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We present a combined1H-NMR and small angle neutron scatteringin situ study of the anionic
polymerization of butadiene usingt-butyllithium as the initiator. Both initiation and propagation
phases were explored. This combined approach allows the structural and kinetic characteristics to be
accessed and cross compared. The use of the D22 instrumentsILL Grenobled permits the attainment
of Q<2310−3 Å. This, in turn, led to the identification of coexisting large-scale and smaller
aggregates during all stages of the polymerization. The smaller aggregates contain most of the
reacted monomers. Their structure changes from high functionality wormlike chains at early stages
of the reaction to starlike aggregates where the crossover occurs at a degree of polymerization of
<40. The initiation event involved these small, high functionalitys<120d aggregates that
apparently consisted of cross-associatedt-butyllithium with the newly formed allylic-lithium head
groups. As the initiation event progressed the initiation rate increased while the functionality of
these small aggregates decreased and their size increased. Propagation, in the absence of initiation,
was found to have a rate constant that was molecular weight dependent. At,11 kg/mol the
measured polymerization rate was found to increase while no further structural changes were
seen. ©2005 American Institute of Physics. fDOI: 10.1063/1.1866092g

I. INTRODUCTION

A. Head-group aggregation

Organolithium compounds are the most common initia-
tors in commercial anionic polymerizations. Aggregation
phenomena are of substantial relevance for this important
polymerization family. The aggregation of these species,
when converted to the head groups derived from dienes or
styrenesthe initiation stepd and the subsequent propagation
event, would be expected to influence kinetic behavior and
rates. These compounds spontaneously self-assemble in hy-
drocarbon and ethereal solvents. This naturally occurs as a
consequence of the lipophobic identity of the semi-ionic
head groups and their lipophilic tails. These species can
hence qualify as surfactants. In hydrocarbons ethyllithium,
propyllithium, and the butyllithium isomers yield association
states1 of 4 or 6. The aggregation behavior of 2-methyl-
butyllithium, while showing us an aggregation state of 6 for
concentrations.0.4M in pentane at 18 °C, also demon-
strated the influence of temperature and concentration upon
the association state. Average association states of,2.6–7.6
were observed.2 Hydrocarbon insoluble species such as the

benzyllithium and allyllithium structures assume stacked ar-
rays in the solid state3 when a Lewis base is present.

The anionic polymerization kinetics and mechanism are
complicated by the aforementioned association phenomena.
Here we give a short summary of the commonly accepted
mechanism.1,4–8 The mechanism for living anionic polymer-
ization consists of two primary reaction steps:
s1d initiation,

BuLi + M→
ki

Bu − MLi; s1d

s2d propagation,

Bu − sMdn−1 − MLi + M→
kp

Bu − sMdn − MLi. s2d

Here BuLi denotes the initiating organolithium compound,
M is the monomer unit,n is the number of monomers incor-
porated in the living chain,n+1=Dp is the degree of poly-
merization, andki andkp the rate constants for the initiation
and propagation steps, respectively. Under controlled poly-
merization conditions these systems are free of spontaneous
termination events.

Initiation and propagation both have their own preequi-
librium with respect to association, withnagg the aggregation
number of the corresponding aggregating species withKi,D
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=fKi,Ag−1 and Kp,D=fKp,Ag−1 the equilibrium constants for
dissociation and aggregation for the initiator and the growing
chain:

fsBuLidnagg(ini)
↔
Ki,D

nagg(ini) BuLig, s3d

fsBu − sMdn − MLi dnagg(prop)
↔
Kp,D

nagg(prop)Bu − sMdn − MLi g.

s4d

The following assumptions are then in place:sid The
equilibrium events are shifted mainly towards the aggregated
species, i.e.,Ki,D!1 andKp,D!1, andsii d The only reactive
species is the nonaggregated one.

The commonly accepted textbook rate equations for ini-
tiation and propagation read as follows:

dfIg
dt

= − kifMgfIg1/nagg(ini), s5d

dfMg
dt

= − kpfMgfIg1/naggspropd. s6d

Here the square brackets denote the concentration of the cor-
responding components, that is, the reaction order with re-
spect to initiator concentration directly reflects the aggrega-
tion state of the corresponding organolithium compound.
This scenario is simplified in that it ignores the role of cross-
aggregated structures formed from the initiator and the
newly formed styryllithium or dienyllithium head groups
during the period where initiation and propagation are occur-
ring simultaneously.

These respective notions were motivated by the 1960
paper9 regarding the reaction ofn-butyllithium with styrene
in benzene. This system was found to exhibits30 °Cd ,1/6
order for initiation and,1/2 order for the propagation
event. Subsequently, kinetic orders of 0.62–0.91 for the
propagation event of styrenic monomers have been reported
in benzene and toluene10–14 while an order of,1/2 was
found for styrene/cyclohexane15,16 at 40 °C.

The mechanism was extended to dienes via the propaga-
tion kinetic work of Worsfold, Bywater, and Johnson.15–18

Their reported kinetic orders were 1/4 for isoprene15,17,18and
,1/6 for butadiene.16 In 1972 the butadiene value was
altered19 to 1/4. These cyclohexane16,17 and benzene18 based
diene kinetic data sets were subsequently shown20 to share
the common experimental propagation reaction order of
0.194s±0.017d.

The postpolymerization aggregation states of these liv-
ing polymers have been investigated by concentrated solu-
tion viscosity,21–25 bulk viscosity,26 static light
scattering,19,25,27 intrinsic viscosity.27 dynamic light
scattering,28 and small angle neutron scattering29–32 sSANSd
measurements. Viscosity measurements are limited in the
amount of direct structural information obtainable for the
case where nonlinear aggregates are present. Conventional
static multiangle and low angle laser light scattering for iso-
prenyl lithium and butadienyl lithium head groups led to
apparent association states of two and four.19,25,27The con-
centrated solution viscosity method revealed21–25 a common

aggregation statesnaggd of 2. This was in conflict with the
mechanistic requirement that the sole state of association for
the dienyllithium species is the tetramer.4,5,7,8 In addition,
rheological and7Li-NMR experiments33 on the lifetime of
the aggregates show that the vicosimetric method accurately
reflects the limiting aggregate state of 2 for high molecular
weight chains.

SANSsRefs. 28–32d and dynamic light scattering28 have
revealed the presence of large-scale objects,Rg<103 Å,34

for low molecular weight polysbutadienyldlithium. Bywater35

challenged the existence of these large-scale structures.
SANS data demonstrated29 that the styryllithium aggregates
in benzene are a mixture of large-scale objects, starlike struc-
tures, and dimers.

For a detailed understanding of any chemical reaction
two types of information are prerequisite. First the reaction
kinetics that are obtained from the time dependence of all
reactant concentrations results in the underlying rate equa-
tion. Second the reaction mechanism, which is obtained from
structural information of reactants, products, and in particu-
lar sif possibled, intermediate species. Only the combination
of all will enable us to fully understand and control a chemi-
cal reaction. A comprehensive simultaneous experimental in-
vestigation that covers both kinetic and structural aspects of
anionic polymerization has not yet, until now, been per-
formed. On the other hand theoretical work concerning the
influence of chain length on the association phenomena is
found in the literature.36 This work utilizes the joint tech-
niques of simultaneousin situ SANS and1H-NMR measure-
ments. The former yields structural information about the
aggregates as a function of time while1H-NMR provides
insight into the concurrent initiation and propagation events
via the simultaneous measure of initiator and monomer con-
centrations. The polymerization of butadiene inn-heptane
initiated by t-butyllithium was examined.

