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ABSTRACT: Small angle neutron scattering in combination with dynamic and static light scattering 
has been used to evaluate the association behavior of the styryl- and dienyllithium head groups in benzene. 
Both types of lipophobic active centers were found to aggregate as dimers which in turn can self-assemble 
to yield large scale structures. For the dienyllithium systems no evidence for the presence of tetrameric 
aggregates was found. The assay of the large scale structures revealed them to be prolate ellipsoids. 
Thus, these model ionomer systems exhibit diblock copolymer and surfactant style behavior in their 
capacity to generate cylindrical micelles. 

Introduction 

Living anionic polymerization of dienes and styrene, 
based on organolithium compounds, has been of long 
term academic and commercial interest.1,2 These reac- 
tions are well mastered from a synthetic point of view 
such that polymers with controlled molar mass, archi- 
tecture, and narrow molar mass distribution can be 
made. However, the question of the mechanism through 
which the chain growth event takes place is not re- 
solved. A key question is the aggregation behavior of 
the organolithium head groups. Reactions are usually 
carried out in nonpolar, hydrocarbon solvents such as 
benzene and cyclohexane. The active centers in such 
media are, however, prone to self-association due to  
their ionic character. This could have a substantial 
effect on the reaction kinetics because chain propagation 
occurs a t  these sites. Aggregation numbers of 2 and 4 
have been proposed, based mainly on vacuum viscom- 
etryla and on interpretations of propagation  kinetic^.^,^-^ 
While these experiments provide qualitative evidence 
for aggregation, quantitative  interpretation^^-^ are 
based on assumptions that are today difficult to justify. 

In this paper the aggregation behavior of living 
polymer chains is evaluated using scattering techniques. 
These chains may be considered as model ionomers with 
a single lipophobic ionic head group per chain where 
the extent of ionic character of the carbon-lithium bond 
appears to  be in the vicinity of 85%.7,8 The association 
behavior of ionomers are of general interest because of 
their unique rheological properties in ~o lu t ion .~  High- 
vacuum anionic polymerization of hydrogenous styrene 
was conducted in deuterated benzene, in a specially 
designed reactor equipped with scattering cells. Scat- 
tering samples of the living solutions were isolated by 
heat-sealing under vacuum. Our approach to the evalu- 
ation of head-group association behavior involves small 
angle neutron scattering (SANS)  coupled with light 
scattering, both static (SLS) and dynamic (DLS). This 
combination allows the coverage of a large range of 
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scattering vectors, Q, where 

& = -  4n 8 A s ins  

with A the wavelength of the radiation (light or neu- 
trons) in solution and 8 the scattering angle. This joint 
acquisition of data over a wide Q range is vital, as will 
be seen, for the elucidation of the structures of the 
aggregated species. Our results indicate the coexistence 
of two aggregated species: dimers and rodlike micelles. 
No evidence for unimers or other aggregates, a t  detect- 
able concentrations, was found. It will become clear 
that the aggregation behavior we observe for these 
anions in a nonpolar solvent is not surprising from an 
ionomer or surfactant point of view. However, the 
results have some important consequences for our 
understanding of the mechanism of lithium-initiated 
anionic polymerization in hydrocarbon solvents. A 
section at  the end of the paper is devoted to this 
discussion. 

