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Preface

This volume contains key papers presented at the International Symposium on
Ionic Polymerization, held in Boston, Massachusetts on June 30-July 4, 2003
under the auspices of the International Union of Pure and Applied Chemistry
(IUPAC). This meeting, held at the Tremont Hotel, featured a series of invited
and contributed papers and posters, covering the areas of anionic, cationic, and
related polymerization processes. The papers dealt with these polymerization sys-
tems in the broadest sense, with contributions ranging from new syntheses — to
mechanistic studies — to applications. The meeting brought together most of the
leading experts in this field, from academia and industry, as well as a significant
number of younger scientists and students.

This meeting would not have been possible without the hard work of the chairmen
and principal organizers, Professors Rudolf Faust and Roderick P. Quirk. We
would like to thank them for organizing an exceptional conference in the very
pleasant surroundings of Boston in the middle of summer. They were aided in
this task by the Organizing Committee: Drs. J. Crivello, T. Long, J. Mays, J. Pus-
kas, T. Shaffer, and R. Storey. This meeting could also not have taken place with-
out the generous support of various sponsors: IUPAC; American Chemical Society
— Polymer Division; The University of Akron; University of Massachusetts, Low-
ell; National Science Foundation DMR; American Chemical Society — Petroleum
Research Fund; Asahi Kasei Corp.; BASF; Bayer Corp.; Boston Scientific
Corp.; Bridgestone/Firestone; Chemetall Foote Corp.; Chevron Phillips Chem.
Co.; General Electric; Kaneka Corp.; Korea Kumho Petrochemical Co., Ltd.; Kra-
ton Polymers; Sartomer; Synthomer; John Wiley & Sons, Inc.; Wyatt Technology
Corp. We are indebted to these organizations for their support.

J. W. Mays

R. F. Storey
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A New View of the Anionic Diene Polymerization

Mechanism

A. Z. Niu,' J. Stellbrink,! J. Allgaier,*' L. Willner," D. Richter,I B.W. Koenig,2
M. Gondorf* S. Willbold,® L. J. Fetters,* R. P. May’

' IFF, FZ Jiilich GmbH, 52425 Jiilich, Germany

2 IBI 2, FZ Jillich GmbH, 52425 Jiilich and Institut fiir Physikalische Biologie,
Heinrich-Heine-Univ., 40225 Diisseldorf, Germany

3ZCH, FZ Jiilich GmbH, 52425 Jiilich, Germany

* School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY
14583-5201, USA

S Institute Laue-Langevin, 38042 Grenoble, Cedex 9, France

Summary: We investigated the anionic polymerization of butadiene in d-heptane
solvent using fert-butyl lithium as initiator. Two complementary techniques were
used to follow the polymerization processes: 'H NMR and small angle neutron
scattering (SANS). The time resolved 'H NMR measurements allowed us to evaluate
quantitatively the kinetics of the processes involved. The initiation event commences
slowly and then progressively accelerates. This indicates an autocatalytic mechanism.
The microstructure of the first monomer units attached is to a high extent 1,2. The
disappearance of initiator---at about 10% monomer conversion---signals the onset of
the normal ~6% vinyl content of the chain. Small angle neutron scattering was used
to study the aggregation behavior of the carbon lithium head groups. It is well known
that the polar head groups aggregate and form micellar structures. For dienes in non-
polar solvents the textbook mechanism assumes the formation of only tetramers
during the propagation reaction. By combining '"H NMR and SANS results we were
able to determine quantitatively the aggregation number during all stages of the
polymerization. Our measurements show the existence of large-scale structures
during the initiation period. The initial degree of aggregation of more than 100 living
polymer chains diminished as the polymerization progressed. In addition, even larger,
giant structures with Nyge >>1000 and R ;~ 1000A were found.

Keywords: anionic polymerization; kinetics; neutron scattering; NMR;
polybutadiene

Introduction
Organolithium compounds self-associate in organic solvents. The aggregation state depends on
the solvent and the structure of the compound. It influences significantly the reactivity of

organolithium reagents. In hydrocarbon solvents sec- and tert-butyl lithium form tetramers

© 2004 International Union of Pure and Applied Chemistry DOI: 10.1002/masy.200451101
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whereas n-butyl lithium aggregates as hexamers.!'?! This behavior strongly influences the kinetics
of the initiation reaction. The methods used in the past to follow the initiation kinetics were
mainly UV spectroscopy13 -] and to some extent gas chromatic analysis of the hydrolyzed samples
taken at different times.'”) It was found that the initiation kinetics of the butyl lithium isomers
with styrene and diene monomers are complex. It is first order on monomer concentration and of
fractional order in initiator concentration:
-d[Iy/dt = k{BuLi] "[M] M