II. EXPERIMENT

A. General procedures

The monomer, solvent, and initiator purifications were
carried out on a high vacuum line. The general techniques
have been described elsewhere.37 Butadiene sFluka,
.99.5%d and deuterated n-heptane sChemotrade,
99 atom%dd were degassed, stirred over CaH2 sRef. 38d for
two weeks and then distilled into flasks with fresh sodium
mirrors. The deuteratedn-heptane was then stirred for three
days over the sodium mirror at room temperature while buta-
diene was stirred for,6 h at −40 °C. The final drying step
was carried out with solvent freen-butyllithium. Butadiene
was stirred for 20 min at −10 °C andn-heptane overnight at
room temperature. The drying procedures with CaH2 and so-
dium were used to minimize the content of protic impurities
in the reagents. Direct contact of the unpurified monomer
and solvent with butyllithium or dibutylmagnesium would
generate butane. The1H-NMR signals of the butanes are
expected in the same area where signals of initiator/initiating
unit appear and would make the analysis of the initiating
process more difficult.t-Butyllithium sAldrich, 1.7M solu-
tion in pentaned was sublimed under high vacuum conditions
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after having removed the solvent. It was then redissolved in
n-hexane that was previously dried overn-butyllithium. Hy-
drolyzing an aliquot with distilled water and titrating the
LiOH formed with standard hydrochloric acid determined
the t-butyllithium concentration. From another aliquot the
hexane was removed and replaced byd-heptane. As this pro-
cedure was carried out using flasks equipped with Young®

stopcocks, the weights of hexane andn-heptane could be
precisely measured using an analytical balance. Thus the
t-butyllithium concentration inn-heptane could be calculated
with good precision.

The polymerization reactions were carried out directly in
sealed1H-NMR tubes and SANS quartz cells. The tubes and
cells were equipped with Young® stopcocks and were flamed
under high vacuum conditions. They were then transferred
into the glove boxsMBraun, Unilab®, ,0.1 ppm O2 and
,1 ppm H2Od and the initiator/n-heptane solution was trans-
ferred to the reactors via a microliter syringe. The polymer-
ization reactors were transferred back to the vacuum line,
cooled, and the argon was removed. Butadiene and addi-
tional n-heptane were distilled fromn-butyllithium solutions
into small flasks equipped with Young® stopcocks. Again,
this allowed the weights of the ingredients to be precisely
measured. Monomer and solvent were then distilled quanti-
tatively from the small flasks into the tubes and cells. The
NMR cells were sealed off at liquid nitrogen temperature and
the SANS cells were sealed off at −78 °C. The higher tem-
perature in case of the SANS cells was necessary to prevent
the glass from cracking during the warm up procedure. The
samples were stored at −78 °C until the measurements com-
menced.

Polymerization reactions were carried out in the NMR
instrument and the neutron beam at 8 °Cs±0.7 °Cd continu-
ously monitoring the reaction. This temperature was chosen
to diminish reactivity to an extent that the overall reaction
time was at least several days. By means of this measure it
was possible to follow in detail the initiation and propagation
events.

The start of the scattering measurements was synchro-
nized with the commencement of the polymerization event.
We initially collected data in 5 min slices and found that
under these experimental conditions the polymerization is
quite slow. Therefore we relaxed our temporal resolution and
averaged at each case 4 of these 5 min runs to improve sta-
tistics and to align our SANS experiments with thein situ
1H-NMR. Furthermore we used the data collected during the
first 20 min of the polymerization to correct all further data
with this “background run.” That is, the scattering intensities
shown in the following sections unambiguously result from

the polymerization event with no contribution from back-
ground scattering.

When the polymerization was finished the cells were
opened in the glove box and terminated with degassed
methanol. The solvents were evaporated and the polymers
dried. The samples were characterized via size exclusion
chromatographysSECd coupled with on-line light scattering
detection. The SEC solvent was tetrahydrofuranesTHFd at
30 °C. The characterization results of the terminated poly-
mers are shown in Table I. Besides the reaction temperature
the design of the SANS cells and the NMR tubes is impor-
tant. In the initial experiments it was found that if conven-
tional NMR tubes were used 20% of the butadiene was lo-
cated in the head room which accounted for 75% of the tube
volume. In order to have similar conditions in the NMR tube
and the SANS cell and to exclude influences of gas diffusion
processes on reaction kinetics the tubes and cells were rede-
signed. They contained a capillary on top which allowed
their near quantitative filling followed by the sealing proce-
dure without warming the reagents. The details are given
elsewhere.31,32

B. 1H-NMR experiments

Proton NMR spectra were recorded at a Larmor fre-
quency of 600.14 MHz on a Bruker DMX600 using a 5 mm
high resolution triple resonance probe optimized for proton
observation. The free induction decay was recorded immedi-
ately after a nonselective 90° pulses7 msd with a dwell time
of 111 ms and 32k data points in the time domain. Four
transients were added for each spectrum using the CY-
CLOPS phase cycle to avoid artifacts from quadrature detec-
tion. A long prescan delay of 300 s was found to be neces-
sary to ensure completeT1 relaxation of all signalssa strict
requirement for quantitative interpretation of integral peak
intensityd. An exponential window function was applied
prior to Fourier transformation and integration of the fre-
quency domain signals.

Careful optimization of experimental conditions was
crucial for the quantitative interpretation of the1H-NMR
spectra. The design of the 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.
The T1 relaxation times of the monomer peaks were deter-
mined to bes40±5d s 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 longT1 values of the solute is solvent deutera-

TABLE I. Characteristics of the polymerization reaction and the obtained polybutadienes from thein situ measurements.

fMg0

smol/Ld
ft-BuLig0

smol/Ld

Mnskg/mold Mwskg/mold Mw/Mn Rgsnmd A2 scm3 mol/g2d

Calculateda NMRb SEC SANS SEC SEC SANS SANS

SANS sample 0.80 1.37310−3 31.5 – 32.8 35.6 35.4 1.08 9.0 2.88310−3

NMR sample 0.81 1.34310−3 32.6 32.6 32.0 – 34.6 1.07 8.8 –

aMn=54fMg0/ ft-BuLig0.
bFinal measurement.
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tion. Nuclear dipole-dipole interaction is a very important
relaxation mechanism for protons. The interaction with other
nearby protons is particularly efficient due to the extraordi-
nary high gyromagnetic ratiog of protons. Replacing solvent
protons with lowg deuterons will increaseT1 of the solute.
Paramagnetic impurities, e.g., molecular oxygen, provide an-
other efficient source ofT1 relaxation. However, trace
amounts of oxygen were removed during the purification and
degassing procedures. For the quantitative1H-NMR experi-
ments a prescan delay of 300 s was used. Further increasing
the delay to 1000 s did not change the integral intensity of
any relevant peaks in the spectrum by more than 1%.

The deuteration degree ofn-heptane was determined in
separate experiments by measuring mixtures of known
amounts ofn-heptane and 1,1,2,2-tetrabromoethane. From
the intensity ratio of the tetrabromoethane signal at 6.1 ppm
and the heptane signals the deuteration degree could be cal-
culateds99.0%d. Knowing the weights of initiator, monomer,
and solvent in the polymerization tube, it was possible to
calculate initial monomer and initiator concentrations for the
polymerization experiment.

Furthermore the possible effect of initiator impurities
was studied by1H-NMR in deuterated benzene as the sol-
vent. The benzenesAldrich, 99.6 atom%dd was purified in
the same manner as described for the heptane. Lithium
t-butoxide sAldrich, 1M solution in hexaned and isobutane
sFlukad are potential impurities resulting fromt-butyllithium.
Both could influence the1H-NMR analysis. Samples of
t-butyllithium, lithium t-butoxide, isobutane, and a mixed
sample oft-butyllithium and lithiumt-butoxide ind-benzene
were prepared as described for the polymerization sample.