Experimental Section 
Living polymer solutions were prepared using established 

vacuum line protocols.10 Perdeuterated compounds (benzene, 
methanol, and the dienes) were obtained from Cambridge 
Isotopes, Andover, MA. Purified see-butyllithium was used as 
an initiator, and degassed methanol-dr was used as the 
terminator. Styrene was distilled from dibutylmagnesium into 
the reactor. This precluded the presence of thermally gener- 
ated polystyrene. All termination reactions were carried out 
with near-stoichiometric amounts of methanol (-2:1 ratio of 
methano1:active center). Two hydrogenous poly(styryl1ithium) 
samples in benzene-de were prepared under vacuum. Aliquots 
of the solutions were terminated for preliminary characteriza- 
tion by size exclusion chromatography (SEC). The molecular 
weights of the terminated polystyrenes were determined by 
light scattering and SANS to be 8.6 x lo3 and 15 x lo3. We 
refer to the terminated polymers as S(9), SB(9), S(15), and SB- 
(15). Portions of the living solutions-SLi(9) and SLi( 15)-were 
exposed to small amounts of butadiene-& and isoprene-& (-3 
diene units per chain end). The diene-capped living polymers 
are referred to as SBLi and SILi. A four-arm star polymer of 
S(9) was also synthesized by reacting SBLi(9) with SiC14. The 
materials used in this study are summarized in Table 1. A 
Chromatix KMX-6 instrument was used for the light scattering 
based molecular weights. Measurements were made on 
toluene solutions. Polydispersity and star purity were deter- 
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Table 1. Molecular Characteristics of Polystyrene 
Chains 

sample 10-3 M ,  M J M ~ ~  M,IM,,~ fwb 

S(9), SLi(9), SBLi(9) 8.6 1.03 1.04 
S(15). SLi(15). 15.0 1.01 1.02 
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100 L , , " 1  4 

SBLi(l5), SILi(15) 
PS-star-SB(35) 35.0 1.01 1.02 4.07 

a Via SEC; column broadening corrections were not made. Star 
functionality: Mw(star)/M,(arm) 

mined by SEC. The Waters 150 SEC instrument was equipped 
with two 30 cm and two 60 cm linear Phenomonex Styragel 
columns; a combination that assures good resolution. 

Most of our experiments were conducted on 0.030 and 0.041 
g/mL solutions of the 15K and the 9K polystyrene based 
systems, respectively. These solutions correspond to  active 
center concentrations of 2 x and 4.8 x M-l. A few 
experiments were conducted on diluted SBLi(9)henzene-ds 
solutions. The living solutions were captured in flat quartz 
cells with a 5 mm path length for the SANS experiments and 
cylindrical cuvettes with a 12 mm diameter (0.d.) for the light 
scattering experiments. The scattering cells were attached to 
the reactor by glass-blowing. Vacuum line integrity was 
maintained at all times; the scattering samples were isolated 
by heat-sealing the cells from the reactor. Samples were 
stored in a freezer (-12 "C) prior to the scattering experiments. 

The SANS measurements (20 "C) were done at the National 
Institute of Science and Technology, Cold Neutron Research 
Center, in Gaithersburg, MD. The NG-7 30-m spectrometer 
was used with wavelengths of either 0.6 or 1.3 nm for the 
incident beam. The wavelength spread MIA was 14%. The 
detector distance was selected to yield a Q range of = 6 x 
to 1 nm-'. A position sensitive two-dimensional detector was 
used. Due to the azimuthal symmetry of the SANS scattering 
pattern, the data were azimuthally averaged in order to 
improve the signal to noise ratio. The pure deuterated solvent 
was measured separately to allow for the subtraction of the 
incoherent scattering. The 15K series was used in two 
separate runs which varied in the Q range covered. Both data 
sets are presented. 

Static and dynamic light scattering experiments were 
performed on an ALV-5000 instrument, using an argon ion 
laser (A = 632.8 nm) as the light source. Data were obtained 
at scattering angles between 30 and 150". The temperature 
was maintained at 25.0 f 0.2 "C with the exception where 
temperatures were cycled to  55 "C. The SLS signals were 
converted to absolute intensities using pure toluene as a 
secondary standard. The absolute calibration was verified by 
measuring Rayleigh ratios of other solvents such as cyclohex- 
ane. The angular independence of the measured scattering 
from these low molecular weight solvents was also used to 
verify alignment of the instrument. 

