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ABSTRACT: In order to elucidate the structure of intermediate species present during the early stages
of “living” anionic polymerization, the aggregation behavior of styryllithium head groups [RCH2CH-(C6H5)Li+]
in benzene was investigated by small angle neutron scattering (SANS). The monofunctional lipophobic
anionic head group was found to self-assemble in a first step to dimers and tetramers. The concentration
dependent equilibrium between these species was quantitatively analyzed by using the form factors of a
Gaussian linear coil and star, respectively. These results seem to contradict a mechanistic viewpoint of
anionic polymerization that dates to 1960. Therein the dimer was assumed to be the maximum allowable
aggregation state for this head group. In addition, the SANS technique has shown that the intermediate
scale structures can also form large scale self-assembled aggregates (Rg = 103 Å) whose scattering behavior
can be analyzed in terms of a form factor for a mass fractal structure recently proposed by Beaucage.

Introduction
In a previous publication Fetters et al.1 studied the

self-assembling behavior of the styryl- and butadienyl-
lithium head groups where the base chain was poly-
styrene. The techniques used included static light
scattering (SLS), dynamic light scattering (DLS), and
small angle neutron scattering (SANS). That work was
the first to use the modern scattering techniques of DLS
and SANS to investigate the structural properties of the
self-assembled lipophobic anionic head groups present
during polymerization. The authors found evidence for
the presence of intermediate-sized aggregates in coex-
istence with larger scale structures with minimum
aggregate sizes of 103 Å. On the basis of the SLS and
DLS results, it was conjectured that the large scale
structures were cylindrical (wormlike) micelles where
the skeletal backbone is an alternating structure com-
posed of carbon and lithium. The SANS evaluation was
limited in the range of the scattering vector Q and thus
able to capture only some indication of the presence of
intermediate and the larger scale aggregates. That gap
in Q range has been rectified in this work where the
range now covers two decades. Furthermore, by a
systematic study of the concentration dependent scat-
tering profiles, the scattering patterns could be evalu-
ated on an absolute scale. This permits a more exten-
sive portion of the signature of these large aggregates
to be accessed, thus allowing a more detailed assay of
their structures.

The existing1 experimental results seem to contradict
a well-established mechanism2 that dictates that the
dimer (for the styryl head group) and tetramer (for
dienyl head groups) aggregates are the maximum al-
lowable aggregation states for each active center. This
commonly accepted mechanism2-4 is based upon a series

of interdependent premises, to wit; the aggregated head
groups are unreactive in the propagation reaction, while
antithetically, the sole reactive species were presumed
to be the singlet head groups. Thus, as a necessary
consequence, the active singlet chains must arise from
a labile association-dissociation event, which momen-
tarily allows the carbon-lithium head group to indulge
in propagation.

SANS directly investigates the microscopic details of
the scattering particles with a resolution of several
angstroms. It is thus the ideal tool for illuminating the
structural properties of the intermediate-sized aggre-
gates. This paper is concerned with the experimental
details and the basic principles of our analysis scheme;
i.e., distinct form factors are introduced, which are used
to describe the scattering data for two decades in Q. The
main point addressed will be the scattering properties
of the aggregates and the principles of the data analysis.
Thus the focus will be on the SANS-based data of the
styryllithium active center, which shows the simplest
behavior of the carbon-lithium-based head groups
investigated. The SANS- and DLS-based results con-
cerning the behavior of the dienyllithium and alkoxy-
lithium head groups will be presented in subsequent
papers.

Experimental Section

a. Sample Synthesis and Evaluation. The basic high-
vacuum synthetic protocols and routines used for the prepara-
tion of samples for the scattering measurements were those
described previously.5 The vacuum was achieved and main-
tained by a Leybold mechanical roughing pump coupled to a
turbo unit. Freshly prepared initiator (sec-butyllithium) was
used. The initiator was prepared in pentane at 273 K from
lithium dispersion and sec-butyl chloride. The temperature
used minimized the Wurtz coupling event. Prior to the
reaction, the lithium was washed free of the paraffin used to
encapsulate the dispersion. The resultant initiator solutions* To whom correspondence should be addressed.
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were clear and colorless. The Gilman-Cartledge double
titration techique6 was used to assay the concentration of
carbon-bound lithium. No evidence for the presence of non-
carbon-bound lithium was revealed by this dual titration
procedure. Exchange to the deuterated solvent was done prior
to use. The initiator solutions were kept at ca. 258 K. That
temperature prevents the spontaneous decomposition event,
which leads to the evolution of lithium hydride and the 1- and
2-butene isomers.7

Since neutron scattering is sensitive to the coherent scat-
tering length differences existing between hydrogen and
deuterium hydrocarbon chain, micelles can be studied in
solution when the solvent is labeled with one of the isotopes
and the solute is labeled with the other. This variation in
contrast then leads to coherent scattering intensity, I(Q), by
the solute. Perdeuteriobenzene was used as the solvent, while
the base chain was prepared from styrene-h8. The purification
procedure involved solvent exposure to styryllithium and
monomer exposure to dibutylmagnesium prior to collection by
distillation. The benzene solutions were measured at room
temperature. The combination of deuterated solvent and
hydrogenous polymer was selected since it is known8 that the
Q independent incoherent scattering from deuterated solvents
is about a decade less intense than that of their hydrogenous
counterparts. The monomer was distilled directly into the
reactor, a procedure designed to eliminate the presence of
thermally prepared high molecular weight material in the final
solutions. A high molecular weight component can form in
the neat monomer over storage time even at ca. 258 K. Quartz
cells of 2 and 5 mm path length were used for the SANS
calibration and measurements. Those cells were attached to
the reactor and, when filled, removed by heat sealing the
interconnecting Pyrex tube.