Lithium-alkoxide cannot be readily separated from the
t-butyllithium via vacuum sublimation. This impurity could
be formed during sample preparationsor earlierd via reaction
with oxygen. As alkoxidessand possibly hydroxidesd influ-
ence polymerization rates and form cross aggregates with the
butyllithium isomers4,39–43 the purity of the t-butyllithium
used in the experiment was investigated in separate
1H-NMR experiments. Ifn-heptane is used as solvent, the
butoxide and the isobutane signals are partially hidden by the
solvent signals. For this reason the purity check was carried
out in benzene. Three samples containingt-butyllithium,
lithium t-butoxide, and isobutane were prepared at a concen-
tration level comparable to thet-butyllithium concentration
in the polymerization experiment. In benzenet-butyllithium
gives a signal at 0.97 ppm whereas the signal for the
t-butoxide appears at 1.27 ppm and the signals for isobutane
appear at 0.87 ppmsdoublet, 9 protonsd and 1.63 ppmsmul-
tiplet, 1 protond. In the sample containingt-butyllithium the
butoxide and isobutane were not detected. As butyllithium
and lithium butoxide form cross aggregates39–43it is possible
that the chemical shifts of the pure substances change if both
substances are present. For this reason a mixed
t-butyllithium/lithium t-butoxide sample was prepared in a
molar ratio of <2:1. In the spectrum the signals from
t-butyllithium disappeared while the lithiumt-butoxide sig-
nal was reduced to<10% of the expected intensity. Instead
of that a multitude of signals appeared between 1.20 and
1.60 ppm. Most likely these signals come from mixed aggre-

gates having different aggregation numbers and/or
t-butyllithium-lithium t-butoxide compositions. As the
t-butyllithium sample also did not show the signals between
1.20 and 1.60 ppm it was concluded that the initiator system
was free of lithiumt-butoxide and lithium hydroxide. This
conclusion is supported by the molecular weight measure-
ments of the polymerized NMR and SANS samples. The
measured molecular weights are in good agreement with the
calculated values from sample preparation parameters; see
Table I. The initiator solutions were kept at −10 °C. The
solutions remained clear and colorless.

C. SANS experiments

The experimental quantity observed in a SANS experi-
ment is the intensity in terms of the macroscopic cross sec-
tion fdS /VgsQd. Assuming that the growing polymer chains
form aggregates with a mean aggregation number
nagg, fdS /Vg as a function of reaction time, and the scatter-
ing vectorQ are given by

dS

dV
sQ,td =

Dr2

Na
fpstdnaggstdVwstdPaggsQ,td. s7d

Here, polymer concentration is given in terms offp which
denotes the polymer volume fraction andVw=Mw/r is the
corresponding weight average molecular volume or weight
of the growing chains,r is the polymer density.PaggsQ,td is
the form factor of the aggregated species and contains the
structural information.Dr is the scattering contrast:

Dr = FSbs

vs
−

Sbmon

vmon
G . s8d

The ratioSbs/vs is the scattering length density of the sol-
vent with bs the scattering lengths of the atoms forming the
solvent molecule andvs the corresponding volume.
Sbmon/vmon is the corresponding quantity for the repeat unit
andNa the Avagadro number. Finally,Q=f4p /lgsin Q /2 is
the scattering vector withl the neutron wavelength andQ
the scattering angle. For starlike aggregates Benoit44 has
given a form factor assuming Gaussian conformation of the
arms. This is the onlyQ-dependent variable in Eq.s7d:

PstarsQd =
2

f Q4Rg,arm
4 FQ2Rg,arm

2 − s1 − e−Q2Rg,arm
2

d

+
f − 1

2
s1 − e−Q2Rg,arm

2
d2G . s9d

Here f is the star polymer functionality andRg,arm the radius
of gyration of the constituting linear polymer chainssthe
“arms”d. In our casef =naggandRg,armis related toMw of the
growing polymer chain by the scaling relationRg,arm,Mw

n ,
with n the Flory exponent.fFor simplicity we have neglected
the concentration dependence, i.e., the second virial coeffi-
cient, of dS /dVsQ,td.g In a previous publication28 we have
shown that under the assumptions below all time dependent
quantities in Eq.s9d can be reduced to one parameter. Thus,
the number density of reacted monomers,Npstd can be cal-
culated from the observed forward scattering IsQ=0,td. The
assumptions are the following.
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sid The number of living chains is time independent and
equal to the initiator concentration, i.e., the initiation
period is over.

sii d All chain head-groups participate in all aggregates
with a time independent aggregation number.
In this case SANS data alone will yield direct access
to the kinetics of reaction.

If our studies include systems with different types of
aggregates or aggregation numbers that change with time we
then need additional quantitative information to unambigu-
ously interpret the SANS data. The needed information can
be independently obtained from time resolved1H-NMR ex-
periments, which gives us directlyfIstdg, fMstdg, andfPstdg,
from which we further can calculate the degree of polymer-
ization DPstd and Mnstd the number average molecular
weight. If we now use these data to analyze our SANS data
we can directly access the aggregation number as a function
of time for all phases of the polymerization.

Q has the dimensions of a reciprocal length and can
therefore be regarded as an “inverse meter stick.” For SANS
experiments typically performed with different settings, i.e.,
different sample-to-detector distances and collimation
lengths, aQ range of nearly 2.5 orders of magnitude can be
achieved, 1310−3øQø0.2 Å−1. This corresponds to a spa-
tial resolution 5 ÅøD=1/Qø1000 Å. Changing detector
and collimation settings may require several minutes. This
can substantially reduce the temporal resolution of a time-
resolved experiment. For this reason a compromise between
the accessibleQ range and time resolution is required.

The SANS measurements were performed at the KWS2
instrument at the Forschungszentrum JülichsGermanyd, and
the D22 instrument at the Institute Laue-Langevin-Grenoble
sFranced. For KWS2 we chose a sample-to-detector distance
D=8 m and a collimation lengthL=8 m using a neutron
wavelength l=7.3 Å with a wavelength spreadDl /l
=10%. This covers aQ range of 6.9310−3øQø2.7
310−2 Å−1. The D22 experiments were performed withD
=18 m,L=17.6 m, andl=8 Å, Dl /l=10%. In addition, at
D22, we measured with an off-centred detector position,
Doffset=390 mm, which enlarges theQ range toQmax/Qmin

<20, i.e., 2.2310−3øQø4.2310−2 Å−1.
For polymers in dilute solution, Eq.s7d is given by

S dS

dV
D

macr.
=

Dr2

Na

f s1 − fd

F 1

naggVw PsQd
+ 2A2 fG . s10d

Here,PsQd is the form factor andA2 the second virial coef-
ficient.

To achieve maximum contrast and minimum incoherent
background resulting from protonated material, we investi-
gated the polymerization ofh-butadiene initiated by
h-t-butyllithium in d-heptanes rh-butadiene=4.12310+9 cm−2,
rd-heptane=6.26310+10 cm−2, Dr=5.85310+10 cm−2; rh-buli

=−8.44310+9 cm−2, Dr=−7.09310+10 cm−2d. Because all
bi terms are well defined and tabulated properties of the cor-
responding nucleus the SANS data are obtained on an abso-
lute scale and can be interpreted quantitatively without any
ambiguity.

In general, all azimuthally averaged data were corrected
for empty cell scattering and then normalized to the absolute
scattering cross sectionscm−1d using a 1 mm 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.45

III. RESULTS

For the polymerization study, the combination of
1H-NMR and SANS was chosen. Using time resolved
1H-NMR we obtained quantitative information concerning
initiator concentrationfIstdg, monomer concentrationfMstdg,
polymer concentrationfPstdg=fMst=0dg−fMstdg, and degree
of polymerizationDpstd of the growing chains as a function
of time and conversion. Previous UV-visible spectrometry
based studies were incapable of these multiple and simulta-
neous measurements. Time-resolved SANS on the other
hand provides us structural information on the mesoscopic
and microscopic length scales, e.g., the radius of gyration
Rgstd of intermediate aggregates and quantitative information
concerning their molecular weight or scattering volume. This
enables us to simultaneously cross check kineticss1H-
NMRd with aggregate structural datasSANSd thus rendering
this combination of experimental techniques especially ap-
pealing. The individual results of both experiments will be
separately presented in the following two sections before we
show the results derived from a combination of1H-NMR and
SANS data.

A. 1H-NMR results

Figure 1 shows the1H-NMR spectra before and after
polymerization. All signals can be assigned to the detailed
chemical microstructure of the individual components. The
two monomer signals arise at,6.3 ppm sCHd and at
,5.1 ppm sCH2d. The polymer signals are found at,5.4
and ,2.1 ppm for the 1,4 structure, and at,5.5, ,5.0,
,1.9, and,1.5 ppm for the 1,2 structure. The weak initiator
signal at 1.07 ppm is surrounded by two strong signals aris-
ing from the small fraction of residual protonated solvent.

FIG. 1. 1H-NMR spectra before and after polymerizationsfull ppm ranged.
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Figure 2 enlarges the area between 0.90–1.15 ppm during
the initiation period. Thet-butyllithium peak is a sharp signal
located at 1.07 ppm before polymerization and moves to
0.92 and 0.94 ppm after initiation.