The autocorrelation function of the scattered intensity, g(s), 
was accumulated in the homodyne mode and used to obtain 
the intensity-weighted distribution of mobilities, G(T), by 
solving the following integral equation? 

g(t) = B[a{L-G(T) exp(-rt) dr}2 + 11 (2) 

The solution for the above was obtained using CONTIN, a 
software package developed by Provencher.12 

Literature data available only in figures were reclaimed via 
the use of the Un-Plot-It automated digitizing system (Silk 
Scientific, Inc.). 

Results 
SANS. The SANS measurements were done on the 

base poly(styryl1ithium) (Table 11, the diene-capped 
counterparts, the terminated species, and the four-arm 
star. Figure 1 shows the Q dependence of intensity, 
ICQ), for the terminated SB(9), the living SBLi(9), and 
the four-arm star SB(35). The respective intercepts 
demonstrate that a 2-fold difference in molecular weight 
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Figure 1. Scattering intensity, Z(Q), for terminated SB(9), 
SBLi(9), and four-armed SB(35). The solid line is the simula- 
tion result. ZfQ) is in arbitrary units. 

holds for SB(9) and SBLi(9) and that a 4-fold difference 
exists when the four-arm star is compared with the 
parent arm. The measured radii of gyration, RG, of 2.6 
nm SB(9), 3.7 nm SBLi(9), and 4.5 nm SB(35) are in 
good agreement with those predicted13J4 for the singlet 
(2.6 nm), dimer (3.8 nm), and star (4.3 nm). It is clear 
from these parallel comparisons that aggregated tet- 
rameric structures are not present in detectable con- 
centrations (the lower limit of detectability is ca. 10%). 

The simulation approach of Grest15 fortifies the 
conclusion regarding the absence (or near absence) of 
the aggregated tetramer structure. Figure 1 shows the 
SB(35) scattering data coupled with the simulation 
results (solid line). The experimental and simulated 
four-arm star profiles coincide and are clearly different 
from that of SBLi(9), the head group of which is claimed4 
to exclusively yield the tetrameric structure. 

Figure 2a shows the SB(15) scattering profile, SCQ), 
as a function of scattering vector, Q. The radius of 
gyration obtained by Guinier analysis, 3.2 nm, is in good 
agreement with the calculated13 value of 3.4 nm. 

Figure 2b-d shows the scattering behavior of SLi- 
(151, SBLi(15), and SILi(15). At low Q (Q < 0.1 nm-l) 
i t  is apparent that an upswing in the scattering inten- 
sity is observed. This behavior is a manifestation of the 
presence of the dimer in coexistence with larger scale 
species. Furthermore the SLi(l5), SBLi(l51, and the 
SILi(l5) show nearly identical structure factors in the 
Q regime of -1-0.1 nm-l, which demonstrates that the 
association states of the small scale aggregates are 
identical, i.e., dimeric. The RG values obtained by 
eliminating the low Q data are about 5.4 nm for SLi- 
(151, SBLi(l51, and SILi(l5) and agree well with the 
projected13 value of 5.6 nm for the dimer. The low Q 
data lead to apparent RG values of 14.9 nm for SILi- 
(15), 16.3 nm for SLi( 15), and 20.2 nm for SBLi( 15). An 
example of the method used to derive these values is 
given in Figure 3. These values may be contrasted with 
the projected RG of 6.5 nm for a four-armed star, having 
1.5 x lo4 g mol-l arms.13J4 As has been found, arm 
stretching is absent for low-functionality stars.16-19 
Thus, the apparent RG values cannot be taken as an 
indication that "stretched-arm" tetramers are present 
in the dienyllithium-capped systems. The apparent RG 
values, however, indicate the presence of larger scale 
structures of sufficient size so as to be outside the limits 
of the SANS Q range. 

The SANS measurements have shown that dimers are 
present in these active living systems and that they 
coexist with larger scale aggregates having functional- 
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Figure 3. Evaluation of apparent RG via low Q SANS data 
for SBLi(l5). 

ities well beyond that of 4. Thus, it was necessary to 
access lower Q regions (larger wavelengths) in order to 
identify the architecture and size of those species. This 
was done via SLS and DLS. 

