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ABSTRACT: The self-assembling behavior of butadienyllithium (—CH,—CH=CH—-CH,—L.i) headgroups
in benzene has been studied via the use of small-angle neutron scattering (SANS). The carrier polystyrene
chain molecular mass was 2.6K. Previous work has shown that the styryllithium headgroup can
simultaneously form aggregated architectures encompassing tetramers and dimers along with a small
number, ~0.1%, of chains engaged in the formation of large scale mass fractal aggregates. That aggregation
behavior contradicts the long entrenched belief that the sole self-assembled state of styryllithium
headgroups is dimeric. This study shows that the butadienyllithium active centers exhibit more
complicated aggregation tendencies than their styryllithium counterparts. For example, the butadienyl-
lithium headgroup can form star-shaped structures with mean functionalities as large as 10 in addition
to dimers. This structural versatility is in obvious conflict with the current propagation model that requires
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tetramers as the solitary aggregation state.

Introduction

The living character of organolithium-based anionic
polymerizations involving diene or styrenic monomers
conducted in hydrocarbon solvents have facilitated the
synthesis of numerous polymers of varying architecture
and composition. In contrast, though, important chain-
growth-related questions remain. This is a consequence
of the capacity of the highly ionic lipophobic headgroups
to undergo self-assembly in hydrocarbon solvents. These
monofunctional chains are thus a subgroup of the broad
class of associating polymers and surfactants that
contain a small fraction of strongly interacting groups
(the stickers) which form aggregates varying in size and
architecture with n stickers per aggregated polymer
brush?.

The textbook view2~15 of chain propagation requires
the belief that aggregation breeds dormant organo-
lithium headgroups!® and, as a necessary corollary, the
notion that the singlet headgroups are the solitary
practitioners of chain growth. The latter are assumed
to emerge briefly via dissociation of their aggregated
counterparts. This sequence demands, in turn, compli-
ance with the conjecture that the inverse of the propa-
gation reaction order (taken as /4 or 1/5)17 directly yields
the association state of these organolithium headgroups.
Thus, butadienyllithium is strictly limited to four stick-
ers per aggregate!®1® while the styryllithium limit is
taken to be two. SANS results?° have demonstrated that
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this latter headgroup can also form tetramers: a result
in disagreement with the above interpretation.

This paper will focus on the association behavior of
butadienyllithium active centers where headgroup con-
centrations were varied. The major structures found are
dimers and star-shaped aggregates along with a small
fraction (~0.7% of the headgroups) of larger scale
structures.

Experimental Section

Sample Preparation and Evaluation. The basic high
vacuum practices followed in this work for monomer and
solvent purification and those procedures involving the initia-
tor (sec-butyllithium) and polymer preparation and charac-
terization have been previously given.2°=22 Following the hjo-
styrene polymerization, ds-butadiene was added to generate
the butadienyllithium active center. Polymer concentrations
were less than ®*, the volume fraction overlap concentration.
This parameter emerges from the term 3M/(Na47R¢%) where
the dimer My, was used.

These active solutions were then captured in the tubular
part of the quartz cell unit of the reactor and stored at ca.
—15° C. The 0.5 mm path length quartz cells were used.
Storage of the frozen solutions in the quartz cells is not
recommended since thawing can lead to cell rupture. Sample
nomenclature follows that used previously.?®??2 The base
polystyrene chain is given along with the headgroup. Thus the
sample SBdLi(2.6) describes the polystyrene chain with the
molecular mass of 2.6K and capped with the butadienyllithium
headgroup. This base polystyrene chain was that used for the
previous?® aggregation state assay of the styryllithium head-
group. The volume fraction of polymer in each solution was
obtained from the SANS measurements. These concentrations
were no greater +4% with regard to the stoichiometric values.

SANS. Small-angle neutron scattering (SANS) directly
investigates in microscopic detail the scattering units with a
resolution of several angstroms. It is thus the ideal tool for
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evaluating the structural characteristics of the intermediate-
sized aggregates found in this work since their length scales
r fall within the instrumental Q range (r and Q are inversely
related). The parameter Q, the scattering vector, is given by
47[sin(0/2)]A~* with 6 the scattering angle and 4 the neutron
wavelength. The SANS measurements were done on the D-11
instrument at the Institute Laue-Langevin (ILL), Grenoble,
France. Detector settings of 2, 10, and 35.7 m were used. A
neutron wavelength of 1 = 7 A was used, and the spread was
AL = 14%. This wavelength led to an experimental Q range of
1.32 x 1073 t0 0.16 A~%. The macroscopic coherent scattering
cross section d=/dQ2 from polymers in solution is given by

d _Ap? 21 - D) )
dQ N 1
A [VWP oM 2A2c1>]

where ® denotes the polymer volume fraction, P(Q) the form
factor of the polymer or the polymer aggregates, V., the
corresponding weight average molar polymer volume, A; the
second virial coefficient, and Na the Avogadro number and Ap
= [(Zbs/Vs) — (Zbmon/Vmon)] is the scattering contrast. The ratio
>bg/vs is the scattering length density of the solvent while bg
denotes the scattering lengths of the atoms forming the solvent
molecule and vs is the corresponding volume. Zbmen/Vmen IS the
corresponding quantity for the monomer unit.

