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Abstract : An apparatus for anionic polymerization under inert atmosphere was constructed and tested
by polymerization of styrene. Polymerization of styrene was initiated with sec-butyllithium in cyclohexane
solvent at 45 “C. During the polymerization, seven aliquots of the reaction mixture were taken out by use
of double tipped needle and terminated with 2-propancl at various reaction times. Analyzing the time
varying molecular weights of the polystyrenes, it was found that the polymerization rate is first order to
the monomer concentration. The rate constant of the polymerization is 0.024/M*/s assuming one half
order dependence on the concentration of the anionic active center.

Introduction

The “living” anionic polymerization has been
used for long to make many useful polymers, in
particular the polymers of very narrow molecular
weight distribution."” The living anionic polymer-
ization technique requires the reaction to proceed
under the condition in which no side reaction of
the propagating polymeric anions is present. Tra-
ditionally, high vacuum techniques have been
used to minimize the side reactions causing unin-
tentional chain termination. The high vacuum
technique is still known to be the best way to
maintain the “purity” of the system. However, it
has disadvantages including the requirement of
extensive glassblowing and the difficulty to mea-
sure the accurate amount of reactants to produce
a targeted molecular weight and/or composition.
In this regards, the inert atmosphere technique is
more attractive due to its simplicity and flexibility.
We recently constructed an apparatus modeled
after the system of Ndoni et al., which employs
positive pressure of inert gas and gas-tight fittings
to minimize the possibility of the contamination of
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the system while avoiding glass blowing and
break seal technique.’ In this note, we would like
to report the measurement of the anionic poly-
merization rate constant of polystyrene, which
demonstrates the simple and flexible feature of the
apparatus.

Apparatus

The anionic polymerization apparatus shown in
Figure 1 consists of 3 parts: a dual argon/vacuum
manifold, a solvent purification/distillation still and
a reactor. The argon/vacuum dual manifold uses
J-Young teflon o-ring taps to ensure gas tight
seal. The connections to the other equipments
including the solvent still and the reactor are made
using flexible stainless steel vacuum tubing (Cajon).
The glass-glass and glass-steel connections are
made using compression fitting unions (Cajon,
Ulira Torr fittings}. A rotary vacuum pump (Preci-
sion, 90 1/min) is used to supply vacuum at less
than 1 x 107 torr when a liquid N; trap is used.
The pressure is monitored with a Pyrani gauge
(Cole Parmer) mounted to the manifold. High
purity argon gas is supplied from a gas cylinder
via a gas flow meter (Cole Parmer) which allows
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Figure 1. Schematic diagram of the anionic polymeriza-
tion apparatus.

the flow rate to be adjusted between 0 and 1,380
mL/min. Prior entering the manifold, argon is pu-
rified by passing through an activated Cu (Fisher,
Ridox} column. The argon pressure in the manifold
is monitored by a pressure gauge (Matheson,
—100~105 kPa) and a pressure release valve (Nupro)
is attached to prevent the argon pressure in the
manifold from exceeding 30 kPa over atmosphe-
ric pressture.

The polymerization reactor is an 1 L round bot-
tom flask with five ports of threaded glass connec-
tor {Ace glass), each fitted with Viton o-ring com-
pression fitting for gas-tight seals. The ports are
used for various purpose such as solvent transfer
(either transferred from a flask containing purified
solvent or distilled directly from the solvent still),
monomer addition from monomer burette(s),
septum inlet for initiator injection as well as the
transfer of reaction mixture using a double tipped
needle, temperature probing, and argon/vacuum
and pressure gauge access. Argon/vacuum is sup-
plied from the manifold via a flexible stainless tub-
ing and a pressure gauge {Matheson) is connected
to the reactor to monitor the pressure during the
polymerization. Solvent still is a 5 L round bottom
flask with 3 ports, each fitted with a threaded
glass connector (Ace glass). The 3 ports are used
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for solvent transfer, condenser connection, and
septum inlet, respectively. The condenser is de-
signed to deliver the distilled solvent directly to
the reactor under argon atrmosphere.

Purification of Solvent and Monomer.
Cyclohexane was stirred over concentrated sulfu-
ric acid for one week to remove unsaturated
impurities before it was transferred to the 5 L dis-
tillation flask. 1t was refluxed under argon for 1
hour to remove dissolved gases and then 5 mL
each of n-butyllithium and styrene were injected
through a rubber septum to remove additional
impurities. The mixture was then refluxed for 2-3
hours to ensure complete conversion of the sty-
rene to pelystyryl anion. The persistence of a
deep orange color due to the polystyryl anion
indicated the purity sufficient for anionic polymer-
ization.