During the polymerization the polymer peaks increase
whereas monomer peaks and initiator peak decrease with re-
action timestd. For a quantitative analysis of the1H-NMR
spectra it is evident that there exist well-separated peaks that
can be unambiguously integrated without any effect from
overlap with neighboring peaks. In addition, the numbers of
protons correlated with the different signals have to be taken
into account. For the comparison of spectra recorded at dif-
ferent reaction times we normalized all signals using the con-
stant solvent peak at 0.85 ppm. Thus, we choose the vinyl
peak at,6.3 ppm for the monomer and the methylene peaks
at ,2.1 and,1.5 ppm for the polymer to calculate our pri-
mary quantities of monomer concentrationfMstdg and poly-
mer concentrationfPstdg. The initiator concentrationfIstdg is
calculated using only the sharp initiator peak at 1.07 ppm.
The time dependence of monomer and initiator concentra-
tion, normalized to their initial valuesfMst=0dg and fIst
=0dg, is shown in Fig. 3. In this figure only data encompass-
ing the initiation event are shown. The initiation reaction
starts very slowly and then gradually accelerates with con-
current initiator consumption. After<24 h no remaining ini-
tiator signal is detectable and the initiation period is finished.
During this timeswhere initiation and propagation are run-
ning in paralleld a substantial amount of monomer consump-
tion, <10%, occurs.

Figures 4sad and 4sbd show the time dependence of the
normalized monomer concentration during the entire poly-
merization period of<14 days. In this period the sample
was not investigated continuously by1H-NMR. During and
between these individual runs the polymerizing sample was
strictly thermostated at 8 °C in order not to bias the poly-
merization kinetics. Figure 4sbd enlarges the initiation pe-

riod. The relations for monomer consumption are given in
the following four equations. They represent the monomer
consumption during the interval of dual initiation and propa-
gation and the subsequent period where butadiene is solely
consumed by propagation. After an initial induction period of
,280 minfFig. 4sbdg, where no conversion of monomer can
be detected, four time dependent regions evolve:

fMgt/fMg0 = expf− s3.72x10−5 ± 2.0x10−6dtg

for 280, t , 544 min, s11ad

FIG. 2. 1H-NMR spectra of the reacted initiator signalss0.90–1.15 ppmd
during initiation. The arrows pin point the initiator signals. The sharp signal
at 1.07 ppm originates from the unreacted initiator.

FIG. 3. Time dependence ofsD, initiator; h, monomerd normalized initiator
fIg / fIg0 and monomer concentrationsfMg / fMg0 calculated from thein situ
1H-NMR spectra as a function of the reaction timestd during the initiation
period.

FIG. 4. Time dependence of normalized monomer concentrationfMg / fMg0

vs reaction timestd. sad For the full polymerization periodslog-linear plotd.
sbd The initiation periodslog-linear plotd. Lines: linear regimesfsee Eqs.
s11ad–s11ddg.
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fMgt/fMg0 = 1.04 expf− s8.57x10−5 ± 1.2x10−6dtg

for 544, t , 1512 min, s11bd

fMgt/fMg0 = 1.06 expf− s1.02x10−4 ± 4.5x10−6dtg

for 1512, t , 4900 min, s11cd

fMgt/fMg0 = 1.26 expf− s1.37x10−4 ± 3.5x10−6dtg

for 4900, t , 20 000 min. s11dd

Equations s11ad and s11bd cover the temporal range
where the initiation and propagation events overlapfFig.
4sbdg. Interestingly, in the regime of initiation as well as in
that of propagation two distinct expressions are required to
describe the monomer consumption. In both cases the appar-
ent rates of monomer disappearance increases in passing
from one stage to the next. We note however that the second
regime of initiation and the first regime of pure propagation
are hardly different.

In Eqs.s11cd ands11dd the rate of propagation is seen to
increase after,4900 min. At this point the averageDP of
the polysbutadienyld lithium chain is,200. There are three
previous literature reports where chain length influenced
head-group reactivity13,18,46 and the kinetic order.46 Using
these primary quantities we can calculate the conversion, i.e.,
the fraction of reacted monomer as a function of time,

Convstd =
fPstdg

sfMstdg + fPstdgd

=
I2.1 ppmstd/4 + I1.5 ppmstd

I6.3 ppmstd/2 + I2.1 ppmstd/4 + I1.5 ppmstd
. s12d

The degree of polymerization Dpstd of the growing chain is
given by

DPstd =
fPstdg

sfIst = 0dg − fIstdgd

=
I2.1 ppmstd/4 + I1.5 ppmstd

sI1.07 ppmst = 0d − I1.07 ppmstdd/9
. s13d

Figure 5 shows the time dependence ofDp for the entire
polymerization period. The inset enlarges the initiation pe-
riod. After the cessation of the initiation step the averageDp

of ,56 is found. This corresponds to a number average chain
molecular weight of,3 kg/mol. TheMw/Mn ratios of the
polybutadiene samples at complete conversion are,1.1
sTable Id.

B. SANS results

Figure 6 shows the scattering profiles as a function of
reaction timestd obtained by thein situ SANS experiment,
i.e., the macroscopic scattering cross sectionsdS /dVd in ab-
solute units versus scattering vectorQ. This allows the sepa-
ration of the monomer consumed via initiation from that in-
corporated in propagation. The SANS data by themselves
reveal important facets concerning the aggregation behavior
of the polymerizing sample without being biased by a so-
phisticated data analysis procedure. Hence we will start with
a qualitative discussion of the SANS data before we present
the quantitative results of the applied data analysis. TheQ
range investigated can be divided into two well-separated
regions that show a different temporal evolution during the
polymerization. The borderline between these two regions is
located aroundQ=10−2 Å−1. For Qø10−2 Å−1, which will
be called the lowQ region in the following, all scattering
profiles at any reaction time are dominated by an initially
strong increase of the scattering intensity towardsQ=0. Dur-
ing the early stages of the polymerization a power law be-
havior,IsQd,Q−P, expands over the complete lowQ region,
showing an intensity drop over nearly two orders of magni-
tude. At later reaction times the power law seems to flatten,
an effect that results from the merging with the increasing
intensity level in the highQ region. The observed forward
scattering in the lowQ region is an indication for the pres-
ence of large-scale aggregates in the polymerizing sample.

FIG. 5. Time dependence of polymerization degreeDp vs reaction timestd
calculated from thein situ 1H-NMR spectra. Inset: Magnification of the
initiation period.

FIG. 6. SANS scattering profiles of living anionic polymerization system
sscattering cross section in absolute units vs scattering vectorQd as a func-
tion of reaction timestd. Solid lines: Fits from Guinier form factor analysis
of the highQ region, Eq.s14d.
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These structures coexist with both lesser aggregates of
allylic lithium and t-butyllithium until about 1500 min. We
must emphasize that no Guinier or Zimm regime is found in
the lowQ region. A Guinier or Zimm regime which develops
for QRø1, whereR is the characteristic length of the scat-
tering particles, would reveal itself by a tendency towards a
constant intensity level/plateau in the log-log representation.
This means that for allstd the size of the large-scale aggre-
gates is at least larger than the inverse of the minimum ac-
cessibleQ value,Q=2.2310−3 Å−1, i.e., Rgù500 Å.

In the highQ region,Qù10−2 Å−1; on the other hand,
we found at small reaction times a flat, completely
Q-independent intensity level/plateau, typical for a solution
of small particles. With increasing reaction timestd the in-
tensity level increases and finally a distinctQ dependence
evolves. The curvature in the highQ region becomes pro-
gressively pronounced and shifts towards lowerQ values
with increasing conversion. This signals an increase in size
of the scattering particles. However even for the largest re-
action time under study there remains a distinct Guinier or
Zimm regime observable in the highQ region. Using the
same arguments as above we can conclude that in the highQ
region we monitor the formation of a second class of scat-
tering particles with a characteristic size smaller than the
minimum Q value,Q=10−2 Å−1, of the highQ region, i.e.,
Rø100 Å. In the following at intermediate times these
smaller particles are characterized as starlike aggregates.