The calculated radii of gyration, Rg, are based on the
literature-based power laws given elsewhere.9 Polymer con-
centrations were below the overlap concentration, c*, of the
dimer. That parameter was calculated via the following: c*
) 3/(4πRg

3) Mw/NA, where NA is the Avogadro number. Mo-
lecular weights of the terminated polymers were measured via
SANS and size exclusion chromatography (SEC); see Figure
1. The latter measurements yielded the apparent Mz/Mw and
Mw/Mn ratios, which were no greater than 1.06. These values
were not corrected for column-broadening effects. Thus the
authentic values were <1.06. The base chains had molecular
weights (SEC) of 2.65 × 103 and 5.3 × 103. Sample identifica-
tion follows the previous format1 involving the head-group
identity and the molecular weight of the base polystyrene
chain; e.g., SLi(2.6) denotes the styryllithium head group
attached to the 2.65 × 103 base polystyrene chain.

b. SANS. In general, the macroscopic coherent scattering
cross section10 of a polymer solution observed by SANS can be
expressed as

The scattering vector Q is given by 4πλ-1 sin(θ/2) with θ the
scattering angle and λ the neutron wavelength. ∆F2 is defined
as the contrast factor between the polymer and the solvent:

Σbs and Σbp are the coherent scattering lengths, and ϑs and
ϑp, the volumes of the solvent molecule and the repeat unit,
respectively. I(Q)p, the static scattering function, is related
to the microscopic structure of the polymer by

where N is the total number of scatterers (i.e., for a polymer,
the repeat units) and ri and rj are the positions of scatterers i
and j, respectively. The static scattering function can also be
expressed as a product of the intraparticle form factor, P(Q),
which describes the molecular architecture of the polymer, and
the interparticle structure factor, S(Q), which arises from the
interactions between different polymer chains:

with Φ the volume fraction of the polymer and Vw its weight
average molecular volume. SANS experiments were per-
formed at the Institut Laue-Langevin, Grenoble, France, using
the D11 diffractometer. Detector settings of 2, 10, and 35.7
m and a neutron wavelength of λ ) 7 Å resulted in an
experimental Q range of 1.32 × 10-3 to 0.16 Å-1. In general,
all radial-averaged D11 data were normalized to a water
standard according to the following formula, which yields the
macroscopic scattering cross section of the solutions:

The constants A1-A4 were determined from the intensities of
the transmission measurements: A1 ) IH2O/Iec, A2 ) Isample/Iec,
A3 ) (IH2O/Ieb)lH2O(dΣ/dΩ)H2O, A4 ) (Isample/Ieb)lsample, with I )
intensity (counts/s), Cd ) Cadmium run (“dark” counts), ec )
empty cell, eb ) empty beam, l ) path length (2 and 5 mm),
and (dΣ/dΩ)H2O ) 0.886 cm-1 at 7 Å. In addition, the 2 m data
have been corrected for detector dead time effects. Finally,
contributions due to incoherent background and solvent scat-
tering have been subtracted from all data sets. The coherent
scattering lengths have been calculated to be Σbp ) 2.33 ×
10-12 cm for styrene and Σbs ) 7.99 × 10-12 cm for benzene-
d6. Thus, using, dps ) 1.04 g cm-3, dbz ) 0.95 g cm-3, Mstyrene

) 104 g mol-1, and Mbz ) 84 g mol-1 yields a contrast factor
∆F2 ) 1.63 × 1021 cm-4 for protonated polystyrene in benzene-
d6.

All experiments were performed at room temperature. Four
different concentrations of the living polymers have been
prepared, i.e., 0.1, 0.075, 0.05, and 0.025 g cm-3. The solutions
were transferred directly from the reactor into the sample cells
after successive dilution under high-vacuum conditions. In
order to have an exact calibration standard for the living
polymer solutions, the solutions of the terminated polymer
have been prepared separately by weight, ranging from 5.6 ×
10-3 to 0.10 g cm-3. Because of the experimental conditions
needed for the polymerization, each dilution in the reactor
results in an estimated error of (4% on each concentration.
Thus, the concentrations given above are the nominal values.
These nominal concentrations have been calibrated relative
to the terminated solutions by making use of the independence
of the normalized intensities I(Q)/Φ on concentration in the
high Q region, where the scattering arises solely from the
connected repeat units of the polymer. The results of this

Figure 1. SEC traces of the terminated polystyrene sample
S(2.6), Mw

SEC ) 2650, and S(5.3), Mw
SEC ) 5288.
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calibration procedure are given in Table 1. Although the
relative error increases with decreasing concentration, the
agreement between the nominal and calibrated concentrations
is reasonable. The transmissions of the different samples
varied between 54 and 65 % for the living and between 55 and
70 % for the terminated solutions.