The styrene monomer (Aldrich) was first treated
with Call; for a few days to remove dissolved
water. [t was further purified by stirring with dibu-
tylmagnesium {Aldrich) for 2 hours at room tem-
perature. The purified styrene monomer was
transferred by vacuum distillation into a monomer
burette with teflon o-ring tab {J. Young) attached.
Amount of the styrene monomer can be accu-
rately measured by weighing and adjusted by
evaporation if necessary. Although it is desirable
to use the purified monomer soon after the purifi-
cation process, the monomer sealed in a burette
can be stored overnight in ice bath.

Anionic Polymerization. The polymeriza-
tion reactor was first assembled by attaching the
argon/vacuum line, a temperature probe well, a
pressure gauge, and the septum through the
ports. The assembled reactor was put into a heat-
ing mantle and baked at 140°C under vacuum
for a few hours before it was immersed in a ther-
mostated water bath to maintain the reaction
temperature at 45 °C. Then monomer burette was
mounted to the reactor while argon was flowing
in order to minimize the contamination of the
reactor by air. After mounting the monomer
burette, 3-4 argon purging/evacuation cycles were
completed to remove any air entered while
attaching the burette. Then purified eyclohexane
was distilled into the reactor from the solvent still
under argon atmosphere. After an appropriate
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amount of solvent was transferred, the reactor
was isolated from the solvent still and pressurized
to 20 kPa with argon. The appropriate amount of
sec-butyllithium initiator was added using a gas-
tight syringe (Hamilton) through the rubber sep-
tum mounted in a port, Then the o-ring tap of the
monomer burette was opened to add styrene to
the initiator solution while the solution was
stirred.

While the polymerization proceeded, aliquots of
teaction mixture were transferred to argon filled
Exlenmeyer flasks through a double tipped needle
and terminated by injecting a small amount of
degassed 2-propanol. Elapsed time till the termi-
nation from the introduction of styrene to the
reactor was recorded. Polystyrenes were precipi-
tated from each aliquot in 1/3 mixture of isopro-
panol/methanol and their molecular weights were
determined by size exclusion chromatography
using THF as the eluent.

Polymerization Rate Constant of Styrene.
In Figure 2, the SEC chromatograms of the PS
obtained at various polymerization reaction time
are displayed. For the SEC analysis, 2 mixed bed
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Figure 2. SEC chromatograms of 7 polystyrenes made
from a single baich anionic polymerization but taken cut
at different polymerization time; From the top 238s, 888s,
1626s, 2296s, 3098s, 4220s, and 14435s.
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Table I . Molecular Weight and Molecular Weight

Distribution of Polystyrene ,
Polymerization Time (sec) M.y MM,

238 43k 1.08

888 213k 1.04

1,626 350k 1.05

2,296 429k 1.05

3,098 504 k 1.05

4,220 56.0k 1.05

14,345 620k 1.05

columns (PL-mixed C) were used and the chro-
matograms were recorded by a refractive index
detector (Shodex RI-71). Retention volume of the
PS clearly decreases as longer polymerization
time was allowed, which indicates a progressive
increase of the molecular weight. Their average
molecular weight and the molecular weight distri-
butions were determined by calibration method
using PS standards and the results are listed in
Table . The distributions of 7 PS’s are as good as
commercially available secondary standards,
which demonstrates that the operation of the inert
gas apparatus is satisfactory in this regard.

The propagation rate of the anionic polymeriza-
tion, R, is known to follow

Rp= 7%_]: kobs[[]:; [M]

where [M] is the concentration of styrene
monomer in the reactoy, [I], is the concentration
of the initiator, and k.. is the apparent propaga-
tion rate constant. In the anionic polymerization
in nonpolar media, i.e., hydrocarbon, the propa-
gation rate dependence is generally first order, but
its dependence on active centers varies from first
order to fractional order™ In the case of styrene,
one-half order dependency is generally observed
when the initiator concentration is larger than 10°
M.*” Then

[M]= [M] exp(—k [T, %) or

M]_ 172

1n[M]0 obs”]c t
where [M], is the initial concentration of the
monomer. Since we can calculate the [M] when
an aliqguot was taken out from the molecular

weight of the PS obtained, we can determine the
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Figure 3. Plot of remaining concentration of monomers
vs. polymerization time. The straight line confirms the
polymerization reaction is the first order of the monomer
concentration. The rate constant can be determined from
the slope of the straight line. Refer to the text for the
details.

apparent rate constant from the plot of IWM|/[M],
vs. t as shown in Figure 3. A good linear relation-
ship is obtained and the k.. is determined as
0.024/M"%/s from the slope assuming one half
order dependence on the active center and {I], =
4.9 x 10™* M. This value is compared with the val-
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ues in the literature, 0.0083/M/s in cyclohexane at
30 °C,” which is in reasonable agreement consid-
ering the temperature difference between two
experiments. With these results, performance of
the system appears satisfactory and the utility of
the apparatus is well demonstrated.
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