In general all radially averaged D11 data were normalized
to a water standard. In addition the 2-meter data from the
D11 instrument were corrected for detector dead time effects.
Contributions due to incoherent background and solvent
scattering were subtracted from all data sets. The SANS
measurements were performed at room temperature. The
protocols of instrumental calibrations and the data evaluation
procedures are given in ref 20.

Model Form Factors. For the following we introduce the
notion of the scattering function 1(Q) = (Na/Ap?)(d=/dQ). The
molecular volume and the virial coefficients are obtained from
1(Q) e.g., in terms of the Zimm?® approximation where 1(Q) is
simultaneously extrapolated to Q — 0 and ® — 0. To account
for the complete Q dependence at finite polymer concentra-
tions, the explicit form factor of the scattering particles is
needed. This parameter has been calculated analytically for
special polymer architectures. In our recent publication on
living polymerizations?® we showed that in different Q regimes
the scattering profiles from polystyryllithium could be well
described by the following form factors. At low-Q the mass
fractal form factor by Beaucage?*2% led to good fits while at
the mid- and high-Q values the data were well described by
in terms of the form-factors for Gaussian linear chains
(Debye??) and f,, functional Gaussian stars (Benoit?8).

The Beaucage form factor®*~26 is valid for arbitrary mass
fractals and may also be applied to polymeric systems. The
function describes one fractal unit and is given by a sum of
two contributions: (i) the first has the Guinier form and gives
the overall scattering while (ii) the second deals with the power
law scattering from a fractal including the proper crossover
properties. For fractal structures that are themselves built of
subunits, which also have fractal character, a second set of
functions has to be added for a proper description of the
subunit. Hence, we have

*
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with Q* = Q/[erf(QRyk/v/6)]® and Q! = Q/[erf(QR:KI/VB)]3. G,
B, G, and Bs are amplitudes, and erf denotes the error
function. Ry and Rs stand for the radii of gyration and P and
Ps for the fractal dimensions for the overall structure and the
subunits, respectively. The amplitudes may be related with
respect to each other, where B = GPR"T'(P/2) (polymeric
constraint); I' is the gamma function, and k is an empirical
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constant, where k = 1.06. Gs and Bs are related equivalently.
If the length scales Ry and Rs are well-separated, two power
law regimes in Q with exponents P and Ps evolve. For mass
fractals the exponents may assume values?® between 1 and 3.
The gradient of 1 denotes the rodlike posture, 2 the Debye
chain?’while a P between 2 and 3 is characteristic for more
dense mass fractal structures.®

One of the simpler nonlinear architectures is that of polymer
stars having symmetric arms with a functionality of fy.
Benoit?® calculated the form factor for the Gaussian star:

2

—02R, 2,
—QZR 2_(1_eQ g,arm)_|_
4 4 g,arm
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Pstar(Q) =
f,.—1

w
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The scattering profile in the mid-Q regime (0.02 A1 < Q <
0.2 A1) for the styryllithium headgroup was successfully
modeled® in terms of a dimer—tetramer mixture over the
concentration range 2.6—9.4 vol %. To account for the respec-
tive scattering profiles, eq 1 had to be generalized in order to
incorporate the scattering from two different species: tetram-
ers and dimers. Thus, the tetramer scattering was described
by eq 3 while the dimers were modeled in terms of a Debye
function,?” Ppenye(Q). With this eq 1 assumes the form

Q) =
D(1 — D)

1/(¢)reIStaertarPstar(Q) + (1 - q)reIStar)VdimPDebye(Q)) + ZAZCD
(4)

with @' = ®/® and ®; the volume fraction of component i.
Second Virial Coefficients. The application of eq 1 and
the derived eq 4 requires knowledge of A,. For polystyrene
based on literature® for My, >5 x 10* g mol~* the relation A,
= 0.0106M,,7%2¢ (ml mol g=2) holds. On the other hand for
smaller molecular masses, Burchard et al.3! found larger
values for A, than projected by the relation above. These data
together with our recent SANS results lead to A, = 0.024
(£0.005)M,, 030007 (m] mol g=2). Star polymers exhibit a
different virial coefficient than linear chains of identical M,,.
The conversion between the respective values obeys Az star =
0aA2 linear With My, (star) = My, (linear). Roovers®? has collected
ga values for various functionalities. For star functionalities
up to 18 they can be represented by ga = (1.09 + 0.08) — (0.04
=+ 0.007)fw. Using this relation allows for a proper consideration
of an architecture dependent virial coefficient in eq 1 or 4.