Static and Dynamic Light Scattering. In Figure 
4 we compare DLS signals obtained from the SBLi(15) 
solution (e  = 0.03 g/mL) before and after termination. 
Both autocorrelation curves were obtained at the scat- 
tering angle of 90"; [Q = 2.73 x mm-l]. It is 
evident that the characteristic relaxation time of the 
living solution is 2 orders of magnitude longer than that 
of the terminated solution. This confirms the presence 
of large aggregates in the living solutions. At this 
juncture it should be mentioned that the deactivated 
solutions were collected, after termination, from the 
master solution from which the living systems were 
captured. This protocol eliminated the possibility that 
scattering impurities, e.g., dust, were present in the 
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Figure 4. Intensity correlation function, g(s), vs time for 
terminated and associating chains: SB(15) and SBLi(15). 

living polymer solutions and absent in their terminated 
counterparts. 

The distribution of mobilities obtained from the 
terminated SBLi(l5) solution, SB(151, is shown in 
Figures 5a. A single peak dominates this distribution. 
The characteristic decay rate associated with a relax- 
ation mode, re, is assumed to be equal to the ratio of 
the first and zeroth moments of the peak. In Figure 5b 
we show the dependence of re on Q. The relaxation 
mode is diffusive-re - Q2; the diffusion coefficient 
associated with this relaxation mode, D,  is given by the 
slope of the Tc versus Q2 plot and is equal to 1.05 x 
cm2/s. The Stokes-Einstein relationship can be used 
to estimate the hydrodynamic radius of the diffusing 
species, Rh: 

D = k T / 6 q R h  (3) 
where k is the Boltzmann constant, T is absolute 
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Figure 5. (a) Intensity weighted distributions of mobility 
obtained from the terminated SBLi(15) solution. (b) Depen- 
dence of Tc on Q2. 

temperature, and is the viscosity of the solvent. The 
value of Rh for the terminated chain is 3.45 f 0.31 nm. 
According to Huber et a1.20 Rh of PS (Mw = 1.5 x lo4) 
in benzene (at 22 "C) is 3.3 nm. The measured Rh from 
the terminated solution is thus within experimental 
error of that expected from individual chains. 

The distribution of mobilities obtained from the living 
SBLi(15) solution (c = 0.03 g mL-l, Q = 2.73 x 
nm-l) is shown in Figure 6a. A fast mode with a 
characteristic decay rate of Tcf = 6.49 x lo4 (l/s) and a 
dominant slow mode with a decay rate of Tcs = 2.12 x 
lo3 (Vs) were found. The dominant fast and slow modes 
account for 87% of the DLS measured distribution of 
mobilities. 

In Figure 6b we show the dependence of Tcs and Tcf 
on Q. Both relaxation modes are diffusive. At low 
angles (below 45") the slow mode accounts for more than 
95% of the distribution of mobilities. Thus at the lower 
angles, only the slow mode could be identified. The 
diffusion coefficient associated with the fast mode is 9.90 
x cm%, with a corresponding Rhf = 3.66 f 0.25 
nm. The presence of the slow relaxation mode affects 
the accuracy with which the Rhf can be determined. The 
expected Rh of the dimer is 4.6 nm.13 The SANS 
measurements are therefore ideally suited for determin- 
ing the presence of the more rapidly diffusing species; 
the dimers. 

The diffusion coefficient associated with the slow 
mode is 3.26 x lop8 cm2/s, with a corresponding Rhs = 
111.1 f 15.0 nm. This value is considerably larger than 
the size of dimers or tetramers. The fully extended 
length of the SBLi(15) molecule is 18.0 nm. The fact 
that the measured Rh in benzene is significantly greater 
than 36.0 nm rules out the possibility of inflated 
spherical aggregates with lithium cores. We therefore 
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Figure 6. (a) Intensity weighted distributions of mobility 
obtained from the SBLi(l5) solution. (b) Dependence of Tcs 
and ref on Q2 for the SBLi(l5) solution. 

consider other possible structures such as cylindrical 
micelles. The foregoing conclusion is in agreement with 
that based on the low Q (<l x nm) SANS results 
for SBLi(l5). 