Depending on initiator, n was found to vary between 4 and 6 in benzene and was correlated with
the aggregation state of the butyl lithium initiator. It was assumed that there is an equilibrium
between the aggregates and the unassociated molecules, the latter ones being the only species
initiating the polymerization.” Most likely the initiation process is more complex and cross-
associated species formed by the reaction of monomer with butyl lithium aggregates could be
directly involved."®! In analogy to the short chain initiators, the living polymer chains associate
due to aggregation of the carbon lithium active centers was a point of controversy. In earlier
studies, the association state of diene based head-groups were a point of controversy."'?) Dimers
and tetramers were proposed as the association states for completely polymerized systems. The
living polymer systems were investigated by concentrated solution viscosity measurements and
light scattering.['2 Recent publications where small angle neutron scattering (SANS) was used
reveal that the aggregation behavior is more complex. All told, the diene based systems can show
(depending on the conditions) association degrees ranging from 2 to >100.113-16]

In this work we analyze the polymerization of butadiene initiated with tert-butyl lithium in d-
heptane using a combined in situ technique of 'H NMR and SANS. 'H NMR allows the
simultaneous analysis of the initiation and chain propagation processes. Together, with the SANS
results, it was possible to obtain a more detailed picture of the structures involved in the different

processes.

Experimental
Solvent and monomer purification techniques have been described.["*'¢! The polymerization
reactions were carried out at 8°C in sealed '"H NMR tubes and SANS quartz cells (Fig. 1). The

apparatus equipped with Young® stopcocks was flamed under high vacuum conditions and
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transferred into the glove box (MBraun, Unilab®, <0.1 ppm O, and <0.1 ppm H,O). There the
initiator solution was filled into the small reactors with a microliter syringe. The Young®
stopcocks allowed transfer of the reactors from the glove-box to the vacuum line without
contamination with air. Butadiene and d-heptane were distilled from »-butyl lithium solutions
into small flasks equipped with Young® stopcocks. This allowed the weights to be precisely
measured with an analytical balance. Monomer and solvent were then distilled into the reactors
quantitatively and the reactors then flame sealed at liquid nitrogen temperature. This was done for
the SANS cells by first filling the ingredients into the container below the stopcock (see Fig. 1).
After sealing from the vacuum line the contents were warmed to dry ice temperature, poured into
the SANS cell and the cell sealed off at -78°C. This procedure was necessary to prevent the cells
from cracking during the warm up procedure, of the frozen content, from liquid nitrogen
temperature. These procedures allowed precise assay of monomer (10-20 mg) and initiator
quantities in the sub pmol range. The monomer concentration was 0.73 mol/L for the 'H -NMR
samples and 0.69 mol/L for the SANS samples, the initiator concentration was 8.5x10"* mol/L in

all samples.

Figure 1. SANS and NMR glassware for the in situ polymerization reactions.

Polymerization reactions were carried out by warming up the samples from liquid nitrogen
temperature or dry ice temperature to 8°C within 1 to 3 minutes and keeping the temperature at
8°C£0.7°C for at least two weeks monitoring the polymerization reaction by 'H NMR and SANS.
Then the reactors were opened in the glove-box and terminated with degassed methanol. The

solutions were filtered, the solvents evaporated and the polymers dried. The samples were
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characterized via on-line GPC/light scattering in THF at 30°C. For '"H NMR measurements the
reaction mixtures were flame sealed in 4 mm outer diameter 'H NMR tubes (Wilmad, Buena
Vista, USA). For measurements in a 5 mm probe the sealed samples were placed into Wilmad 5
mm outer diameter "H NMR tubes.

Proton NMR spectra were recorded at a Larmor-Frequency of 600.14 MHz on a Bruker DMX600
using a 5 mm TXI probe optimized for proton observation. The free induction decay was
recorded immediately after a non-selective 90°-pulse (7 ps) with a dwell time of 111 ps and 32k
data points in the time domain. Four transients were added for each spectrum using the
CYCLOPS phase cycle to avoid artifacts from quadrature detection. A long pre-scan delay of 300
sec was found to be necessary to ensure complete Ti-relaxation of all signals (strict requirement
for quantitative interpretation of integral peak intensity). An exponential window function was

applied prior to Fourier transformation and integration of the frequency domain signals.

before polymerization

a) CH,=CH-CH=CH, o,

a b
Soly.