Results

Generic Scattering Behavior. To display the gen-
eral quality of the data, as well as the orders of
magnitudes of the cross sections, Figure 1 displays
scattering data taken at the lowest polymer volume
fraction ® = 0.54% for the living and terminated chains
and compares them with the solvent scattering. Note
that here, in contrast to the protocol used in the
following SANS figures, the solvent scattering has not
been subtracted from the polymer data. Furthermore,
all solutions evaluated used purified benzene from the
same source on the vacuum line. Thus the Figure 1 data
sets are raw results that are corrected only for empty
cell scattering and background. The data are normalized
to a water standard according to eq 5 of ref 20. We first
note that even at this low volume fraction, given the
short chain lengths we are investigating, the signal from
the terminated chains is still well above the solvent
scattering with the Guinier plateau at about twice the
solvent level. The intensity profile from the terminated
chains follows typical Debye behavior. Compared to the
terminated system, the scattering from the living poly-
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Figure 1. Scattering intensity (raw data) vs scattering vector
Q for the terminated polystyrene sample and the correspond-
ing living polymer SBdL.i (® = 0.54%). Also shown are the data
of the pure solvent C¢Ds.
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Figure 2. 1(Q) for the living polymers SBdL.i (O) and SLi (O).
The lines denote the calculated 1(Q) for the terminated chain
and the dimer (SLi) and tetramer (SBdL.i) structures.

mers is strongly enhanced. Only at high-Q does it
coincide with that from the terminated solution. At
intermediate and lower-Q a strong enhancement of
scattering is observed indicating the presence of objects
with large scattering volumes: eq 1. These scattering
volumes are clearly absent both in the solvent and the
terminated solutions. Similarly, static light scattering
measurements (1 = 633 nm) of a terminated solution
(see Figure 7 of ref 22) over the Q-range of 7.5 x 10~
to 2.9 x 1073 A-1 showed only the Q-independent
scattering of objects much smaller than the wavelength
of light. This combination of results shows that the
increases in intensity in the mid- to low-Q regime reflect
the polymeric structures formed by the self-assembling
headgroups and thus are not caused, as has been
alleged,’* by the presence of suspended particulate
matter.

After having displayed the significance of the scat-
tering data, we now present a qualitative comparison
with previous data?® from the styryllithium system.
Figure 2 presents scattering results at about the same
volume fraction of SLi (® = 2.64%) and SBdLi (® =
2.22%). As may be seen, though, while the volume
fraction of the SBdLi system is lower than its SLi
counterpart its scattering is significantly above the
profile from the SLi solution. Without any evaluation
this direct comparison shows the higher degree of
association for the butadienyllithium headgroup com-
pared to the styryllithium system.

To quantitatively compare this scattering behavior
the form factors?® for starlike aggregates of different

Butadienyllithium Headgroups in Benzene 5323

10 6 T T T |
3 0.54%
1.13%
2.22%
5.55%
9.25%

10*4 .

10° 4

oopdao

I/® [cm?/mol]

107 4 .

102 — N—
10° 1072 . 10
QIlA

Figure 3. Fits of I/® for the living polymer SBdL.i solutions
to the mass fractal form factor.

functionalities must be considered. Thus, Figure 2 also
includes the scattering profile predictions for singlet,
dimeric and tetrameric chains. While in the mid-Q
range the SLi system scatters at a level consistent with
tetrameric aggregates, the SBdL.i solution scattering is
considerably stronger indicating high levels of aggrega-
tion. In addition both systems display strong scattering
at low-Q signifying large scale aggregates. Obviously,
the self-assembling capacities of these active centers are
more versatile than the prevailing model permits.
Finally, Figure 3 presents the dependence of the
SBdLi scattering patterns on polymer volume fraction.
To present this comparison the SANS intensities in each
case were divided by ®. We note that the relative
scattering is strongest at the lowest volume fraction.
This is true for both the intermediate plateaus as well
as for the low-Q scattering regimes. This general evolu-
tion of scattering with ® has already been observed for
the SL.i system (see Figure 8 in ref 20) though it appears
to be more pronounced for the SBdLi headgroups.
Beaucage Form Factor. The Beaucage form
factor?4=26 can, at least in a partial sense, characterize
the large-scale structures. Complete characterization is
impossible since the 1(Q) profile captured by SANS is
made incomplete by the failure to reach the Zimm
regime. The access of that scattering vector regime
requires the wavelengths (436—690 nm) and the angu-
lar range (10—160°) available in modern light-scattering
instrumentation. Despite these limitations, some insight
can be gleaned regarding the format of the large
structures. In particular, eq 2 allows a parametrization
of the scattering patterns in terms of fractal exponents
along with sizes of the two structural levels. The size
of Ry of the larger unit, thereby, is a minimum value
required to describe the data; larger sizes are possible.
Figure 3 includes the resulting fitted curves. Obviously,
very good descriptions of the data are possible. Table 1
shows the SBdLi results and also includes the earlier
data?® on SLi. As mentioned above the size parameter
Ry is @ minimum value and should not be taken as a
real aggregate size (as the authors of refs 15 and 16 have
done regarding parallel findings in ref 22).
Concerning the fractal dimensions P of the large-scale
aggregates we realize that in the case of the SLi-system
P stays roughly constant around P = 3; given the limited
Q-range of observation. The error range of P is esti-
mated to be +0.1. The large-scale aggregates appear to
be surfaceless loose 3-dimensional structures. For SB-
dLi, on the other hand, there seems to be a systematic
reduction of P with increasing @ indicating more open
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Table 1. Results of Fitting the 0.01-0.08 A-! Q-Range with the Benoit Gaussian Star Form Factor, the Combined Debye/
Benoit Form Factor, and the Complete Q-Range to the Beaucage Form Factor?