Results

a. Qualitative Scattering Patterns. Figure 2
displays SANS results from a living polymer solution,
sample SLi(2.6) at a volume fraction of Φcal ) 2.64 ×
10-2. For comparison, the data from the corresponding
terminated solution (Φ ) 2.4 × 10-2) and the pure
solvent are shown. These are raw data and have been
corrected only for background and are normalized to
water according to eq 5. While the solvent data remain
flat over the entire Q range, the terminated solution
follows a typical form factor for a linear chain of low
molecular weight. The I(Q) for the living polymer
solution on the other hand coincide only at high Q with
the terminated solution. At intermediate Q values the
scattering profile develops a plateau well above that of
the terminated chains, indicating the existence of ag-
gregated species (first level aggregates). Striking indeed
is the additional increase of scattering intensity at low
Q for the living polymer. This is evidence for the
presence of large scale structures, whereas the data
obtained from the terminated polymer remain at the
plateau value characteristic of the Zimm regime. This
increase in intensity at low Q is an inherent property
of living polymer solutions and indicates the existence
of two well-separated characteristic length scales that
must be taken into account when analyzing the data.
The presence of the two disparate length scales was
previously found1 via the combination of SANS and
DLS.

How different these length scales have to be is shown
in a simple exercise involving the Q dependent simu-
lated intensities from Debye chains11 of different sizes.
Figure 3 displays these scattering profiles from three
monodisperse Debye chains present in equal amounts
(weight percent). The mid-Q range (about 5 × 10-3 to

2 × 10-2 Å-1) is characterized by a near-plateau in I(Q).
This is a consequence of the absence of structures
having radii of gyration in the gap between 60 and 1500
Å. A similar behavior is seen in Figure 2.

b. Model Form Factors. In order to describe the
scattering data from polymer solutions, i.e., the forward
scattering IQf0 and the shape of I(Q) vs Q, several
approaches have been made. From an extrapolation to
zero concentration and the Q f 0 limit the Zimm plot
yields the radius of gyration Rg, the weight average
molecular volume Vw, and the second virial coefficient
A2.

To account for the complete Q dependence of the
scattering intensity, the explicit form factor of the
aggregating polymers is needed. This can be calculated
analytically by starting from eq 3 for some special
aggregate structures. One of the simple types of ag-
gregate is that of a polymer star. Benoı̂t12 calculated
the form factor for an f-functional Gaussian star:

However, with increasing complexity of the aggregate
structure, the mathematical effort to derive P(Q) be-
comes formidable and/or the equations can no longer
be expressed analytically. Another difficulty relates to
the excluded volume interaction leading to chain swell-
ing. For example, the loss of Gaussian statistics pre-
vents an analytic solution of eq 3 even for a linear chain.
Hence, semiquantitative expressions have been devel-
oped,13 e.g., the form factor of a swollen star.

Another possible aggregate structure is that of a
Gaussian comb,14 where the living head groups would
form a chain. If we consider an aggregate structure
based on such an alternating chain of carbon and
lithium atoms (the backbone) from which f arms (the
polystyrene chains) of length nb start, from each carbon
atom one arm, the comb-form factor may be modified
in such a way that it contains only one free parameter,

Figure 2. Scattering intensity (raw data) vs scattering vector
Q for the terminated polystyrene sample S(2.6) and the
corresponding living polymer SLi(2.6) at volume fractions Φcal
) 2.4 × 10-2 and 2.64 × 10-2, respectively. Also shown are
the data of the pure solvent C6D6.

Table 1. Volume Fraction “Calibration” of the Styryl
Head Group Sample SLi(2.6)

sample c (g/cm3) Φnom (%) Φcal (%) ∆Φ (%)

SLi(2.6) A 0.01 9.62 9.40 2.3
SLi(2.6) A75 7.5 × 10-2 7.21 7.05 2.3
SLi(2.6) A5 5.0 × 10-2 4.81 5.20 8.1
SLi(2.6) A25 2.5 × 10-2 2.40 2.64 10.0

Figure 3. Simulated I(Q) based upon three monodisperse
Debye chains present in equal amounts (wt %). The numbers
denote the radii of gyration.
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the aggregation number f, while all other parameters
can be expressed by the following relations:

•nb number of atoms in the side chain (nb ) is given
by the molecular weight of the terminated chain)

•number of atoms in the backbone N0 ) 2f (per chain
one carbon and one lithium atom)

•total number of atoms N ) 2f + f(nb - 1) ) f(nb + 1)
•the ratio of backbone to the total number of atoms:

•bond length b, ∼2.15 Å15,27

•furthermore, we have introduced an arbitrary am-
plitude factor A for taking into account concentration
and interaction effects. Thus we obtain the following
equation:

where the dimensionless variable u ) Q2f(nb + 1)b2/6
and ti is defined as follows:

One additional possibly interesting structure is the
Kratky-Porod wormlike chain model, the (asymptotic)
form factor of which was recently given by Egelhaaf and
Schurtenberger16 and also by Brulet et al.17 This form
factor failed to give an accurate description of the living
polymer scattering profiles; e.g., this model demands a
fractal dimension (see below) of about 2 in the low Q
range. Another approach has been recently taken by
Beaucage,18-20 who proposed a “universal form factor”
for an arbitrary mass fractal, avoiding numerical inte-
gration, that can also be applied to polymeric systems:

with Q* ) Q/[erf(QkRg/x6]3. Herein erf is the error
function and G and B are amplitudes, which for mass
fractals can be related to each other B ) GP/Rg