We consider two kinds of structures: a rodlike micelle 
wherein the head groups are aggregated along the 
center line and a disklike micelle where the head groups 
form a two-dimensional planar structure. These ag- 
gregates may be approximated as prolate and oblate 
ellipsoids, respectively. The ellipsoids are obtained by 
rotating an ellipse with semi-axes a and b about the b 
axis. The mi.nor semi-axis of the proposed aggregates 
is restricted to molecular dimensions, and thus must 
lie between 3.4 and 18 nm (size of the individual chains 
in toluene and fully extended contour length, respec- 
tively). Micelles formed by block copolymers are rela- 
tively well understood and chains that comprise the 
corona of these aggregates are stretched by a factor of 
4-5, relative to their unperturbed dimensions.21,22 
Similar behavior is observed for polymer brushes at- 
tached to a ~ u b s t r a t e . ~ ~ - ~ ~  Using these results, we 
expect the minor semi-axis to be about 15 nm. The 
major semi-axis of prolate and oblate ellipsoids that 
would yield and Rh = 111 nm can be calculated from 
the theory of P e r r i ~ ~ . ~ ~ ~ ~ '  Equations 4 and 5 apply to 
ellipsoids obtained by revolving an ellipse with semi- 
axes a and b about the a axis. 

a > b (4) 
a(1  - b2/a2)1/2 
1 + (1 - b2/a2Iu21 

Rh(prolate) =, 

In[ - b/a J 

a < b  (5) 
a(b2/a2 - 1)''' 

tan-l[(b2/a2 - 1>1'2~ 
RJoblate) = 
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Figure 7. SLS absolute scattered intensity vs Q for the living 
and terminated versions of SBLi( 15). 

Table 2. Dimensions of Ellipsoidal Particles Based on a 
Hydrodynamic Radius of 111.1 nm 

major 
semi-axis (nm) minor radius of 

semi-axis (nm) prolate oblate sphere (nm) 
5 608 172 

10 505 169 
15 466 166 
20 409 161 
25 382 159 

111.1 

The results of these calculations are summarized in 
Table 2. For completeness we also include the degener- 
ate case obtained for a sphere ( b l a  = 1). All the 
structures listed in Table 2 are consistent with the DLS 
data. The static scattering function of these structures, 
ZfQ), can be computed exactly, using classical optics. The 
most probable structure is determined by comparing 
experimentally measured SLS data with the computed 
profiles. In Figure 7 we show the absolute scattered 
intensity IIQ) versus Q from living and terminated 
solutions of SBLi( 15). The strong positive curvature in 
IfQ) obtained from the living solution is consistent with 
the presence of large aggregates. In comparison, the 
IfQ) obtained form the terminated solution is nearly 
&-independent, as expected for free SB(15) chains in the 
Q range. These data also indicate that the lower limit 
for the number of chains per aggregate is lo2. Note that 
the actual aggregation number would be substantially 
larger, since one has to extrapolate the data in Figure 
7 to Q = 0. 

The Q dependence of the scattered intensity from the 
ellipsoidal structures listed in Table 1 were computed, 
and the results are shown in Figure 8. The curves are 
normalized scattering curves from a solution containing 
randomly oriented ellipsoids which can be computed 
from the following equations:28 

( 6 )  

where J3/2(u) is the 3 /2  order Bessel function: 

and 

u = qa cos2 p + - sin2 p i a2 b2 T 
The scattering data (SLS) obtained from the SBLi- 

(15) solution are also shown in Figure 8 which shows 
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Figure 8. Comparison of experimental SLS data and theo- 
retical calculations for ellipsoids with& = 111 nm (see Table 
2). Solid curves: oblate ellipsoid with a = 25 nm and b = 159 
nm; prolate ellipsoid with a = 382 nm and b = 25 nm. Dashed 
curves: oblate ellipsoid with a = 5 nm and b = 172 nm; prolate 
ellipsoid with a = 608 nm and b = 5 nm. Sphere with a = b 
= 111 nm. Symbols represent data for SBLi(l5). 