102® 0.54 1.13 2.22 2.64
1072[PLiJo (M) 0.22 0. 45 1.1 1.3

5.20 5.55 7.05 9.25 9.40
2.1 2.3 2.9 3.8 3.9

Benoit/Debye

fw 10.7 (£0.3) 6.9(£0.3) 5.6(+0.3) 2.9(+£0.01) 2.8(+0.01) 4.4(£0.1) 2.7(+0.02) 3.3(+0.1) 2.2(+0.02)

Rjtar A) 45 (£0.9) 39 (£1.0) 35(£1.3) 27(+0.2) 26 (+£0.1) 32 (£1.0) 26(£1.2) 30(£1.7) 25(£1.0)
Beaucage

G (cm3/mol) 3.06 x 106 4.3 x 10° 4.9 x 10° 2.2 x 10° 65000 1.9 x 105 7100 31400 7450

Ry (A) 1200 1500 1500 1700 1300 2100 900 1100 900

P 3.0 2.7 2.8 3.0 3.0 2.3 3.0 1.9 2.8

Gs (cm3/mol) 21500 12400 7700 4050 2850 3800 2300 2050 1650

Rs (A) 44 39 30 22 19 24 18 20 14

Bs (cm3mol)P 0.16 0.30 0.56 1.38 1.96

Ps 1.67 1.67 1.67 2 2 1.67 2 1.67 2

a Italicized data (ref 20) are for SLi. P Use of the polymeric constraint eleminates this parameter for the SLi data.

structures as ® increases. This is a demonstration that
the large scale component of SBdLi(2.6) seemingly
“melts” under conditions where the corresponding
SLi(2.6) headgroup retains P = 3. This behavior is a
headgroup effect, since chain lengths are identical for
these systems while concentration differences are minor.
The finding that P ranges from about 3 to 2 also explains
why for the highest concentration of SBdLi(2.6) where
P approaches 2 a fit with a Debye form factor was
possible.l” That model commences to fail as headgroup
concentration diminishes, i.e., as P > 2. Hence, attenu-
ation of the large scale SBdLi(2.6) structures occurs as
polymer and headgroup concentrations increases.

Concerning the subunits (high-Q range) we observe
two important differences between the SLi and SBdLi
structures: (i) Although both subunits are built from
identical base PS chains (My, = 2.6K) the size of the
SBdLi subunit at a given concentration is systematically
larger than that of the SLi system (Table 1). This
indicates a higher degree of association for the former
headgroup. (ii) The larger Rs is accompanied by a
smaller value for Ps. While Ps = 2 for SLi, indicating
Gaussian statistics, Ps = 1.67 for SBdLi is more in
accordance with a swollen chain structure. The differ-
ence may be rationalized as follows. PS chains of a
molecular mass of 2.6K (and the dimer and tetramer
aggregates derived therefrom) follow a Gaussian ran-
dom walk even in the good solvent benzene. The
approach to swollen chain statistics®? in benzene begins
to set in at My, >5 x 10% If such chains aggregate to
higher aggregation states (see Rg) they will undergo
some chain stretching-which in return aids Ps in its
approach to the swollen chain (good solvent) limit.
Hence, this can also contribute to the observed differ-
ences in Ps for the two headgroups. We note that a
careful inspection of Figure 2 also reveals a steeper slope
in the high-Q regime for SLi compared to SBdLi. Thus,
the high-Q data for both headgroups contain informa-
tion that helps distinguish between the aggregation
behavior of these active centers.