P Γ(P)
(polymeric constraint). P is the (mass) fractal dimension
of the internal substructure, k is an empirical constant
found to be ≈ 1.06, and Γ is the Gamma function. The
first term of eq 10 corresponds to a conventional Guinier
approach describing the overall properties of the scat-
terers observed at low Q. Scattering contributions due
to the internal substructure, which will be resolved at

higher Q, are described in the second term. This term
goes to zero when Q approaches zero, a great advantage
of eq 10 compared to, e.g., the Dozier function.13 At
large Q the error function term describes the asymptotic
power law I ∼ Q-P. It has been shown that eq 10
describes results derived by numerical integration
within very small errors.18 Moreover, eq 10 can be
extended to describe the scattering from structures with
an arbitrary number n of substructural levels (the
following expression is valid for n ) 2):

with Q* ) Q/[erf(QkRg/x6)]3 and Q*s ) Q/[erf(QkRs/
x6)]3, respectively. G, B, Gs, and Bs are amplitudes,
and again, use of the polymeric constraints can relate
the different amplitudes to reduce the number of
parameters. The initial term in eq 11 describes the
large scale structure of size Rg composed of smaller scale
building blocks of size Rs, captured in the third term.
The second term describes the mass fractal regime of
the large scale structure with two structural limits. The
low-Q limit is at Rg and is described by the error
function, which goes to zero when Q approaches zero.
The high-Q limit is at Rsub and is described by the
exponential prefactor, which cuts off the asymptotic
power law of the error function term. The final term
describes the internal fractal structure of the smaller
scale building blocks. The assumption that Rsub ) Rs
should always be true for typical mass fractals.

c. Quantitative Analysis. For a quantitative assay
of the SANS data of aggregating living polymers an
exact determination of the molecular parameters of the
corresponding terminated polymers, which are the
smallest building blocks of the aggregates, is a prereq-
uisite. Thus, the terminated solutions are discussed in
some detail before we focus on the structure of the
aggregates. We applied, what we call, a “generalized
Zimm plot”, i.e., fitting the scattering data of several
concentrations simultaneously, to

Since the concentration regime under study extends to
relatively high volume fraction Φ, the “correct” concen-
tration term of the RPA21 approach has to be used, i.e.,
Φ(1 - Φ) instead of the Φ approximation commonly
used.

Due to the low molecular weight of the polymers
under study the corresponding low Rg values give only
weak slopes in a conventional Zimm diagram, which are
difficult to analyze. In addition, due to the low molec-
ular weight, excluded volume interactions are not
effective. Thus the Debye function could be used to
describe the form factor over the entire Q range; see
Figure 4. We also tried to use the Beaucage form factor,
eq 10, with P ) 2, to describe the experimental data.
The resulting parameters of the different analysis
methods are summarized in Tables 2 and Table 3. As
can be seen, all experimental data are well described
by both form factors and the resulting fit parameters

λ ) N0/N ) 2/(1 + nb)

P(Q) ) 2A
u2 [u - t1 + t2(f + 2t3/t4) + t2

2((f - 1)t5 - t6

(t5)
2 )]

(8)

t1 ) 1 - exp[-2u/(1 + nb)]

t2 ) 1 - exp[-u(1 - 2
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/f)]
t3 ) 1 - exp[- 2uf

(1 + nb)(f + 1)]
t4 ) 1 - exp[- 2u

(1 + nb)(f + 1)]
t5 ) exp[ 2u

(1 + nb)(f + 1)] - 1

t6 ) 1 - exp[-
2u(f - 1)

(1 + nb)(f + 1)] (9)

P(Q) ) G exp(-Q2Rg
2/3) + B( 1

Q*)P
(10)

I(Q) ) G exp(-Q2Rg
2/3) +

B exp(-Q2Rsub
2/3)( 1

Q*)p
+ Gs exp(-Q2Rs
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Bs( 1
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ps
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are nearly identical. The agreement between the SEC
and SANS molecular weight results are well within
experimental error.

For the lowest molecular weight the second virial
coefficient A2 obtained from our SANS data is surpris-
ingly high compared to previous work.22 But one should
notice that those authors reported that A2 obtained from
SANS was always considerably higher than A2 obtained
from static light scattering, especially in the low-Mw
region. Already for the next higher Mw we found a
reasonable agreement between those and our data. The
analysis of the SANS data took place in several steps.
First the terminated solutions were evaluated, leading
to second virial coefficients for PS(2.6) and PS(5.3)
(model chain for the dimer). Then the living polymer
data were parametrized by a fit to the Beaucage form
factor. Finally, the concentration effects are also con-
sidered for the living system, using the virial coefficient
from the terminated solutions.

In order to parameterize the scattering behavior of
the living polymer solutions, we made a first attempt
of fitting the experimental data of each concentration
separately to the extended mass fractal form factor, eq
11. The amplitudes G and Gs, particle radii Rg and Rs
and the fractal dimension P of the large scale aggregates
are used as free parameters, whereas the internal
fractal dimension of the subunits is fixed to Ps ) 2
(Gaussian coil). The resulting fit for the lowest concen-
tration Φcal ) 2.64% is shown in Figure 5. As can be
seen, the experimental data are well described by this
model over the whole experimental Q range. The
results obtained for the different concentrations are
summarized in Table 4. Although this is merrily a

preliminary semiquantitative analysis, the following
conclusions can already be drawn:

(i) The measured fractal dimension P ≈ 2.9 for the
large scale aggregates is surprisingly high for a polymer
system, indicating a very dense, i.e., highly branched,
structure.

