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Living polymerization of  a-methylstyrene in tetrahydrofuran followed
by dynamic light scattering near its polymerization temperature
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We followed the polymerization reaction of living poly-methylstyrene in a solution of
tetrahydrofuran as a function of temperature, near its ceiling temperature, using dynamic light
scattering. We obtained three different relaxation times revealing three kinds of macromolecular
species in the solution. One of the relaxation times corresponded to the formation of living polymer
chains. In this particular case, we found that the average relaxation time increased as temperature
was lowered due to polymer growth. Nevertheless, it did not follow the same track along a cooling—
heating cycle. These results are consistent with an incomplete depolymerization reaction. For the
other two species, we propose that they were the result of ionic aggregatioh99® American
Institute of Physicg.S0021-960809)52722-(

In general, there is a temperature below which vinylof the work has been devoted to the study of “dead” poly-
monomers can be polymerized, if the appropriate method ofers; polymers where the ends are not active and therefore
polymerization is used for a given monontérin most of  can not longer grow or depolymerize. Fettetsal 167 stud-
the polymerization reactions, a negative free energy ised living polystyrene in benzene using sec-butyllithium as
reached when the system is cooled to the so called “ceilingnitiator, at room temperature. They report the formation of
temperature.” There is no polymer formation above the ceilpolymeric dimers and of polymerlike micelles. In their ex-
ing temperaturé® For polymers initiated by an ionic periments, the equilibrium was shifted towards polymer for-
mechanism, equilibrium between monomer and their polymation as a consequence of the high ceiling temperature of
meric chains can be reached at the ceiling temperature, in thgtyrene of about 250 °C; all monomers were incorporated
absence of polymer deactivating contaminanfhese are into the polymer chains and depolymerization was unlikely.
known as “living polymers,” due to their capability of being As far as we know, no dynamic light scatteri(igLS)
polymerized by lowering their temperature or by addingstudies have been reported following the polymerization and
more monomer, and their capacity for being depolymerizedhe depolymerization reactions of a living polymer in solu-
when temperature is raised agéin. tion as a function of temperature, near its ceiling tempera-

Ceiling temperatures for most living polymerization re- ture. Here, we present an experiment which follows the po-
actions are often well above 373 K. Thus, the equnibrium|ymerizati0n of a solution of ||\/|ng p0|y}_methy|styrendp_
position of the propagation-depropagation reaction is by fap-MsS) in tetrahydrofuranTHF), using DLS near its ceiling

shifted towards the polymer formation at room temperaturetemperature, and using sodium-naphthalide complex as the
i.e., a complete incorporation of monomers into the polymetnitiator.3”

chains®® However, there are some monomers for which the a-MS (99%) and THF (99.9% anhydrouswere further
ceiling temperatures are relatively low. An example ispyrified in a high-vacuum line, using standard purification
a-methylstyrenga-MS), which has a ceiling temperature of and handling techniqué€® Sodium(99.95% and naphtha-
about 334 K2.'5 If a solvent is added, the Ce”ing temperature |ene(>990/0) were used as purchased_ The initiator, sodium-
can be lowered even mofé:” «-MS has been studied near naphthalide complex, was formed by reacting sodium with
the polymerization line in solution, with tetrahydrofuran and naphthalene in tetrahydrofuran, and was used fresh at a con-
methylcyclohexané:3In the case of the tetrahydrofuran so- centration of 6.5% 10~2 mol//. The monomer and the ini-
lution, small-angle neutron scatterifANS) measurements tiator solution were filtered using separately gas-tight sy-
have been reportéd. These results were discussed within ringes with a 0.2um Millipore filter attached. The sample
the framework of the mean field theory and of theector )55 prepared in 12 mm NMR tubes by adding a known
theory of magnetism, considering the onset of the polymergmount ofa-MS monomer to a known amount of initiator
ization reaction as a second order phase transition. solution. The cell was closed with a septum. A low vacuum
_ Light scattering techniques have tigen extensively apgas quickly made throughout the septum to help to seal off
plied to the study of polymer solutiori™® However, most  {he cell permanently. The sample was sealed off without any
previous freezing below its ceiling temperature and with a
dAuthor to whom correspondence should be addressed. negligible loss of sample. To prevent contamination, all the
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20 'a ‘ R v sz Fig. 1(a), the upper cur.ve was obtaingd at.atemperature little
& T2825 aboveT,.. Here, two different relaxation times are observed
1.8 sy (7~10 ms andr~100 m3 corresponding to two large spe-
. cies. The other four curves were obtained little above and