Finally, following eq 1 and neglecting the virial
coefficient the amplitude factors G and Gs in front of
the Guinier terms in eq 2 directly relate to the scattering
volumes V and Vs of the large and small fractal
structures, respectively. Not taking into account A; is
only reasonable for the lowest concentrations. There, the
relation between the two amplitudes may be used to
scrutinize the internal consistency of the Beaucage
approach for our system. If the large scale mass fractal
structure of size Ry is build from small fractal building
blocks of size Rs, then the scattering volumes should

relate according to

R P
(R ®

with a proportionality factor on the order of 1. Inserting
the results for ® = 0.54% and ® = 1.13% we obtain

Vv Ry\P
¢ =0.54%: - =142; || =20400 (6a)
S S

and

R \p
¢ = 1.13%: V¥=35; (ﬁg) =19000 (6b)

S S,

In both cases eq 5 is grossly violated, even through
the values inserted for Ry are lower size boundaries and
the real aggregates could be considerably larger.

From this inconsistency we are forced to conclude that
the picture of large scale structures built from smaller
building blocks is in disagreement with the observed
intensities and has to be discarded. The observed
scattering patterns therefore must origin from a coexist-
ing ensemble of a large quantity of intermediately sized
objects and a small fraction of large aggregates. Quali-
tatively this result was communicated in our paper?°
on SLi structures.

In the following, we shall first analyze the scattering
patterns from the intermediate objects. Here we have
to take into account the appropriate virial coefficients
applying eq 1 or eq 4, respectively. Thereafter, on the
basis of the results for the intermediate structures,
which we will keep fixed, we will reanalyze the low-Q
scattering originating from the large objects. This
procedure is justified, since according to eq 5 only a
minute polymer volume fraction is actually participating
in the large scale aggregates; e.g., for ® = 0.54%, we
estimate (VNS)/(RQ/RS)P = Plarge scale/ (P — Plarge scale), Where
@large scale 1S the polymer volume fraction in the large
aggregates. From this estimation, only 0.7% of the
monomers participate in the large scale structures. This
fraction may be neglected when evaluating the inter-
mediate size objects.

Benoit—Debye Form Factors. While in the preced-
ing section we have described the overall scattering
patterns in terms of the Beaucage multiscale fractal
form factor, we now turn our attention to the large-Q
part of the data. The analysis involves the medium size
aggregates that we model in terms of star form factors.
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Figure 4. Kratky plots of the SBdLi headgroup with ® =

0.54% (O), 2.2% (a), and 9.25% (O). The Gaussian star-free
fits (solid lines) yield the mean functionalities given in Table

In each case we take into account the second virial
parameter as given by Roovers and apply eq 1 in order
to fit the data. The legitimacy of this maneuver is
dependent upon the absence (or near-absence) of a
continuum of aggregated structures between the star-
shaped chains and those in the mass fractal format. This
was the case for the SLi(2.6) headgroup?® and the
identical state of play holds for SBdLi(2.6).

The use of the Benoit Gaussian star model was
strongly prompted by the progressive development in
the SBdLi(2.6) scattering data (Kratky format) of the
distinctive peak which has been seen earlier34-36 for star
polymers with moderate to high functionalities. An
example of this can be seen in Figure 4 which presents
the @ = 0.54, 2.22, and 9.25% SBdL.i(2.6) headgroup
data in the Kratky format. The low concentration data
presents the modeling results for the tetramer (dashed
line) and the decamer counterpart. It is readily seen that
the latter yields the superior fit. This peak arises in the
SANS scattering profile as a consequence of the en-
hanced sharpness of the boundary between the star
corona and the solvent. In other words, as the star
approaches hard-sphere character in solution, 1(Q) will
undergo a pronounced increase when the Q range
commences to access the star dimensions, i.e., the
appropriate length scale. The lesser-armed stars fail to
exhibit this peak in the Kratky format simply because
the star-solvent interface for low f,, (<8) stars is much
more diffuse than for stars of higher functionality.
Hence, the peak in the Kratky plot is a well-documented
signature for the presence of star-shaped aggregates.
Along this line, it should be recalled that the Kratky
plot of the corresponding SLi(2.6) headgroup did not
show this peak for the tetramer/dimer mixtures.2°

An additional feature seen in Figure 4 is the low-Q
upturn in 1(Q) for the ® = 0.54% sample. This is a clear
signal of the presence of the large-scale structures. This
low-Q upturn is diminished as ® increases. This indi-
cates the attenuation of the large fractal structures. The
previous34—3¢ SANS study on stars showed that 1(Q) —
0 as Q — 0. This is the usual behavior found for the
Kratky format. The near-linear nature of the high-Q
data comes from the use of Q%3 in the ordinate. The
resultant linearity is the sign of swollen chain statistics.
Interestingly, it has been found®*~36¢ that the Benoit
model?® is equally effective for Gaussian (its original
intent) or swollen chains.

Figure 4 also includes the fit with eq 2 giving an
excellent overall fit to the 1(Q) vs Q data (dotted line).
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Figure 5. Gaussian star (f, = 4) and Debye (f, = 2) for
SBdLi: ® = 9.25%.