By the use of this simple, qualitative interpretation we
can conclude that there aresat leastd two distinct classes/
types of particles present in the polymerizing solution:sad
Large-scale aggregates withRgù500 Å andsbd smaller ag-
gregates withRgø100 Å. The large-scale aggregates are
present att<323 min sFig. 6d while the smaller aggregates
are hardly visible because of the very low degree of initiation
and propagation. It is important to recall that during the
0–1500 min period the initiation and propagation reactions
are simultaneously occurring.

Prior to a description of the individual steps of our quan-
titative analysis, we briefly outline the applied general fitting
strategy. This serves to guide the reader through the next
section where the parametrization of our time-resolved
SANS data is given. For a quantitative analysis of our data
over the complete experimentalQ range we have to over-
come several problems of which the two most crucial are the
following. sid At no stage of the polymerization can we ob-
serve a distinct Guinier or Zimm regime for the large scale
aggregates. This means that we cannot derive a precise value
for their forward scattering;fdS /dVgsQ=0,td and all related
quantities and for their characteristic size. We will only ob-
tain estimatesseven from the quantitative analysisd for the
minimum limits of these parameters.sii d In the highQ region
at early reaction stages the data points are quite noisy due to
their low scattering intensity.sWe note that this experiment
will push any current SANS instrument to its limits; even
D22.d Therefore all fit parameters will show rather large er-
ror bars in the early polymerization stages.

To overcome this problem and to minimize the uncer-
tainties in the obtained fit parameters, we applied the follow-
ing sequential fitting procedure.

s1d As a first step we analyzed the highQ region by means
of the model free Guinier approach, Eq.s14d ssee be-
lowd, which characterizes the small aggregates.

s2d Using the derived fit parameters we calculated the scat-
tering profile of the starlike aggregates for the wholeQ
range and subtracted this theoretical curve from the ex-
perimental data. Hence, we obtained the residual scatter-
ing arising solely from the large scale aggregates.

s3d This residual scattering is then analyzed by linear re-
gression in a double logarithmic representation, which
gives us the power law exponentP.

Using the results from the individual fitting of high and low
Q region as starting parameters, the whole experimentalQ
range is finally analyzed by a sum of a Guinier form factor
sfor the small aggregatesd and the form factor recently intro-
duced by Beaucage47 sfor the large scale aggregates; see be-
lowd. The details of the individual steps of this sequential
fitting procedure will be discussed separately in the follow-
ing paragraphs, starting with the highQ region.

C. Regime of small aggregates

A model free approach can be applied to the highQ
region by use of the Guinier equation, which describes the
scattering profile for an individual particle of arbitrary shape
in the regimeQRø1:

S dS

dV
sQ,tdD

.
= S dS

dV
sQ = 0,tdD

.
expf− Q2Rg

2std/3g. s14d

Here the characteristic length of the particle is given in terms
of its radius of gyrationRg. The second adjustable parameter
in the fitting routine is the forward scatteringsdS /dVsQ
=0,tdd, which is the product of volume fractionfstd, the
contrast factorDr2/NA, and molecular volumeVwstd of the
scattering particle:

S dS

dV
sQ = 0,tdD

.
= fstd

Dr2

NA
Vwstd. s15d

At early reaction times,tø600 min, the assayed values for
Rgstd and the forward scattering exhibit large uncertainties
due to the high noise level and the lack of any pronouncedQ
dependence in the highQ region. For later reaction times the
data quality improves and precise values forfdS /dVgsQ
=0,td and Rgstd can be obtained. A typical example of ex-
perimental data and resulting Guinier fit at these polymeriza-
tion stages is shown in Fig. 7 fort=443 min. The temporal
evolution of both parameters is shown in Figs. 8sad and 8sbd.
We have to emphasize that the derived values for both pa-
rameters do not depend on whether the fullQ range or only
the highQ data are analyzed. Whereas the forward scattering
increases continuously approximately proportional to,t2,
the radius of gyrationRgstd seems to be constant within ex-
perimental errors for the first 1000 minfFig. 8sbdg.

D. Regime of large scale aggregates

Subtraction of the Guinier fit from the experimental data
delivers the residual scattering of the large-scale aggregates
as shown in Figs. 7 and 9. The power law decaybdS /dVc
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,Q−P is clarified substantially by this procedure and can be
analyzed in a first approach by linear regression in this log-
log representation, revealing a power law exponent P of<3.

An enhanced analysis of the lowQ region can be done
by use of the form factor introduced by Beaucage.47 His

equation can be viewed as a “universal form factor”sfor an
arbitrary mass fractald that can also be applied to polymeric
systems,

dS/dVsQd = fDr2/NAgG exps− Q2R2/3d + BS 1

Q* DP

,

s16d

with Q* =Q/ ferfsQkRg/Î6dg3. Here erf is the error function
andG andB are amplitudes, which for mass fractals can be
related to each other byB=GP/Rg

PGsPd spolymeric con-
straintd. R is the characteristic size of the scattering particles;
P is the fractal dimension of the internal substructure,k an
empirical constant is>1.06 whileG is the Gamma function.
Equations16d consists of two terms, one is above the de-
scribed Guinier term, which in this case describes the large-
scale aggregates. As discussed, the Guinier or Zimm regime
is missing in the lowQ region, so we have to modify Eq.
s16d by use of the polymeric constraint and only apply the
second term which describes the power law tail. This modi-
fied form factor then reads

dS/dVsQd = GP/RPGsPdS 1

Q* DP

. s17d

We note that such a fit cannot really determine aggregate

FIG. 7. Typical SANS scattering profile obtained during the initiation pe-
riod, t=443 min., open squares,h sscattering cross section in absolute units
vs scattering vectorQd. Open circles,s—residual power law scattering
after subtraction of the Guinier form factor fitssolid lined; dashed line—
power law fit slinear regression using the log-log plotd.

FIG. 8. Parameters for the small aggregates:sad Forward scattering vs re-
action timestd. sbd Radius of gyrationRg vs reaction timestd. Open squares
shd: Fit results obtained from Guinier form factor analysis of the highQ
region, Eq.s14d. Filled trianglessmd: Corresponding parameters of tetram-
ers calculated on the basis of the1H-NMR data, Eqs.s22d and s23d. Open
trianglessnd: corresponding radius of gyration ofhagg-armed stars, see text.
Following Ref. 41 the star symbol denotes the prediction for the 5.5 arm
star.

FIG. 9. sad Time dependence of the residual power law scattering after
subtraction of the Guinier form factor fit, Eq.s14d. Solid line: fdS /dVg
,Q−3. sbd Power law intensity vs degree of polymerization of the living
chain; see Fig. 5.
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size but rather reveals indications for the minimum size com-
parable with the data. Similarly, the forward scattering mea-
sured byG results in a minimum value.

Figure 9sad shows the time dependence of the absolute
scattering contribution of the large-scale aggregates at low
Q. The absolute scattering intensity of these aggregates
grows with reaction time and the power lawfdS /dVg
,Q−p exists even at the beginning of the polymerization.
Addressing the time dependence of the intensity growth we
can relate it to chain growth in terms ofDpstd sFig. 5d. Figure
9sbd presents the power law intensity as a factor ofDpstd.
During initiation a linear relation holds indicating that the
large-scale aggregates are built from the chains. We cannot
give a precise value for the size of the large-scale aggregates
sLSAd but the values ofRLSA obtained from a fit of the
modified Beaucage form factor are reasonable estimates for
the lower limit of the aggregate size. These estimates vary
from a starting value of<1500 Å and reach asymptotic val-
ues<2000 Å at the end of the initiation period. The fractal
dimensions are derived from the power law and yield values
from P<3 increasing toP<3.2 with increasing reaction
time.