Ini.
'

r

65 60 55 5025 20 15 10

@ b cd e after polymerization
b) -CHZ-CH=CH-CH2- —CH,—CH—
b
.y
CH, g
g
A A

6.5 6.0 5.5 50 25 2.0 1.5 1.0
Chemical shift / ppm

Figure 2. NMR traces of before and after polymerization.

Figures 2a and 2b show typical 'H NMR spectra recorded before and after polymerization,
respectively. Signal intensities at different reaction times were compared quantitatively via
comparison with the residual proton signal of the solvent n-heptane signal at 0.88 ppm. The

molarity of the solvent protons does not change during the polymerization in a sealed. sample
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tube. The fraction of reacted zer¢-butyl lithium at time t was calculated from the signal intensities
at 1.07 ppm of the initial spectrum (I; ¢7ppm,t—0) and the spectrum at time t (I; ¢7ppm,;). Conversion
as a function of time, Con.(t), was calculated from the intensities of the monomer signal at ~6.3
ppm (I63ppm,) and the polymer signals at ~2.1 ppm (Iz.1ppms, 1,4 structure) and ~1.5 ppm

(I,_5ppm,t, 1,2 structure) at time t, e.g.:

Con.(t )= [PO)/([M®+P®)]) = (2.1ppm, /41 sppm,) (T, 3ppm, s/ 2+12. 1ppm/ 4+11 sppmo)-  (2)

Here, [P(t)] is the polymer repeat unit concentration at time t and [M(t)] is monomer
concentration at time t. The polymerization degree Dy(t) was calculated from the signal intensities
of the polymer signals at ~2.1 ppm and ~1.5 ppm and the initiator signals at 1.07 ppm as

Dy(t ) = [P())/([Ini( t = 0)]-[Ini(t)]) = (Lz.1ppn/4+T1.5ppm)/(11.07ppm, = 0~ I1 07ppm,)/9)  (3)

Here, [Ini(t)] is the initiator concentration at time t and [Ini( t= 0)] is initial initiator
concentration. Microstructures were calculated from the signal intensities of the polymer signals
at ~2.1 ppm and ~1.5 ppm, In all cases the number of protons correlated with the different signals
was taken into account.

SANS measurements were performed initially on the KWS2 at FZ Jiilich (Germany). These were

followed by a series of measurements on D22 at ILL, Grenoble (France). In general, the scattering

. dz . ; o s o
cross section E observed in a SANS experiment from polymers in dilute solution is given by:

i _sp*  4(-9) @

aQ N, 1 }
+2A,0
[VWP(Q)

Here, polymer concentration is given in terms of ¢ which denotes the polymer volume fraction,

P(Q) is the form factor of the polymer or the polymer aggregates, V,, the corresponding weight
average molecular volume, 4; the second virial coefficient, and N, the Avogadro number. 4p is
the scattering contrast defined by:

fp= [Zb, _ me] ®)

v.: vmon

The ratio Zb; /vs is the scattering length density of the solvent with b, the scattering lengths of the
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atoms forming the solvent molecule and v; the corresponding volume. Zbuon/Vimon i the
corresponding quantity for the repeat unit. To achieve maximum contrast and minimum
incoherent background resulting from protonated material, we investigated h-butadiene in d-
heptane (Ph-butadiene=4-12x10cm™, py.neptane = 6.26x107%cm?, Ap = 5.85x10"'%m™?). Because all
b; are well defined and tabulated properties of the corresponding nucleus solely, SANS data
obtained on an absolute scale can be interpreted quantitatively without any ambiguity. There is no
need to determine a contrast parameter experimentally as a function of M,, (such as the (dn/dc)
used in light scattering experiments).

In general all azimuthally averaged data were corrected for empty cell scattering and then
normalized to absolute scattering cross section using a water standard. Contributions due to
incoherent background and solvent scattering were subtracted from all data sets before analysis.
A useful presentation of the theory and practice of SANS is available from Higgins and
Benoit."! All experiments were performed at 8°C in order to slow the propagation event. This
enables us to obtain time resolved data with good statistics including those at low scattering
vectors encountered in the initiation period. This is not trivial since we are starting at ¢ = 0 with a

monomer solution where scattering intensity is only slightly above that of the solvent.