The Benoit form factor for Gaussian stars yields an
excellent fit in the mid-Q regime; a fit in accord with
the presence of star-shaped aggregates having, in this
case, a mean degree functionality of about 10. Figure 5
displays star fits at the highest concentrations with the
predicted form factors for f, = 4 (Benoit) and f,, = 2
(Debye) are displayed. This approach leads to the
finding that aggregates are present with mean func-
tionalities ranging from about 3.3 to 10 (Table 1). The
highest concentration system for the SBdLi(2.6) family
of headgroups is seemingly a mixture of dimers and
tetramers. Modeling the data to the trimer aggregate
led to a poorer fit than did the use of eq 4.

The accompanying change in functionality of the
structures whose scattering contributions are found in
the mid-Q (0.01 to 0.08 A1) regime are listed in Table
1 along with the corresponding values of the equivalent
SLi(2.6) systems. The latter system was found?® to
possess mixtures consisting of tetramer/dimer assem-
blys. This ratio was found to drift from 0.45 to 0.11
(fw = 2.9—2.2) volume fraction of tetramers over the
polymer concentration range 2.6—9.4%. As the data of
Table 1 show, the intermediate-sized aggregates in the
SBdLi(2.6) system can exhibit a mean functionality
range of 3.3 to 10. This facet of the aggregation behavior
for the butadienyllithium headgroup conflicts with the
prevailing?~1® model for propagation that requires the
exclusive aggregation state of four. A similar scenario
was found? for the styryllithium headgroup, where the
simultaneous existence of dimers and tetramers is in
violation of the same model requirements that certify
the dimer as the exclusive aggregation state.

Figure 6 displays the star Ry and f,, (Table 1) as a
function of polymer volume fraction for both head-
groups. The relationships may be parametrized in terms
of power laws; indicated by the straight lines in Figure
6 and numerically given in Table 2. All parameters for
the two headgroups scale in a systematic fashion with
the polymer concentration in terms of volume fraction.
The R values describe the goodness of the fits. At
present these power laws should be taken as phenom-
enological descriptions of the observed ® dependencies.
A physical interpretation remains missing.

Large Scale Aggregates. Having realized that the
large scale aggregates coexist with the intermediate star
like objects, we now iterate the description of the large
structures on this basis. For this purpose we use the
results of the Benoit description (Table 1) as an input
and fit the additional low-Q intensity in terms of a single
stage Beaucage mass fractal (first two terms in eq 2 with
Rs = 0).
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Figure 6. Dependence of star Ry and f,, (mean functionality)
on @ for the SLi and SBdLi headgroups.
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Figure 7. Fitting 1(Q) of the living polymer SBdLi(2.6) (O)
headgroup with ® = 0.54% to the extended mass fractal form
factor, eq 2, over the entire Q range. The fit of the Gaussian
star is also shown where the mean f,, was assayed to be ~10.
The residual intensity (2) is obtained following subtraction of
the star intensity. This yields a universal power law with slope
~3; which is the signature of a mass fractal. The two fitting
techniques yield overlapping lines over the Q range of 2.0 x
1072t0 7.0 x 1072 A1,

Table 2. Power Law Expressions for the Star Ry and
Functionality as a Function of Polymer Volume Fraction

PSLi Ry = 23 (4 1)P-004(=002) R=0.91
fo = 1.6 (£0.6)D 0189008 R=0.84
PSBdLi Ry = 21 (£1)d~014(=001) R =0.99
fu = 1.3 (£0.5)P039(:002) R =0.99

To picture the different contributions to the scattering
function, Figure 7 displays experimental data for SBdL.i
at ® = 0.54%. The mid- and high-Q data were fitted
(dashed line) with the Gaussian star form factor? (eq
3). This form factor was then subtracted from the overall
scattering at low-Q revealing the Q2 power law from
the large-scale aggregates existing over a large-Q range.

Table 3 presents the results of the fitting procedure.
The parameters for Rq and P are in rough agreement
with those displayed in Table 1. We note that amplitude
factors are now to be interpreted as a product of the
unknown volume fraction of the monomers within the
large structures multiplied with their scattering volume
V. With some exception for the different ® these
products V@ arge scale are of the same order of magnitude.
Given the large size for all @, this may indicate that in
each instant only a very small roughly constant part
(in absolute terms) of the total monomer population
participates at the large objects.
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Discussion

Parallel Findings. The aggregation findings show
that electrostatic interactions exist in these self-as-
sembling systems. In light of the antagonistic environ-
ment these essentially ionic3”~4° lipophobic headgroups
are compelled to confront, it is not surprising that
aggregation behavior reminiscent of ionomers* and
surfactants*? is encountered. In line with this behavior
are the findings that the hydrocarbon insoluble benzyl-
and allyllithium (the “tailless” versions of the species
studied in ref 20 and this work) are known to form
stacked arrays**~5 in the solid state as do*® [(trimeth-
ylsilyl)cyclopentadienyl]lithium; { [u-1°:17°-CsH4Si(CH3)3]-
Li}n, 1,3 diphenylallyllithium*” and [bis(trimethylsilyl)-
methyl] lithium.*® The aggregated array formed by the
cyclopentadienyl compound has been characterized?*® as
a highly ordered polymeric metallocene sandwich. “Li
NMR studies*® led to the conclusion that isoprenyl-
lithium aggregates having f, > 4 were formed. These
examples demonstrate that lithium-based headgroups
can form delocalized structures with the connate capac-
ity to self-assemble into structures larger than tetram-
ers. The intermolecular lithium—carbon interactions for
allyllithium structures primarily involve the a-carbons
of the aggregated headgroups.