IV. DISCUSSION

The initiation of butadiene must be viewed in terms of
aggregate sizes, structures, and functionalities along with the
participation of aggregates formed by cross association and
the binding energies of the head groups in the various struc-
tures. Cross aggregates are recognized to form when anRLi
is added to a solution of high molecular weight living poly-
mer. Concentrated solution viscosity measurements have
shown that cross aggregates are formed betweenn-, sec-,
t-butyllithium or ethyllithium, and polysisoprenyldlithium
and polysstyryldlithium.21,42,48–51The results involving ethyl-
lithium and polysisoprenyldlithium suggested51 that the fa-
vored stoichiometry of the cross aggregate was PILisEtLid3.
These intermolecular exchange events reach completion
within the time scale of no longer than several minutes at
room temperature. Each head group of the mixed aggregates
may have the capacity to reactsin the aggregated stated with
its own unique kinetic order and rate constant. Certainly dur-
ing the early stages of the initiation reaction the mixed ag-
gregate structures could coexist with the predominating
t-butyllithium tetramers formed from the initiator. The sto-
ichiometry of the mixed aggregatet-butyllithium allylic
lithium structures would then be time dependent. Roovers
and Bywater52 have noted that for aliphatic solvents
t-butyllithium shows sigmoidal behavior in the early stages
of the initiation of isoprene and styrene. They noted that “the
reaction rate increases as mixed aggregates are formed.”

The generic initiation reaction, developed for aromatic
solvents,9 involves the following wheren=4 or 6:

sRLi dn ↔ nRLi. s18ad

The singlet species were taken9 to be the only reactive struc-
ture. A problem with this view is that the experimentally
observed activation energies of initiations18 kcal/mold ap-
pear to be too low to account for the complete dissociation of

the initiator aggregate which according to theory would re-
quire the amount to be 108 kcal/mol.53 Clearly an imbalance
exists. It is interesting to note thatt-butyllithium shows first-
order behavior in initiator for styrene and isoprene in
benzene.52

An alternative mechanismsbased on theoretical
calculations53 d involves the stepwise aggregate dissociation
where the singletn-butyllithium emerges:

sBuLid6 ↔ sBuLid4 + sBuLid2,

sBuLid2 ↔ 2BuLi, s18bd

where the singlet organolithium then reacts with the mono-
mer. This dissociation sequence would be expected54 to yield
a reaction order of 1/4 rather than 1/6. Brown reported54 the
mass spectrum of ethyllithium vapors,87 °C:0.08 Hg
pressured revealed hexamers as the sole structure present. No
trace of lesser aggregates or the singlet species was present.
This is compelling evidence that these associated head
groups must thus react directly with monomer. This conclu-
sion is fortified by the observation that the dimeric allylic
lithium head groups can show a dissociation enthalpy of
,40 kcal/mol.22,36

As Brown54 and Szwarc55 have shown this value is suf-
ficient sat room temperatured to limit the formation of suffi-
cient singlet active centers for the propagation event to occur
at a reasonable rate. Thus aggregate lifetimes are too long to
allow the mechanistically required singlet head groups to be
the sole reactive species. This conclusion is in concert with
that of Watanabe and co-workers.33 The finding that vitrified
polysstyryld-lithium reacts rapidly with gaseous butadiene20

and carbon dioxide56–58 also demonstrates that aggregated
head groups are reactive entities. The sub-glass-transition
temperatures,20 °Cd of the polystyrene suppresses the fac-
ile head group dissociation step required by the Worsfold–
Bywater mechanism.9 The notion that aggregated head
groups can react directly with monomer was independently
reached by Makowski and Lynn26 and Brown54 in 1966. Fur-
ther evidence to support this joint assessment was given in
1968 by Makowski, Lynn, and Bogard.59,60Others have since
reached the same conclusion.61,62 Smart et al. in 1974
presented63 a mechanism for the reaction of dienes with the
dimer of allylic lithium. The singlet head group played no
role in this mechanism.

As we have noted the postulates upon which the
Worsfold–Bywater mechanism is formulated are the dual no-
tions that aggregated organolithium head groups lack reac-
tivity and that the aggregation state is directly reflected in the
measured kinetic order of both the initiation and propagation
steps. However, the necessary agreement between reaction
order and aggregation states is elusive. Parallel with these
factors is the necessity of aggregate lifetimes being suffi-
ciently short so as to release a sufficient supply of active
centers so that reactions will progress at a reasonable rate.
The measure33 of these lifetimest shows that dissociationsat
room temperatured is infrequent. This, in turn, is in conso-
nance with the measured and calculated values of the disso-
ciation enthalpies of the dimeric aggregates.
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A. Kinetics from NMR

The most prominent feature of anionic polymerization
performed in nonpolar, aliphatic solvents is the initial slow
initiation event relative to that seen in benzene and reaction
orderss0.2–1.4d that are unrelated to the initiator aggrega-
tion state.1 A system can exhibit variable initiation reaction
orders at different stages of the initiation event.48 The change
of initiation rate with time, as shown in Fig. 10sad for our
system, indicates a kind of autocatalytic process in the ini-
tiation process. After the cessation of the initiation step
,10% of the monomer was consumed.64 This corresponds to
an average chain molecular weight of,3 kg/mol sDp

,56d. This autocatalytic behavior was also seen for the sys-
tem s-butyllithium-isoprene-cyclohexane.50 In that instance
the increase in UV absorption of the isoprenyl-lithium head
group was followed to monitor the initiation reaction.

The initiation kinetics of dienes with the butyllithium
isomers in aliphatic hydrocarbons is first order on monomer
concentration. In analyzing our data, we took into account
the possible reaction orders with respect to the initiator. This
can be done by plotting the initiator concentrationfIstdg ver-
sus reaction timestd in such a way that a linear representa-
tion for the full time dependence is obtained. Assuming
monomer concentration is constant during the initiation pe-
riod, the integration of Eq.s5d gives:

S fIstdg
fIs0dgD = exps− kapptdnagg= 1, s19d

S fIstdg
fIs0dgD

1−s1/naggd

= 1 −S1 −
1

nagg
DF kappt

fIs0dg1−s1/naggdG , s20d

wherekapp is the apparent rate andki the initiation rate con-
stant,kapp=ki fMg.

Figure 10sad presents the initiation behavior via the plot
of logsfIstdg / fIs0dgd against the reaction time. It is obvious
that first-order behavior covering the whole initiation period
cannot be found in our case. However, if that period is sepa-
rated into three different regimes, linear relations between
fIstdg and t can be found between 0–1500 min,

sfIstdg/fIs0dgd = expfs− 1.7x10−4 ± 1.4x10−5dtg

for 0 , t , 280 min, s21ad

sfIstdg/fIs0dgd = 1.54 expfs− 1.57x10−3 ± 1.5x10−1dtg

for 280, t , 560 min, s21bd

sfIstdg/fIs0dgd = 4.99 expfs− 3.75x10−3 ± 1.4x10−1dtg

for 560, t , 1500 min. s21cd

These regimes differ dramatically in reaction rate.
Whereas at the beginning the consumption of the initiator is
extremely slow, the reaction is much quicker at later stages.
As values between,0.4 and 1.4 were reported for the ki-
netic order of the initiator concentration in the system
isoprene/s-butyllithium/cyclohexane48 these values were also

FIG. 10. Initiator concentration as a function of reaction.sad Testing for first-order reactionsEq. s19dd. sbd Testing for a reaction order of12 fEq. s20dg with
hagg=2. scd Testing for a reaction order of 1.4ssee textd.
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considered in our analysis. Accordingly Figs. 10sbd and 10scd
show plots ofsfI tg / fI0gd0.5 versust andsfI tg / fI0gd−0.4 versust.
Obviously no linear relation was found for the whole initia-
tion period. However, in both cases it was possible to divide
the initiation period into two linear regimes as indicated by
the solid lines. For illustration we have included the regime
boundaries from Fig. 10sad. This result shows that during the
initiation period at least two, and possibly three, kinetic pro-
cesses take place.

