram corresponds to the sample
obtained by the cooling procedure described by
Bellas et al.,14 which shows no appreciable differ-
ences with the sample obtained at 4 h of reaction
without cooling. Although this result does not
agree with the mentioned paper, it proves that
the additional cooling step is not necessary for
this case because Mn value did not improve signif-
icantly. However, this apparent contradiction can
be easily explained by comparing the molar
masses explored in the mentioned paper14 with
the molar masses obtained in this experience.

As we presented at Table 1, when the expected
molar mass is lower than 100,000 g/mol a low con-
version is reached at room temperature (%20 �C)
at the first stages of the polymerization. If reac-
tion time increases, the complete conversion of
the monomer is achieved. Nevertheless, the PD
index is higher than 1.1. It is reasonable to sup-
pose that extending the reaction time and
decreasing the temperature will favor conversion
by minimizing secondary reactions, which are
supposed to occur at long reaction times and rela-
tively high temperatures. This is the main
hypothesis of Bellas et al.,14 and it works well for
model PDMS with molar masses below 100,000 g/
mol. But this seems not to be the case for higher
molar masses. We hypothesized that cooling
affects the mobility of high molar mass living
chains, and this effect promotes the lack of mono-
mer conversion. If this assumption is true, the
results obtained in our experience can be easily
explained. For model PDMS with expected molar
masses higher than 100,000 g/mol, an additional
cooling after 4 h of reaction would not affect
monomer conversion. As one can observe in Fig-
ure 5, the model PDMS obtained without cooling
has a molar mass similar to that obtained follow-
ing the procedure described by Bellas et al.14 This
result clearly shows that the cooling step really
affects the mobility of the living polymer chains,
and conversion is not improved significatively.
Nevertheless, if one avoids the cooling step, after
8 h of reaction the monomer conversion increases
and the PD reached is still lower than 1.1. This
result suggests that a higher temperature favors
the conversion of D3 monomer to obtain high
molar masses model PDMS. In light of the results
obtained in this work, this fact seems to be true
for 8 h of reaction and 50 �C. However, under
these conditions higher reaction times (24 h)
provide a poor control of the polymerization pro-
cess rendering products with PD indexes higher
than 1.1.

In the case of the sample with the higher PD
value (obtained at 50 �C, 28 h and 100% conver-
sion), we decided to analyze the influence of the
shoulders at low and high molar masses on the
whole molar mass distribution. Therefore, we pro-
pose a deconvolution of the original chromato-
gram in three components: the main distribution
at an intermediate molar mass and those repre-
senting the distribution of the shoulders at higher
and lower molar masses, respectively. Figure 6
shows the original chromatogram and the three
distributions proposed. In this figure we can visu-
alize how the appearance of molecules of higher
and lower molar masses affect the desired molar
mass and PD values (the main distribution).

The above-discussed results show that high
molar masses model PDMS homopolymers can be
obtained with high-vacuum anionic polymeriza-
tion techniques using temperatures higher than
room temperature. Although the conversion
reached to obtain this result would be far from
100%, this experimental procedure allows the
synthesis of model PDMS homopolymers with PD
indexes strictly less than 1.1.

CONCLUSIONS

The controlled synthesis of PDMS homopolymers
using sec-Bu–Liþ as initiator, and high-vacuum
anionic polymerization techniques was studied

Figure 6. PDMS synthesized at T ¼ 50�C, Mn ¼
208,400 g/mol (PD ¼ 1.4). Results of the deconvolu-
tion process. References: (^) original chromatogram,
(!) curve fit, (n) lower molar mass peak, with Mn ¼
96,100 g/mol (PD ¼ 1.35), (l) peak with Mn ¼
213,100 g/mol (PD ¼ 1.21), (~) higher molar mass
peak, with Mn ¼ 362,500 g/mol (PD ¼ 1.21).
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using different experimental conditions. It was
observed that PD index and conversion strongly
depend on temperature and reaction times. For
model PDMS with molar masses below 100,000 g/
mol, high conversion ([90%) and PD\ 1.1 can be
achieved at long reaction times (24 h) and temper-
atures in the range of 20 �C–50 �C. The experi-
mental results obtained in this work suggest that
large amounts of monomer or additional reaction
steps are not necessary to obtain model PDMS
with high conversions and good yields in this
range of molar masses. On the other hand, to
obtain model PDMS with molar masses higher
than 100,000 g/mol and PD\ 1.1 it is convenient
to work at temperature close to 50 �C and short
reaction times (8 h). However, under these cir-
cumstances, the reaction must be stopped at con-
versions of about 65–70% to obtain narrow molar
masses distributions.
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J. Eur Polym J 1985, 21, 135–140.

25. Kurjata, J.; Chojnowski, J.; Yeoh, C.-T.; Rossi, N.;
Holder, S. Polymer 2004, 45, 6111–6121.

26. Mazurek, M.; Chojnowski, J. Macromolecules
1978, 11, 347–356.

27. Chojnowski, J.; Kazmierski, K.; Cypryk, M.;
Fortuniak, W. In Silicones and Silicone-Modified
Materials; Clarson, S. J.; Fitzgerald, J. J.; Owen,
M. J.; Smith, S. D., Eds.; American Chemical So-
ciety: Washington DC, 2000; Chapter 3, pp 20–37.

28. Chojnowski, J.; Cypryk, M. In Silicon-Based
Polymers; Jones, R. G.; Ando, W.; Chojnowski,
J., Eds.; Kluwer: Dordrecht, 2000; Chapter 1,
pp 3–42.

4782 NINAGO ET AL.

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



29. Uhrig, D.; Mays, J. J. Polym Sci Part A: Polym
Chem 2005, 43, 6179–6222.

30. Hadjichristidis, N.; Iatrou, H.; Pispas, S.; Pitsika-
lis, M. J. Polym Sci Part A: Polym Chem 2000,
38, 3211–3234.

31. Morton, M.; Fetters, L. Rub Chem Tech 1975, 48,
359–409.

32. Kofron, W.; Baclawski, L. J. Org Chem 1976, 41,
1879–1880.

33. Kurata, M.; Tsunashima, Y. In Polymer Hand-
book, 4th ed.; Brandup, J.; Immergut, E. H.;
Grulke, E. A., Eds.; Wiley: New York, 1999; Sec-
tion VII: Solution Properties, pp 64.
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