In 1966 Makowski and Lynn®° concluded from bulk
viscosity measurements, that oligomeric butadienyl-
lithium (initiated by t-BuL.i in pentane) in the neat state
developed association states beyond that of the tet-
ramer. As shown in Figure 8, the Makowski—Lynn data
demonstrates that the extent of aggregation and per-
haps aggregate architectures are highly sensitive to tail
length. The decrease in melt viscosity (squares in Figure
8) with increasing degree of polymerization, for the DP
range of ca. 6—14, demonstrates the presence of ag-
gregate breakup as chain DP increases. Under these
conditions, the headgroup structure is seemingly con-
stant.5! For DP values >15 the viscosity begins to
increase, demonstrating that the increase in chain
length dominates the system viscosity. This does not
rule out concurrent changes in aggregation states and/
or aggregate architecture. The nag/ng data (circles;
Figure 8) exhibits a smooth drift toward the dimeric
state (7ag/na = 1) as chain length increases. This
behavior can carry over into the solution state as a
consequence of the lipophobic co-identity of the melt and
solvent environments. Parallel changes in the melt
state®253 and in solution®* have also been observed for
monofunctional zwitterionic-tipped polyisoprenes. This
behavior is also supported by theory.%®

These observations are, contrary to Szwarc's assess-
ment,'® in consonance with polymer brush behavior,!
where increasing chain length can cause a decrease in
brush functionality. The self-assembling behavior of
BdLi headgroups received prior attention via concen-
trated solution (ca. 30% ® polymer) viscosity measure-
ments®6-58 involving high molecular mass chains (>10°).
That work consistently revealed the association state
of two for the styryl- and dienyllithium headgroups.

Large Scale Structures. A careful analysis of the
absolute scattering intensities shows that the picture
of large fractal aggregation states build from smaller
fractal subunits underlying the two-stage Beaucage
form factor (eq 2) cannot be at the origin of the observed
scattering patterns from the living polymer solutions.
Instead, these solutions have to be considered as a
mixture of dominating small aggregates which coexist
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Table 3. Results of Fitting the Q-Range Q < 0.08 A~! to a Combination of the Beaucage Mass Fractal and the Benoit Star
Form Factor? for the SBdLi and SLi® Headgroups

10?® 0.54 1.13 222/2.64 5.55/5.20 7.05 9.25/9.40

G®Parge scale 16300 =+ 800 6000 + 2000 9800 + 1100/3000 5000 + 900/4100 500 2700 £ 500/1200
Ry (A) 1200 £300 1600 + 500 1500 + 200/1300 1400 + 200/1400 850 1000 + 100/1200
P 3.0+0.1 2.7+0.2 2.8+0.2/3.0 2.3+0.1/3.0 3.1 19+0.1/2.8

a The parameters for the Benoit star form factor were fixed to the values given in Table 1. ® Italicized data (ref 20) are for SLi.
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Figure 8. Makowski—Lynn viscosity data at 25 °C. The solid
squares are the system viscosities (units of Pascal seconds)
for the butadienyllithium headgroups as a function of the
measured number-average degree of polymerization (DP) of
the parent (singlet) chain. The solid circles denote the ratio of
Nag/na Where 7, denotes the aggregate viscosity and 74 that of
the dimer. The dashed line is the dimer viscosity of the singlet
chain DP (g = 2.82 x 1073 DP22%; R = 0.994). The solid lines
are simply guides for the eye.

with a very small number of large objects. Thereby, the
monomer volume fraction participating at these large
structures is below 1% of the total volume fraction in
the solution. Furthermore, the scattering intensity from
the large objects varies only moderately and unsystem-
atically with the overall volume fraction ®. This obser-
vation indicates that these large aggregates may be
heterogeneously nucleated and do not manifest equi-
librium properties of the living solution. From this
consideration the intermediate star like structures
evolve as the thermodynamic equilibrium aggregation
states. Their concentration dependent aggregation be-
havior is discussed next.