Slow initiation considerably complicates a kinetic analy-
sis of the propagation step. The number of propagating al-
lylic active centers increases with time. The commonly used
rate equations as given in the Introduction are only valid if
the initiation is completed. This can be rationalized from Fig.
4sad, where the time dependence of the normalized monomer
concentration during the whole polymerization period is
shown. In the logfMstdg / fMst=0dg versust representation no
single linear regime is found as it would be expected for a
first-order kinetics with respect to monomer concentration.1

But this holds not only in the initiation periodfFig. 4sbdg but
also at later reaction times when initiation is complete. Dur-
ing the latter period there is a clear indication that the propa-
gation rateRp increases at<4900 min. The average chain
molecular weightMn at this transition is<11 kg/mol. The
dependence of the propagation rate upon chain length has
been previously reported.13,18,46

Also note that at the crossover to the propagation only
regime equationss11bd and s11cd are close to identical. The
near independence from residual initiatorsfIgt / fIg0=0.64 at
560 mind of monomer consumption has not been reported
previously. Thus, the analysis of only monomer concentra-
tion sdilatometry or UV spectroscopyd would lead to the
false conclusion that the initiation event was finished,t
=544 min, much earlier than its actual cessation.

B. Structural information from SANS

As mentioned above, our SANS data unambiguously re-
veal the presence of two different species of scattering par-
ticles.

sid Large-scale aggregates with a characteristic sizeRg

ù1500 Å are significant during the early stages of
polymerization. These large-scale aggregates have
only been recently revealed28–32 and are not at all
taken into account in any of the available kinetic con-
siderations.

sii d Much smaller aggregates,Rg<100 Å, which are
formed in course of the polymerization.

These latter aggregates can be identified with the principal
aggregates discussed in context of the commonly accepted
textbook polymerization mechanism. Their size increases
with time and since the mechanism assumes them to be tet-
ramers, which resemble a four-armed star polymer, we will
therefore call them starlike aggregates in the following.

We first discuss the relation between structural data ob-
tained by SANS and kinetic data obtained from1H-NMR of
the two types of aggregates separately. The formation of
cross aggregates during the initiation period also influences

the analysis of our SANS data. Aggregates are built from
living chains only, or the aggregates consist of both types of
building units, namely, living chainsand unreacted initiator
molecules. These possibilities complicate a quantitative
analysis, in particular, for the large-scale aggregates. Thus, in
the following we can only derive limiting estimates.

C. Small aggregates

Figure 8 shows the time dependence of the forward scat-
tering and radius of gyration of the small aggregates obtained
from a model-free Guinier analysis. We can now compare
these data with the predictions made by the textbook mecha-
nism. From the1H-NMR data we know the time dependence
of the following two quantities.

sid The degree of polymerization,Dpstd, that can be used
to calculate the molecular weightMnstd of the grow-
ing chain,Mnstd=DpstdMm+Mini and the correspond-
ing molecular volumeVnstd=Mnstd /r. Here Mm and
M ini are the molecular weights of the repeat unit and
the initiator, respectively, andr is the polymer den-
sity.

sii d The conversion Convstd, from which we can calculate
the total volume fraction of already reacted mono-
mers,Ftotstd=ConvstdF0, with F0=fMs0d /rg the ini-
tial monomer volume fraction.

From these quantities we can now calculate the expected
amplitudesforward scatteringd for a SANS experiment ex-
pected for a tetramernagg=4:

S dS

dV
sQ = 0,tdD = ftotstd

Dr2

NA
naggVwstd. s22d

This quantity is also shown in Fig. 8sad. Obviously, in the
early stages of the polymerization, the observed forward
scattering is by far larger than the predicted tetramer scatter-
ing. Only after<1500 min, i.e., after cessation of initiation,
the experimental and theoretical curves mergefFigs. 8sad and
8sbdg.

We can also calculate the radius of gyration of a starlike
tetramer. For the Benoit form factor,43 Eq. s9d, the following
relation between star radius of gyration and arm radius of
gyration is valid:

Rg,star= Îs3f − 2d/f Rg,arm. s23d

The arm radius of gyration can be estimated from the scaling
relation betweenRg andMw, Rgstd=a Mw

y std. To be as precise
as possible we investigatedsvia SANSd a series of low
molecular weight polysbutadienesd, with 500øMw

ø8000 g/mol ind-heptane and obtained the following:

Rg = 0.288MW
0.554. s24d

The calculatedRg,starstd is compared to the experimental
data in Fig. 8sbd. As already observed for the forward scat-
tering, we found that the experimentalRgstd is by far larger
than the theoretical prediction for tetramers during the first
1500 min, i.e., during the initiation period.

We can therefore unambiguously conclude that during
the initiation period starlike tetramers from the allylic head
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groups are not present since they cannot explainn either the
SANS data regarding the forward scatteringn or the radius
of gyration results.

From the experimental forward scattering we can esti-
mate the aggregation numbernaggstd simply by use of Eq.
s22d since all other parameters are known or given by experi-
ment. Figure 11slog–logd shows the time dependence of
nagg. We found surprisingly high values fornagg<100 at
early times in the initiation period, which reach the limit of
<5 during the period of pure propagation. This decrease in
aggregation state is also encountered in the Makowski and
Lynn26 data of melt state oligomeric butadienyllithium.

The growth of the chain thus can cause a concurrent
decrease in aggregate functionality. Comparison of Fig. 10sad
and Fig. 11 shows that the increasing initiation rate is re-
flected in the decrease of the aggregation number. During the
initial period of initiation, the initiation rate is very slow and
living polymer chains appear with high aggregation numbers
only at ,350 min. The correspondingDp is ,7. Thereafter,
the aggregation decreases dramatically from,100 by the
end of the second regimefEq. s21dg. The initiation rate con-
stant is,10 times higher than the first regime and the cor-
respondingDp of living chains grow from,7 to ,13. In the
third regime of initiation, the aggregation number of living
chains decrease slowly and level off atnagg,5. Both aggre-
gation states and initiation rates change with reaction time.

Assuming a starlike architecture of the aggregates we
can calculate their radius of gyrationRg,starstd as described
above, but now usingnaggstd instead of the constant value of
4. These data are also shown in Fig. 8sbd, but again, during
the initiation period, are found to be much smaller than the
experimental values. In addition, a starlike architecture built
by chains with such an extremely smallDp,10, and a large
aggregation number, is very unlikely. Unfortunately, the de-
tailed molecular architecture of the aggregates during the ini-
tiation period cannot be determined from our SANS data,
because at early times the data quality is insufficient. Thus
we are restricted to the Guinier regime of these small par-
ticles.

In analogy to short chain surfactants we may assume that

the highly aggregated smallDp living chains form wormlike
aggregates. This was proposed by Frischknecht and Milner.36

The following estimate can be made. The end-to-end dis-
tance of the wormlike chain can be calculated from the ex-
perimentally found Rg by Re=Î6 Rg<86 Å at t
,1000 minutesswhereRe is the chain end-to-end distanced.
The corresponding persistence lengthl can be estimated by
Re= l2n, wheren is given bynagg/2 due to dimerization. We
obtain l <86 Å/Î50<12.2 Å, which transforms into 4–6
Li–Li bonds along the persistence length of the wormlike
chain.

In the Frischknecht–Milner36 calculation at lowDp an
equilibrium between wormlike chains and starlike aggregates
was found. From their calculations atDpù26 the equilib-
rium is strongly in favor of the star mode. From Fig. 8sad the
predicted36 forward scattering for stars with an average ag-
gregation number of 5.5 merges with the observed behavior
at t=1200 min. corresponding to theDp=43. Thus in the real
system the equilibrium appears to be shifted to somewhat
higherDp.

In all the calculations given above we assumed that only
the living polymer chains are the building blocks of the ag-
gregates, i.e., we neglected any kind of cross association.
The general effect of initiator molecules participating in the
aggregates would be to increasenagg, the number of building
blocks in the aggregate. In the forward scattering this contri-
bution would be small since the molecular weight of the
initiator t-butyllithium is much smallersapproximately those
of a monomer unitd, than that of the living polymer chains,
see Eq.s22d.

Moreover, we also assumed that all living chains are
participating in the starlike aggregates only, i.e., we ne-
glected the presence of the large-scale aggregates. Also a
partitioning of the living chains between both types of aggre-
gates would have the effect of increasing the aggregation
number naggstd since the volume fraction would now be
smaller thanFtot, see Eq.s22d. Our conclusion, that the small
aggregates have aggregation numbers much larger than the
predicted value of 4 and are not starlike during the initiation
period, can only be confirmed by taking into account the two
aforementioned effects.