Combined in situ '"H NMR and SANS Technique

In our study on anionic polymerization, we choose a combination of 'H NMR and small angle
neutron scattering (SANS). Using time resolved 'H NMR we obtain quantitative information
concerning initiator, monomer, and polymer concentration and polymerisation degree of the
single chains as a function of time and conversion ([Ini(t)], [M(t)], [P(t)] and Dp(?)), but also
structural information on a microscopic level, e.g. the 1,2-to-1,4 ratio. Time resolved SANS on
the other hand provides us structural information on a mesoscopic and microscopic length scale,
e.g. Rg(t)[19] of intermediate aggregates, and quantitative information concerning their M,,. This
enables us to cross check kinetics as well as structural data, which makes this combination of
experimental techniques especially appealing.

The crucial parameter in a SANS experiment, which determines the spatial resolution, is the
scattering vector Q, given by 4747 sin(@/2), with 6 the scattering angle and A the neutron

wavelength. O has the dimensions of a reciprocal length and can therefore be regarded as an



7

“inverse yard stick”. For SANS experiments typically performed with different settings, i.e.
different sample-to-detector distances and collimation lengths, a Q-range of nearly 2.5 orders of
magnitude can be achieved, 1x10° < Q < 0.2A™". This corresponds to a spatial resolution 5A < D
=1/Q < 1000 A. Assuming that the growing chains form only star-like aggregates with a mean
functionality N,gg, (Nage = 4 is predicted by the textbook reaction mechanism), we can derive a
quantitative relation for the scattering intensity /(Q,z) observed in a SANS experiment. The

scattering intensity as a function of reaction time # and scattering vector Q is then given by:

1Q.0)= (%) / ( A;;’ J =8,(0) N oy 1)V, (1) Py (O00) ©)

Here Py,(Q,) is the form factor of a Gaussian star polymer as given by Benoit®”), which is the
only Q-dependent variable in Eq. (6) For simplicity we have neglected the concentration
dependence (the second virial coefficient) of /(Q,z). The expected evolution of the scattering
intensity calculated /Q,#) for different conversion between 1% and 100% is illustrated in Fig. 3.
One clearly recognises how well suited the chosen SANS setup with respect to Q-resolution is to

cover the full polymerization event.
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In a previous publication,!'!

we have shown that all time dependent quantities in Eq. (6) can be
reduced to only one parameter, i.e. the number density of reacted monomers N,(#), which can
therefore be calculated from the observed forward scattering /(Q = 0,¢). However, this is only
valid under two conditions: (1). the number of living chains is time independent and equal to the

initiator concentration, i.e. the initiation period has already passed, and (2). all reacted monomers

participate in the same type of aggregates with time independent aggregation number. In this case
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SANS data alone already give direct access to the reaction kinetics. If we want to extend our
studies to the initiation period or if the investigated monomer forms different types of aggregates,
we need additional quantitative information to unambiguously interpret our SANS data. The
needed information can be independently obtained from time resolved '"H NMR experiments,
which gives us directly [Ini(t)], [M(t)], and [P(t)], from which we further can calculate Dy(%) and
M,(t). If we now use these data to analyse our SANS data, we can directly access the aggregation

number as a function of time for all phases of the polymerization.

'H NMR Measurements

Careful optimization of experimental conditions was crucial for quantitative interpretation of the
'H NMR spectra. The design of the NMR sample cell, the filling factor of the sealed NMR tube,
and the length of the relaxation period required between subsequent scans were found to be
critical. "H NMR spectra were recorded during a first preliminary polymerization attempt with a
pre-scan delay of 4 seconds, which turned out to be much too short for complete T relaxation. As
a result of this incorrect delay, the overall intensity of the polymer peaks after completion of the
polymerization was three times higher than the overall intensity of the monomer peaks of the
same sample at the beginning of the reaction. The T, relaxation times of the monomer peaks were
determined to be (40 £ 5) sec at 8 °C. Spin-lattice relaxation times are significantly shorter for the
polymer peaks and decreased with the length of the polymer chain as expected for rapidly
tumbling molecules in solution. The most likely explanation for the rather long T values of the
solute is solvent deuteration. Nuclear dipole-dipole interaction is a very important relaxation
mechanism for protons and the interaction with other nearby protons is particularly efficient due
to the extraordinary high gyromagnetic ratio, y, of protons. Replacing solvent protons with low y
deuterons will increase T, of the solute. Paramagnetic impurities, e.g. molecular oxygen, provide
another efficient source of T, relaxation. However, during the experiments reported here trace
amounts of oxygen were carefully removed from the samples to avoid unwanted side reactions.
For the quantitative NMR experiments reported in this manuscript a pre-scan delay of 300 sec
was used. Further increase of the delay to 1,000 sec did not change the integral intensity of any

relevant peak in the spectrum by more than 1%.