(ii) Although no crossover to a Guinier regime at low
Q is visible, we still can give a lower limit for the radius
of gyration of the large aggregate. Their size must be
at least ≈103 Å. This becomes clear by looking more
closely at the properties of the power law tail described
by the error function terms in eqs 10 and 11, respec-
tively. For illustration, in Figure 6 I(Q) data are shown
calculated according to eq 10 with different sets of
parameters G, Rg, and P. In the high-Q range, where
only power law behavior is observed, one cannot dis-
tinguish between the two parameter sets. The param-
eter Rg determines solely the crossover from the power
law regime to the Guinier regime at low Q. Thus, we
cannot determine the molecular weight of the ag-
gregates because our experimental data do not reach
the Zimm regime of the large scale aggregates. Nev-

Table 2. Molecular Characteristics of Terminated Polystyrene Sample S(2.6)

conv Zimm Beaucage Debye SEC

Mw 2332 ( 60 2440 ( 13 2442 ( 13 2650
Mw/Mn 1.06
Rg (Å) 7.45 ( 1.1 15.2 ( 0.1 15.2 ( 0.1
A2 (cm3 mol/g2) (2.53 ( 0.12) × 10-3 (2.47 ( 0.03) × 10-3 (2.47 ( 0.03) × 10-3

Ps 2

Table 3. Molecular Characteristics of Terminated Polystyrene Sample S(5.3)

conv Zimm Beaucage Debye SEC

Mw 4742 ( 60 4802 ( 75 4826 ( 65 5228
Mw/Mn 1.03
Rg (Å) 24.0 ( 0.5 22.4 ( 0.2 22.5 ( 0.3
A2 (cm3 mol/g2) (1.91 ( 0.08) × 10-3 (1.67 ( 0.04) × 10-3 (1.68 ( 0.04) × 10-3

Ps 2

Figure 4. Scattering intensity vs scattering vector Q for the
terminated polystyrene sample S(2.6). The volume fractions
Φ are 1.02 × 10-1, 4.99 × 10-2, 2.48 × 10-2, 1.11 × 10-2, and
5.56 × 10-3 from above. The solid lines are the fit results of
eq 12 with P(Q) given by the Debye function. Also shown are
the results obtained by a conventional Zimm analysis (dotted
lines).

Figure 5. Fitting I(Q) of the living polymer SLi(2.6) solution
with Φcal ) 2.64 × 10-2 to the extended mass fractal form
factor, eq 11, yielding a nearly perfect description of the data.
The obtained parameters are listed in Table 4. Also shown is
I(Q) calculated according to the modified comb from factor, eq
8, with parameters given by the terminated polystyrene chain
S(2.6) (see text).

Table 4. Results of Fitting the Complete Q Range of
Sample SLi(2.6) to the Mass Fractal Form Factor

volume fraction Φcal

2.64% 5.2% 7.05% 9.4%

G (cm3/mol) 5926 3421 507 688
R(Å) 1658 1329 904 902
P 2.92 3.1 3 2.8
Gs (cm3/mol) 107 148 159 155
Rs (Å) 22.2 19.2 17.7 14.0
Ps 2 2 2 2
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ertheless, there exists a minimum combination of Mw
and Rg to describe the observed power law tail.

(iii) The evaluated size of the first level aggregate, Rs
) 22.2 Å, is nearly identical with the expected value of
≈21-24 Å for the dimer.9 We note, however, that the
second virial coefficient has not yet been taken into
account at this level of analysis.

In addition, led by the idea that the head groups may
associate in the form of long chains, an attempt was
made to fit the experimental data to the symmetric
comb form factor,14 but eq 8 with the set of parameters
given by the terminated chain does not describe the
experimental data; see Figure 5. In principle, the comb
form factor shows some similarities to the experimental
data. If nb and f are chosen very large, a plateau evolves
in the mid-Q range, but varying f and nb yields
parameters not consistent with the chemical system, nb
≈ 3000 instead of ∼25. Moreover, the steep increase
at low Q, where it is found that I(Q) ∼ Q-2.9, cannot be
described by the comb form factor, which exhibits I(Q)
∼ Q-2. The same is true for the wormlike chain form
factor, which also leads to I(Q) ∼ Q-2 at low Q.

For a more quantiative analysis of our experimental
data we focus on the mid- and high-Q range, i.e., Q g
0.02 Å-1, where we reach a Zimm regime for the first
level aggregates. As already mentioned in the Intro-
duction, the commonly accepted polymerization mech-
anism for styrene assumes the dimer to be the maxi-
mum aggregation state. To calculate the forward
scattering IQf0 according to eq 12, three parameters are
needed: the molecular weight Mw of the first level
aggregates, their volume fraction Φ, and their second
virial coefficient A2. Mw and Φ are known from the
characterization of the corresponding terminated poly-
mer and the concentration calibration procedure,
Mw

dimer ) 2Mw
term and Φdimer ) Φcal, respectively. A2 can

be approximated by the value of the terminated sample
C, for which Mw is approximately twice the value of the
terminated low-Mw sample, i.e., A2 ) 1.68 × 10-3 cm-3

mol g-2. Thus, in principle, all parameters are known
with only Rg left as a fitting parameter (but it can be
expected to be ≈x2‚15.2 Å, the value of the terminated
sample).