D. Large-scale aggregates

In our previous work,30 a power law withP<3 was
found from the scattering contribution of the large scale ag-
gregates at lowQ range in styryllithium benzene solutions,
and the slopeP was independent of polymer concentration.
The measured fractal dimension ofP<3 indicates aggre-
gated objects the mass of which grows with the spatial di-
mension to the power 3. Also the fact that the intensity grows
in proportion toDp fFig. 9sbdg supports the Frischknecht–
Milner picture36 of aggregates constructed from linear
chains.

In previous publications29–32 we estimated that the
amount of living polymer chains contributing to the large-
scale aggregates is only a very minor fractionø1%. This can
be estimated from the amplitudeG of the Beaucage form
factor fEq. s16dg for fitting the SANS data. From the fractal

FIG. 11. Aggregation numbernagg of small and starlike aggregates calcu-
lated by combiningin situ SANS and1H-NMR results using Eq.s22d vs
reaction timestd. Dashed lines represent the divisions between the different
regimes; see Eq.s11d.
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dimensionP=3, we can estimate their aggregation number
in terms of subunits bynagg

LSAstd=sRLSAstd /Rsubstdd3. Assum-
ing that the radius of the large-scale aggregatesRLSA is
<1500 Å as obtained from the Beaucage form factor fit, the
crucial point in determiningnagg

LSA is, which value we have to
use forRsub, the size of the subunits of the large scale aggre-
gates. Here three different approaches can be made, which
are as follows.

sid The large-scale aggregates are directly built from
dimers of the living chains, i.e., we have to use their
radius of gyration calculated on basis of the
1H-NMR data. At early reaction times we calculated a
value of <13 Å for the dimers and so we obtain
nagg

LSA<23106.
sii d The building blocks of the large-scale aggregates are

the small aggregates, i.e., we have to use their radii of
gyration as determined by SANS. At early polymer-
ization times we found a value of<35 Å and so we
obtainnagg

LSA<83104.
siii d Another way to estimatenagg

LSA without any assumption
is, to use the lower and upper limitsQmin=2.2
310−3 Å−1 and Qmax=1310−2 Å−1 in between the
power law behavior is observed in our SANS data.
This is valid for any type of structure of the large-
scale aggregates and its subunits. So we do not even
have to know the precise values ofRLSA andRsub. All
we use is the ratiofQmax/Qming<5 since we know
that RLSA must be larger than 1/Qmin and thatRsub

must be smaller than 1/Qmax. Therefore we can esti-
matenagg

LSA=fQmax/Qming3<102.

We wish to emphasize that the reader should not inter-
pret this large variation in the estimated values ofnagg

LSAstd as
a measure of uncertainty of our experiments. It results from
the already different aggregation states of the subunits, i.e.,
the building blocks of the large-scale aggregates, given by
their own aggregation numbernsub. The only important quan-
tity is the total aggregation number in terms of single living
chainsnagg

LSAstd which is just the product ofnagg
LSAstd and nsub.

For the scenarios given above we have to use for casesid
nsub=2 and for casesii d nsub=nagg<100. To estimatensub for
casesiii d we now make the assumption that the subunits have
the same wormlike chain architecture as the small aggregates
during the early stages of initiation, see above. Then we can
use the estimated persistence length and we finally obtain
nsub=fRsub/Rgg2fnagg/2g. The crucial point now is to estimate
a value forRsub. Since we are starting in this case from the
ratio of the observed limits of the power law regime inQ,
fQmax/Qming<5, a reasonable value forRsub is RLSA/5
=300 Å. This gives finally nsub<53103 for case siii d.
Thereforenagg

LSAstd turns out as follows for the three assumed
scenarios,sid ntotal

LSAstd<33106, sii d ntotal
LSAstd<93106, and

siii d ntotal
LSAstd<53105. In combination with the molecular

volume of the growing polymer chain obtained from the
1H-NMR data,Vwstd=fDpstdMm+Minig /r, we can then cal-
culate by simply usingVLSAstd=ntotal

LSAstdVwstd.
The next step is to calculate the volume fraction of

monomers building up the large-scale aggregates, which is
obtained byFLSAstd=fGstd /VLSAstdgNA/Dr2. Since the fit of

the forward scattering resulting from the large-scale aggre-
gates gives parameters with extremely large error bars, see
Sec. III C, we decided to use the value of the first data point,
IsQ=2.2310−3td to estimateFLSAstd. Finally we can calcu-
late the relative volume fractionxLSA of reacted monomers
present in the large-scale aggregates byxLSA

=FLSAstd /Ftotstd. This results in values between 5310−4 and
3310−3.

We note that the large-scale aggregates appear to be
formed by living chainsfFig. 9sbdg. The thermodynamic rea-
son for their formation is not at all clear. It is very difficult to
understand why such a small fraction of living chains should
form these large-scale structures. There may also be a kinetic
reason. Following initiation the newly created neopentylal-
lyllithium sthe,1/1 adduct of butadiene andt-butyllithiumd
forms a gel-like paste at high concentration.65 Under poly-
merization conditions a fraction of these highly aggregated
structures may not completely dissolve and thus in someway
becomes kinetically arrested. Further research is needed.

V. CONCLUSIONS

In this work for the first timein situ measurements of an
anionic polymerization, both in the initiation and propaga-
tion phase, were performed combining structural data
sSANSd and kinetic datas1H-NMRd. In this way independent
results on the detailed kinetics could be related to informa-
tion about structure formation in terms of aggregate func-
tionalities. It is clear that the measurement of kinetic orders
is not a tool that can be used to assay aggregation states as
has long been assumed.

Thus, kinetics and aggregation states were investigated
under standard polymerization conditions and not by using
postpolymerization measurements or “artificial” reaction
conditions shigh initiator concentrations or low monomer/
initiator ratiosd. The latter is a characteristic of the propaga-
tion and initiation studies that were conducted using UV-
visible spectrometry as the investigative tool.9,39,40,49,50This
in situ study has shown that the initiation and propagation
events involving an organolithium initiator and butadiene are
more complicated than previously envisioned. Following
commencement of initiations,1% monomer consumptiond
SANS detected the large-scale structures and the high func-
tionality smaller pre-star-shaped aggregates. As initiation and
propagation proceded these initially small structures simulta-
neously increased in size while undergoing a decrease in
average functionality. The star-shaped architecture becomes
detectable as the polymerization progressessat aDp<40d. In
the early reaction stages where initiation and propagation
occur simultaneously the dominating structures appear to be
wormlike. The limiting mean value ofnagg,5 was found for
the star-shaped structures of highDp.

The period when initiation and propagation occurred si-
multaneously was found to consist of three regimes where
the initiation rate increased with time. Concurrently, the
monomer consumption rate was found to increase. In parallel
the aggregation states of the living chains are decreasing
with increasing rate. Furthermore an increase of the mono-
mer consumption rate was found to also occur during the
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postinitiation period. This feature has been previously
observed.13,18,46The presence of residualt-butyllithium leads
to an increase in 1, 2 content of the chain relative to what is
obtaineds<6%d when initiator is depleted.26,35

This general behavior can be viewed within the context
of the existence of active cross aggregates formed from ini-
tiator and the polysbutadienyldlithium head groups. In this
scenario it was found that the aggregates oft-butyllithium
are initially highly unreactive leading to a very small initia-
tion rate at the beginning of the processs0–280 mind. With
ongoing reaction the polymer chain head groups form cross
aggregates witht-butyllithium. In that format the initiator
becomes much more reactive than in the pure self-aggregated
state. At the 280 min crossover,1% of the initiator has
reacted. For.560 mins,34% initiator usaged the initiation
reaction rate is constant until thet-butyllithium concentration
approaches zero. It should be noted that7Li-NMR sRef. 66d
and 13C-NMR sRef. 67d based data has been interpreted as
showing the coexistence of aggregates with varying func-
tionalities in solutions of oligomeric isoprenyllithium and
butadienyllithium.

We wish to emphasize that the combination of NMR and
SANS has allowed new insight into the relation between
structure formation and chemical kinetics in these anionic
systems. This provided information that could not be ob-
tained by the sole application of the usual kinetic techniques.
We will use this approach for a detailed analysis of the reac-
tion kinetics and structure formation with respect to varying
initiator concentration.
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