Q(l/nm) 

the Q dependence of the scattered intensity, IfQ). The 
experimental data were multiplied by a constant to force 
agreement between theory and experiment at low 
scattering angles. We find near-quantitative consistency 
between experiment and theory for the case of prolate 
ellipsoids. On the other hand, spherical and disklike 
micelles are qualitatively inconsistent with the data. 
Note that spherical (starlike) micelles are ruled out on 
the basis of the fully extended length of the chains. 
Prolate ellipsoids, i.e., rodlike structure, are thus the 
only structures that are consistent with both the static 
and dynamic light scattering data. We thus conclude 
that the micelles are rodlike with length L x 800 nm 
and diameter d 30 nm. A more accurate description 
of the Brownian motion of rodlike entities was provided 
by B r o e r ~ m a . ~ ~ , ~ ~  Applying this theory with R h  = 111 
nm and d = 30 nm, we obtain L 

It is important to note that the actual micellar 
structure is quite likely far more intricate than the 
models that have been considered. We have assumed 
that the micelles can be approximated as uniform, rigid 
bodies. The micelle, however, is very likely t o  have 
some flexibility. Furthermore, the no-slip boundary 
condition used by Perrin to derive the expressions for 
h!h may not be valid because of the presence of mobile 
polystyrene chains a t  the particle-solvent interface. 
Since QL is not much less than 1, it is possible that the 
DLS signal contains contributions due to rotation and 
other internal modes available to the aggregate.31 

We examined several other living solutions and found 
similar results. Solutions of SILi(l5) and SBLi(l5) (c  
= 0.03 g mL-l) and solutions of SBLi(9) (c  = 0.0052, 
0.01 and 0.02 g mL-l) exhibited fast and slow modes 
that were similar to that described above. The DLS 
results from these solutions are summarized in Figure 
9. In all cases the dimers, assayed by SANS, coexisted 
with large aggregates. The examination of the SILi and 
SBLi solutions was straightforward because they were 
colorless. The SLi solutions had the characteristic 
yellow color, and thus quantitative SLS is not possible 
due to optical absorption. Therefore, we performed DLS 
experiments on these solutions and observed correlation 
functions similar to those obtained from the colorless 
living solutions (Figure 6). The R h  value obtained for 
the slow mode in SLi(9) was about 700 nm. 

In Figure 10 we show the Q dependence of the fraction 
of the DLS signal attributable to  the large aggregates, 

740 nm. 
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Figure 9. Dependence of Tcs and TCf on Q for SILi(15) (0) (c 
0.03 g mL-'), SBLi(l5) (+) (c = 0.03 g mL-l), and SBLi(9) (0) 
(c = 0.02 g mL-l), (0) (c = 0.01 g mL-'), (83) (c = 0.0052 g 
mL-l). 

5. 
5;=  

area under cylinder peak 
area under cylinder peak + area under dimer peak 

(9) 
If we assume that the solution consists of noninter- 

acting particles, then the area under a given peak a t  a 
given Q is proportional to the product of concentration 
of the species i (cJ and its static scattering function 
S(Q).ll Thus, 

'/Z(Q) = 1 + [Cdime~CcylinderI[Sdimer(Q)/Scy~inder(Q)l (10) 
Since Scylinder(Q) >> Sdimer(Q) and Sdimer(Q) X 

2Sunimer(Q) in the low QRg limit, the data given in 
Figures 4 and 10a can be used to estimate the relative 
amount of chains in the cylindrical format. The ratio 
of static scattering intensities in terminated and living 
solutions, a(&), is given by 

a(&) = ~~terminated(Q)/~living(Q) 