Figure 7 shows the comparison of our experimental
data in the concentration range 0.0264 e Φ e 0.094 with
the curves calculated according to eq 12 with P(Q) given
by the Debye function. Whereas the forward scattering
at the highest concentration is reasonably described by

this parameter set, the experimental intensity observed
for the lower concentrations is much higher than
calculated. For this effect there is only one possible
explanation: a change in aggregate structure with
concentration. The aggregation number increases with
decreasing volume fraction; probably a mixture of
dimers (Gaussian coils) and tetramers (Gaussian four-
arm stars) is formed. To check this hypothesis, we
analyzed the experimental data by

with Φrel
i ) Φi/Φtot, Φi the volume fraction of compo-

nent i, and Φtot the total polymer volume fraction. Pstar-
(Q) is given in eq 7. A2 for the tetramer is taken to be
approximately A2

dimer.23 The resulting fit for the lowest
concentration, Φcal ) 2.64 × 10-2, is also shown in
Figure 7. A relative star volume fraction Φrel

star ) 0.45
is needed to describe the forward scattering at this
volume fraction. The concentration independent Rg

arm

≈ 17 Å agrees with Rg
term + 2.1 Å, the expected value of

a lithium-carbon bond.15,27 Moreover, also the shape
of I(Q) is much better described by eq 13, as can be seen
in the inset of Figure 7.

In principle, also other aggregation states like trimers
or even unimers could be considered. The form factors
arising from mixtures of these different aggregation
states are very similar, and a definite decision on the
presence of trimers or unimers or both cannot be given
with certainty. However, the intermediate intensity
level, which is above what would be expected for dimers
only, requires the presence of aggregate numbers higher
than 2. The presence of a sizable fraction of unimers,
e.g., would imply an even higher relative amount of
tetramers. We note, in addition, that unimers are not
very favorable for enthalpic reasons.28

Figure 6. Scattering intensity vs scattering vector Q calcu-
lated according to the mass fractal form factor, eq 10, for two
sets of parameters: (dotted line, squares) G ) 100 cm3 mol-1,
Rg ) 50 Å, P ) 2; (solid line, triangles) G ) 400 cm3 mol-1, Rg
) 100 Å, P ) 2. The open symbols denote the scattering
contributions due to the internal substructure, i.e., the second
term in eq 10, which goes to zero when Q approaches zero.

Figure 7. Scattering curves of the living polymer SLi(2.6) as
a function of volume fraction Φ. The theoretical curves (dashed
lines) are calculated according to eq 12 with P(Q) given by the
Debye function using Mw of the dimer and A2 as the experi-
mental value obtained from the terminated sample S(5.3). Rg
is the only adjustable parameter (see text). Also shown is the
curve assuming a mixture of dimers/tetramers (solid line) for
the lowest concentration. The inset shows a Kratky represen-
tation for the lowest concentration, Φ ) 2.64 × 10-2, together
with fitting results assuming only dimers (dotted line) or a
mixture of dimers/tetramers (solid line).

I(Q) )
Φtot(1 - Φtot)

[1/(Φrel
star Pstar(Q) + (1 - Φrel

star)Pdebye(Q) + 2A2Φ)]
(13)
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The results for the other concentrations are listed in
Table 5. Thus, at all concentrations we have mixtures
of dimers and tetramers with Φrel

star decreasing with
increasing concentration. Finally, after successfully
describing the data in the mid- and high-Q range, we
return to the low-Q regime, i.e., the large aggregates.
In this step, eq 10 was added as an additional term to
eq 13 to take into account the scattering contributions
of the large scale aggregates. Whereas the parameters
for the first level aggregates, i.e., dimers/tetramers, were
fixed to the values obtained from the previous analysis
step, G, Rg, and P of the large scale aggregates were
used as free parameters; see Figure 8. As already
mentioned above, no definite result can be obtained for
the molecular weight of the large scale aggregate. G
used in this way is not an explicit molecular volume but
rather a factor containing all parameters affecting the
forward scattering of the large scale aggregates, i.e.,
their concentration, their real Vw, and their second virial
coefficient, respectively. But the obtained value of Rg
is a minimum value needed to describe the upward
curvature in I(Q) vs Q. Similarly, also the value for
the prefactor G can be considered as a product of a
minimal scattering volume Vw

large and the respective
concentration Φlarge. The effect of a second virial
coefficient would only increase the volume Vw

large. Data
at lower Q would be needed in order to access the Zimm
regime of these large scale structures. The results
obtained are summarized in Table 6.

For the interpretation of these fits to the data there
are two possible routes:

(i) One could assume that we deal in the sense of
Beaucage with large aggregates built from smaller
substructures. Thus, the scattering profiles seen at
small and large Q originate from the same structure.

(ii) What is observed results from an equilibrium of
different species containing singlet chains that make up
the first level aggregates like dimers, tetramers, etc. in
coexistence with the large scale structures.