belowT,. As the temperature was lowered, the growing of a
new molecular species was clear at lower relaxation times
(7~0.2 m9. As this new species grew, the largest species at
7100 ms appeared to be destroyed. The temperature at
e which the new species appeared agrees with the expected
2821 polymerization temperature for this sample concentration
16 12847 and therefore suggests that the growing species are the living
chains of Polya-MS, which grow at the expense of the larg-
est species. AbovE., we observed that the index of refrac-
tion of the monomer solution was quite dependent on light
intensity (starting around 12—15 mYVsimilar to the case of
nematic liquid crystals. This observation is consistent with
the formation of a long-linear association of initiated dimers,
like long threadgthe largest aggregates at100 mg, act-
FIG. l._Intensity corr_el_ation functionsg, of_the scattered light against the ing as a source for the growth of a living polymer. &,
delay time for the living polya-MS, at different temperatures along a ; .. . . .
cooling—heating cycle(a On cooling; (b) on heating. this association breaks down, releasing the associated dimers
to start the polymerization.

Fetterset all® have reported dimeric and micellarlike

sample preparation and low vacuum operations were pe@ssociation of living polystyrene in benzene initiated by
formed inside an inert argon atmosphere self-cleaning glovdithium alkyls, with chains having only one living end. More
box. All materials used inside the glovebox were washedecently, Stellbrinket al*” have used SANS to elucidate the
with the initiator solution, to destroy any remaining impuri- structure of aggregates of styryllithium in the early stages
ties that could deactivate the polymer, and then washed witAuring anionic polymerization in benzene. They found the
clean THF. This procedure gives about 5% of deactivation ifPresence of dimer and trimer aggregates. In addition they
one of the ends of the total chaiffsThe monomer molar &lso found the formation of large fractal-like aggregates with
fraction wasX,,=0.174. We estimated the ceiling tempera- Sizes above 1000 A. These results were unexpected, since the
ture to be close to 282 K using the ceiling temperature linedimer had been assumed to be the maximum allowable ag-
given by Greef. Our sample had an initiator to monomer gregate, because of living styryllithum has only one living
molar ratio of 3.4% 10 2. It is important to note that our end.
DLS experiments were performed with a sample not previ-  In the case of living Poly:-MS, since the dissociation
ously polymerized. constant for contact-ion pairs into free ions is very smal,
Light scattering experiments were performed in a conihe chains have two living ends with ion-pairs in contact.
ventional setup for homodyne detection. Laser light was proThus, a long associated chain aggregate could be possible
duced by a He—Ne laser. A 25 cm focusing lens was used tihrough dipole interaction, since THF is only a moderately
focus a 14 mW beam in the center of the cell at 30° from thepolar solvent(e=7.39 at 298 K.2 On heating, Fig. (), we
detection direction=7.35x10 * A~1). The cell was im- observed the depolymerization of the living polymer chains,
mersed in a temperature controlled circular water bath. Tenthough some of them still remained abolg. We also ob-
perature was kept constant within 0.1 K. The coherence aregerved that the largest associated speiesl00 m3 reap-
was optimized for dynamic light scattering. Scattered lightpeared to some extent. The species at intermediate relaxation
was detected with a photomultiplier and electrical signalgimes (7~10 m9 are quite stable and could be similar to
were preamplified and shaped with a preamplifier/those reported by Fettees al,*® corresponding to polymeric
discriminator. Counts per second and correlation functionsgnicellar structures, whose size does not change largely on
were obtained by a multiple-tau correlatALV 5000). cooling and on heating. They presented some growth as we
Light-scattering measurements were obtained after at leasbol down the sampleGelaxation timesr~12 ms at 285.59
180 min of thermal stabilization of the sample to assure thaK and 7~28 ms at 279 K To prevent sample degradation
it had relaxed! Our exposure times were not large, to pre-through light exposuré& we did not study the dependence of
vent degradation of the samples. Typical measurement timake relaxation modes with respect the scattering angle. How-
were 5—7 min. In similar samples, we were unable to detectver, it has been reported that with living polystyryllithium
polymer degradation within these exposure times. the relaxation modes are diffusiv@,.e., they depend lin-
We followed the polymerization reaction as a function of early on the square of the scattering vector.
temperature. Figure 1 shows the intensity correlation func- In Fig. 2, we present average relaxation times obtained
tions of the scattered light. The correlation functions werewith the Williams—Watts procedure for stretched
obtained at different temperatures along a cooling-heatingxponentials® along a cooling-heating cycle for the as-
cycle of the sample. In Fig. 1, three different relaxation timessumed living polymer chainér~0.2 m3g. As expected, we
are seen revealing three kinds of macromolecular species. found that the average relaxation time increased as tempera-
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T explained by an ionic aggregation between the living ends.
| Our results are consistent with those reported for living poly-
styrene in benzen&!’ in the sense that ionic living poly-
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merization reactions are more complex than previously
thought.
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FIG. 2. Average relaxation times for the assumed living chains vs tempera:
ture, along a cooling—heating cyclg.ines are guides to the eye
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