[ ~ ~ ~ l [ ~ ~ i m e r ( & ) ~ ~ c y ~ ~ n ~ e r ~ ~ ~ ~  (11) 
and 

1/UQ) = 1 + 2[Cdimer/Ccylinderl a(&) (12) 
In Figure 10b we plot 1/5;(Q) versus a(&) for SBLi(l5) 

and find that the data can be represented by a straight 
line. The slope of the least-squares, linear fit is 1.644. 
Thus 

CdimeJccylinder = o*822 (13) 
i.e. 55% of the chains are in the cylindrical form. Note 
that { ( Q )  and a(&) are obtained from independent 
experiments over a range of scattering vectors. Also, 
the experimentally obtained intercept of 0.986 is in good 
agreement with the theoretical expectation of 1.0. 
These facts enhance our confidence in our estimate of 
the relative concentrations of dimers and cylinder. The 
length scale probed by SANS is considerably shorter (of 
the order of 1 nm) than that of SLS. Thus, we expect 
in the region of Q - 1 nm-l all polymer segments, 
irrespective of aggregation state, will contribute to the 
measured neutron scattering intensity; which depends 
only on the total concentration of monomers, as seen, 
for example, in Figure 1. The approach presented here 
has also been used32 to study the effect of hydrogen 
bonding on micelle formation in block copolymers. 

Discussion 
Aggregation in Related Systems. The aggregation 

behavior we have observed in the living solutions is not 
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Figure 10. (a) Q dependence of DLS signal attributable to 
the cylindrical structure, 5. (b) A plot of V<(Q) for the SBLi- 
(15) solution. The line represents the least-squares fit through 
the data, and the relative concentrations of dimers and large 
scale cylinders can be estimated from the slope of the line. 
Approximately 55% of the living chains are contained in the 
large scale aggregates. 

completely surprising due to the ionomeric character of 
the chains. In many respects these chains are similar 
to the monocarboxylic terminated polystyrenes studied 
by Jalal and D u p l e ~ s i x . ~ ~  SANS and small angle X-ray 
scattering d e m ~ n s t r a t e d ~ ~  that those chains formed 
prolate ellipsoid structures below and above e*, the 
overlap concentration of the nonfunctionalized chains. 
Parallel behavior is also observed in aqueous surfactant 
systems, e.g., sodium dodecyl sulfate.34 Those micelles 
were characterized as rodlike structures with spherical 
caps at  each end. Thus, the cylindrical model is clearly 
feasible as a large scale structure for species with self- 
assembling head groups. Nonionic surfactants behave 
similarly. Cylindrical micelles of alkyl poly(ethy1ene 
oxide) in aqueous solution36 and polystyrene-block-poly- 
(p-hydroxystyrene) in toluene32 have been observed. 
Aggregation numbers of 2 x lo3 and 1 x lo4 chains/ 
micelle were reported, while the block polymer micelle 
showed a length of 300 nm.32 

Recent  evaluation^^^ of surfactant organization in 
micellar systems have demonstrated that the equilib- 
rium structure can consist of wormlike micelles which 
are much longer than an appropriately defined Kuhn 
length. Such species have thus been treated theoreti- 
cally as polymeric. Theory37 suggests that under ap- 
propriate conditions there may be no upper limit to the 
length of such cylindrical micelles. 

Allyllithium is known to be associated in diethyl ether 
with aggregation states strongly dependent upon con- 
c e n t r a t i ~ n . ~ ~ , ~ ~  Measured association states were found 
to range from 2 to ca. 14. Hydrocarbon insolubility 
precludes such measurements although allyllithium is 
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known to form extended structures in the solid ~ t a t e . ~ O - ~ ~  
Furthermore, variable-temperature NMR and cryoscopy 
have e ~ t a b l i s h e d ~ ~  that allyllithium can form dimers in 
tetrahydrofuran. 