Though we cannot give a definite value for the size
of the large scale structures, we may estimate the
fraction of chains contributing to these structures on
the basis of their minimum size (see discussion above)
and, thus, decide between the two possibilities discussed
above. The estimate is performed using the absolute
intensities obtained from the Beaucage fit for the two
entities that directly relate to their scattering volumes
Vw (eq 4). Let us first consider case i, the observation
of homogeneous larger scale structures built from
smaller entities. We take the data at Φcal ) 2.64% as a
representative result. There the primary structures
(first level aggregates), responsible for the mid-Q regime
scattering, are mixtures of dimers and tetramers with
an average volume Vw ) 0.45Vw

tetr + 0.55Vw
dimer ) 6800

cm3 mol-1. On the other hand, the product of molecular
volume and volume fraction of the large aggregates
amounts to Vw

large Φlarge ) G ) 3070 cm3 mol-1. With
all monomers participating in the large scale structure
Φlarge ) Φcal and Vw

large ) 116 250. Knowing Vw
large, we

may calculate the number of small objects making up
the large object and obtain Vw

large/Vw ) 17. It is noted
that this result is obtained for the minimum size of Rg
) 1270 Å required to explain the scattering pattern.
Considering the vast difference in size between the
small (≈25 Å) and the large structure (Rg > 1270 Å)
the amount of scattering volume Vw

large ) 17Vh w is by
orders of magnitudes too small. Thus, case i is ruled
out.

The scattering pattern must, therefore, originate from
an equilibrium between dimers and tetramers and,
perhaps, a minor amount of unimers on the one hand
and the large scale structures on the other hand. We
now estimate the relative volume fraction of the mono-
mers participating in the large scale structure. As
derived from the fit, these large scale structures are
mass fractals with P = 3. The underlying structure is
rather densely packed and we estimate the number of
entities building the large structure by n ) (Rg

large /
Rg

small)3 ≈ 105 and Vw
large = nVw = 109 cm3 mol-1. In

order to arrive at G ) ΦlargeVw
large ) 3070, Φlarge ) 3 ×

10-6 or Φlarge/Φ ) 1.2 × 10-4 results. Thus, these large
aggregates contain only a minor fraction of the mono-
mers. We note that our estimate is based on the
minimum aggregate sizes. Possible larger sizes will
only reduce the fraction of large scale aggregates
necessary to produce the observed scattering patterns.

Discussion

The lipophobic identity of the ionic head groups
coupled with the lipophilic character of the hydrocarbon
tails invites comparison with the micellization behavior
exhibited by ionomers and surfactants. These sys-
tems24,25 are well-known for their proclivities for self-
organization into supramolecular structures, e.g., the
canonic disk, spherical (star-shaped), and cylindrical-
shaped micelles. The type of structures formed are the
outcome of the interplay between the enthalpic contri-

Table 5. Results of Fitting the Range Q g 0.02 Å-1 to a
Sum of a Debye Function and a Gaussian Star with f ) 4
(Dimer/Tetramer) for the Styryl Head Group of Sample

SLi(2.6)

volume fraction

2.64% 5.2% 7.05% 9.4%

Φrel
star 0.45 ( 0.01 0.40 ( 0.01 0.33 ( 0.02 0.11 ( 0.02

Mw
star (cm3/mol) 9768a 9768a 9768a 9768a

Rg
arm (cm3/mol) 17.5 ( 0.1 17.0 ( 0.1 17.3 ( 0.8 17.2 ( 0.1

Mw
debye (cm3/mol) 4884b 4884b 4884b 4884b

a Fixed to Mw of a tetramer. b Fixed to Mw of a dimer.

Figure 8. Fitting of the experimental data to a combination
of the mass fractal form factor, eqs 10 and 13, yielding an
excellent description of the experimental data.

Table 6. Results of Fitting the Complete Q range of
sample SLi(2.6)

volume fraction Φ

2.64% 5.2% 7.05% 9.4%

G (cm3/mol) 3070 ( 430 4146 ( 634 486 ( 55 1152 ( 220
Rg (Å) 1268 ( 62 1410 ( 75 852 ( 55 1158 ( 92
P 2.98 ( 0.04 3.06 ( 0.06 3.11 ( 0.16 2.82 ( 0.07
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bution resulting from the act of aggregation and head
group packing preferences and the entropic consider-
ations of the tails. The head group aggregation event
necessitates a loss in translational freedom of the tail
and thus a loss in entropy. The spontaneity of the
association event dictates its exothermic identity. The
structures formed can be viewed as polymer “bottle
brushes”,26 and thus the entropy loss endured by the
tails also includes that arising from chain stretching
(the configurational entropy) in the aggregates. Com-
pensation occurs via the aforementioned exothermic
aggregation enthalpy, which for the dimer of allyl-
lithium is judged27 to be about 170 kJ.28 That value is
in keeping with the high ionic character of the head
groups.15

As discussed above from the absolute intensities of
the length scale dependent contributions to the scat-
tering cross section, it is clear that we are faced with a
delicate balance between a vast majority of dimers and
tetramers, giving rise to the intermediate Q plateau in
dΣ/dΩ and a very small fraction ∼10-4Φ of monomers
aggregated in a large scale structure. Also photon-
correlation spectroscopy on the butadienyllithium head
group1,29 confirms this general picture in showing
clearly the coexistence of two primary diffusive relax-
ation modes. This signals the presence of two separate
families of aggregated structures. Unfortunately, SLS
and DLS techniques cannot be applied to the styryl-
lithium head group in a quantitative fashion30 due to
the orange-red coloration of the solutions; λmax ) 333
nm in benzene2 and 328 nm in cyclohexane.31 This
prevents the extension of the Q range to <10-3 Å-1,
which is a prerequisite to reach the Zimm regime
needed for a complete assay of the large scale structures.
Thus, for this head group, SANS is the only applicable
scattering technique.