“Thermodynamic Paradox”. The aggregation be-
havior of the SLi(2.6) and SBdLi(2.6) headgroups show
that for a given chain length the starlike objects
approach the dimer aggregation state as the polymer
concentration increases with the behavior being more
pronounced for the diene derived unit. Thus, the ag-
gregation number diminishes with increasing monomer
volume fraction. Such a behavior is at variance with
what is normally expected in aggregating systems where
the critical micelle concentration (CMC) is reached via
the act of dilution. This empirical behavior may be
rationalized as follows:

(i) The enthalpy of the self-assembly event seems to
favor larger aggregation states. This is in line with ab
initio HF—SCF calculations® involving the lithium ester

enolate of methyl isobutyrate and parallel calculations®®
involving allyllithium.

(ii) The chain growth event will create conformational
entropy effects favoring smaller average aggregates.
This influence would diminish beyond ®*. Such confor-
mational entropy effects are well-recognized for the case
of polymer brushes,! where the chain-stretching effects
lead to a loss of conformational chain entropy. Similar
effects are expected in aggregates that become more
crowded as the aggregation number increases.

(iif) The influence of translational entropy will cause
a drive toward smaller average aggregation states with
dilution.

(iv) Solvation effects of the ionic headgroups will
modify the enthalpy of aggregate formation and at the
same time reduce the translational entropy of the bound
solvent molecules.

(v) Loss of monomer entropy during the polymeriza-
tion event coupled with the potential for monomer
solvation®! of the headgroups. While this facet is not in
play for our “post-polymerization” studies, it should not
be neglected in the overall mechanistic picture.

The experimental observation of intermediate-sized
aggregates, the average aggregation number of which
diminishes with increasing concentration, requires that
the loss of translational entropy (iii) of the headgroups,
which is most pronounced at lower volume fractions, is
counterbalanced by another source of entropy. This
source, in the early stages of the polymerization event
(low volume fraction) could only originate from solvation
effects. Such solvation phenomenon may involve more
solvent molecules per headgroup for the smaller ag-
gregates, than for larger structures, as the consequence
of increased openness of lesser aggregates headgroup
structures (iv). This, together with the enthalpic drive
to large aggregates (i), would favor the larger structures
at low polymer concentrations (low conversions). The
second source of entropy, arising from conformational
effects becomes prominent at higher conversions. The
reduction of aggregation at the larger concentrations
then results from a decrease in translational entropy
effects (iii and iv) which then leads to domination by
the conformational entropic effects. This, in turn, en-
courages the formation of decreased aggregation states.
The AHgqs is calculated®! to be 170 kJ for the allyllithium
dimer (d) to singlet (s) event.

The scenario above requires a small change in ag-
gregation enthalpy for each self-assembled cluster. This
is acceptable since the coordination number of lithium
can remain constant independent of the extent of
association.

These observations indicate that the dimeric ag-
gregate is not the preferred headgroup association state
but that it simply denotes the balance between the
headgroup packing preferences and the entropic con-
siderations of the tethered high molecular mass tails.5562
This behavior is in agreement with the headgroup
aggregation behavior findings reported in refs 43—48
and 56—58.
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Conclusions

This SANS study has shown that the self-assembling
capacities of the BdLi headgroup in benzene are more
complex than the currently accepted propagation model
permits. This is in agreement with previous conclu-
sions® pertaining to these diene-based systems.The
increase in polymer molecular mass and concentration
seemingly leads to dimeric aggregates: a finding in
accord with the melt® and concentrated solution viscos-
ity results®®-58 and the SANS data for an SBdLi(33)
chain.®465 The self-assembling behavior of these head-
groups is similar to that observed for surfactant and
ionomer systems and is compatible with generic polymer
brush behaviorl. Furthermore, the notion of aggregate
unreactivity no longer seems tenable.5366-70 This re-
ceives support from the observations that freeze-dried
SLi and SBdL.i readily react®371.72 at room temperature
with gaseous CO,, dienes, and ethylene oxide. The
aggregates are directly involved in these reactions since
facile dissociation at room temperature is not feasible
for vitrified polystyrene chains.

The feature of chain growth sets these self-assembling
systems apart from their counterparts where the lipo-
philic tail is an invariant. It has been found”37# that
increasing polymer chain length leads to a parallel
increase in headgroup propagation reactivity. This is
understandable in view of the sensitivity of aggregation
states and, most likely, aggregate architecture upon
chain length coupled with headgroup and polymer
concentrations. This also explains the success®0:56.75-77
of the “seeding” procedure where oligomeric styryl- and
dienyllithium chains are produced under conditions
where complete initiation occurs. A further effect noted™
was the variation in propagation reaction orders as the
“seed” isoprenyllithium chain length decreased from a
DP of ca. 500 to 25 over an active center range of ca.
1074-1075. Data exist'’” where the fractional reaction-
order gradient increases with decreasing headgroup
concentration. These combined features thus question
the worth of fractional gradients as measures of ag-
gregation states and their reliability as direct windows
into the mechanistic characteristics of the anionic
propagation event.
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