From the concentration dependent height of the
mid-Q plateau, the coexistence of two separate species,
i.e., dimers and tetramers, was deduced. It should be
again emphasized that only one adjustable parameter
(the relative volume fraction of tetramers) was needed
to describe the scattering data in the Q range of 0.02 e
Q e 0.2 Å-1 for volume fractions 2.64 × 10-2 e Φ e 9.4
× 10-1. With decreasing head group concentration, the
relative volume fraction of tetramers increased from
0.11 ( 0.02 to 0.45 ( 0.01. The presence of the
tetrameric structure is needed also to describe the
functional shape of I(Q) vs Q. In Figure 7 (insert) the
experimental data and the fit according to eq 10 of the
lowest concentration SLi(2.6K) sample is shown in the
Kratky format, i.e., I(Q)Q2 vs Q (this representation
emphasizes the data of the high-Q region). Also shown
is the result of fitting the data to the Debye function.
In order to achieve any agreement for this forced fit,
the second virial coefficient had to be allowed to vary.
Only in this fashion could the intensity of the mid-Q
plateau be described. The resulting A2 value of 4.4 ×
10-4 mol cm-3 is about 1 order of magnitude too small.9
This helps to highlight the inability of this attempt to
adequately describe the scattering data. Moreover, the
Debye function cannot describe the shape of the Kratky
plot of the experimental data whereas the dimer/
tetramer mixtures do. The characteristic feature of star
polymer scattering data,32-34 a peak in the Kratky
representation, is not seen in Figure 7 due to the low
functionality (f ) 4) and the superposition of the Debye
function (as will be seen in a subsequent publication,29

the presence of such a peak plays an important role in
the evaluation of the butadienyllithium head group
data).

The unambiguous presence of dimers and tetramers
involving the styryllithium head group clearly contra-
dicts the presently accepted mechanism, which demands
that the dimer be the lone aggregation state in this
system. The questionable nature of that mechanism
was initially indicated as a consequence of a computer-
based curve-fitting analysis35 coupled with a graphical
exercise;36 both evaluations involved the head group
concentrations and the propagation rate data for sty-
renic monomers. That mechanism further assumes the
mantle of unreality by considering the second main
finding of our study; namely, the existence of large scale
aggregates. These are the structures37,38 that give rise
to the steep increase of the scattering intensity at low
Q. The unexpected gradient steepness of about -3 is
the reason for the failure of the form factors11,14,16,17

representing more conventional polymer architectures.
Those structures have a point of commonality in that
their low-Q gradient is about -2. The Beaucage form
factor has been designed to describe arbitrary mass
fractals including polymers. In the low-Q range this
approach yields a fractal aggregate of dimension P = 3
and signals the presence of a very dense 3-dimensional
system, e.g., a branched polymer “bottle brush”. Ex-
amples of possible structures39 are given in Figure 9. A
potential mechanism of branching for the “living” poly-
mers supramolecular structure could come about if

Figure 9. Possible fractal structures of the large scale
aggregates and parent “bottle brush” chain. Each of the named
fractal structures has its fractal dimension, P, given. These
structures, which were generated by a simulation exercise (ref
39), each contain 103 primary units.

Figure 10. Scattering contribution of the large scale ag-
gregates, i.e., the residual intensity after subtraction of the
intensity calculated by eq 13, yielding a universal power law
with slope ≈3.
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lithium increases its coordination number. Similar
values of P have been found for aerogels, foams, or
aggregating silica particles.20,40 The values of P and Rg
(ca. 103 Å) are independent of polymer concentration.
This may be seen particularly well in Figure 10, where
the residual low-Q scattering after the subtraction of
the corresponding form factors for the dimer tetramer
mixtures are shown for all concentrations. The ag-
gregation behavior reported in this work has precedence
in the self-assembling characteristics of benzyllithium
in the solid state41,42 where the head groups form
stacked arrays.

Conclusions

SANS data from living polymers with styryllithium
head groups display structures over a wide Q range
(10-3 e Q e 10-1 Å-1), indicating the presence of
different length scales that signify the structures ob-
tained from polymer aggregation. In the mid-Q range
(Q g 0.2 Å-1) the concentration dependent data could
be quantitatively analyzed in the form of a mixture of
dimers and tetramers. The relative volume fraction of
the tetramers, being the only adjustable parameter,
increases with decreasing monomer volume fraction.
Aside from these low functionality aggregates, large
scale structures are present with sizes above 1000 Å.
Their scattering behavior can be described by a form
factor for mass fractals recently proposed by Beaucage.
The measured fractal dimension of P = 3 indicates dense
aggregated objects like branched “bottle brushes”. It
could be estimated from the absolute intensities that
only a minute fraction of the monomers present par-
ticipates in the large scale aggregates (∼10-4). The
observed structural variety of the living poly(styryl-
lithium) solution entities shows that the morphology of
these living polymer systems is more complex than that
promoted by the entrenched textbook4 mechanism of
anionic polymerization in a hydrocarbon milieu.
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