The foregoing demonstrates the capacity of the allyl- 
lithium head group to self-assemble in various types of 
solvents. It is also worth noting that solid state 
polymeric structures are formed by [bis(trimethylsilyl)- 
methyl l l i thi~rn.~~ The structure formed involves the 
methylene carbon bridged between two lithium atoms. 
Variable aggregation states for oligomeric butadienyl- 
lithium in cycloalkanes have also been inferred from I3C 
NMR studies.45 As summarized by we is^,^ lithium 
compounds offer the largest structural diversity found 
in organometallics: "monomers, dimers (rings), trimers 
(rings), tetramers (heterocubanes and rings), hexamers 
(pseudooctrahedra), decamers, dodecamers (stacked 
rings), and polymers (chains, double chains)". The 
lipophobic head groups examined in this work show that 
both dimers and polymeric (cylindrical) structures can 
coexist. 

Excluded volume (entropic) and enthalpic consider- 
ations combine, along with head-group interactions, to 
control the large scale aggregate a r~h i t ec tu re .~~  On the 
basis of enthalpic considerations alone (see following 
paragraph) the aggregation numbers are expected to be 
large. However, interchain repulsions-excluded vol- 
ume interactions and random thermal fluctuations-can 
serve to  limit aggregate size. These repulsions would 
be expected46 to be smallest in a star-shaped (spherical) 
aggregate, intermediate for a cylindrical (rodlike) ag- 
gregate, and largest for a disk. Head-group attractive 
interactions, based on what is under~tood~O-~~ regarding 
the solid state packing of allyllithium, seemingly favor 
the cylindrical structure. As found by Brbdas, Chance, 
and S i l b e ~ , ~ ~  the cylindrical structure will maximize 
attractive energy without sacrificing too much in repul- 
sive energies. 

The large scale aggregates examined by us failed t o  
show any detectable decrease in R h ,  for SBLi(l5) as 
temperature was cycled from 25 to 55 "C. This suggests 
that the enthalpic contribution to the aggregation 
process is large; a conclusion fortified by the size of the 
large scale structures. Ab initio  calculation^^^ for 
allyllithium led to a bridged structure for the dimeric 
state, with an apparent dissociation enthalpy of ca. 172 
k J  per dimer, a value in reasonable accord with that of 
155 kJ  determined3 for the dimer of poly(isopreny1- 
lithium). This latter value is also that of the ab initio 
calculated48 dimerization enthalpy of dilithiomethane. 
Methyl- and ethyllithium yield respectively values of 
186 (ab initio)49 and 144 kJ (PRDD0).50 These values 
for the dissociation enthalpy are compatible with the 
currently accepted  vie^^,^ regarding the highly ionic 
character of these head groups.51 As was previously 
recognized, enthalpies of the foregoing magnitude will 
lead to an increased aggregate lifetime.52,53 Figure 11 
shows the ab initio based47 bridged structure for the 
butadienyllithium dimer. 

Implication for the Mechanism of Anionic Po- 
lymerization. Consider a reaction where a compound, 
C, in a solution is consumed by a reaction which involves 
another species, A, present in the solution at  constant 
concentration. This description fits, e.g., monomers in 
living anionic polymerization. From general chemical 
kinetics it is easy to that if the reaction mech- 
anism for the disappearance of C is the reaction 
sequence 

PBd 

PBd 

Figure 11. Bridged dimer for the butadienyllithium head 
This structure is adopted from that of allyllithium: 

Figure 2 of ref 47. 

A-nB 
fast equilibrium with equilibrium constant Kd 

B + C - B *  

then the rate of disappearance is given by 
rate determining step with rate constant, K 

- d[C lldt = kKdl'" [AI '"[CI (14) 

Conversely, it is tempting to assume that when a species 
is observed to have a reaction order less than 1 then 
this is due to fast reactions preceding the rate deter- 
mining step. A fractional reaction order can thus be 
taken as an indication of fast dissociation equilibria 
preceding the rate determining step. However, it is 
usually possible to suggest several reaction mechanisms 
that will lead to the same experimentally observed 
kinetic expression. Such an exercise was done by 
Brown, for organolithium based initiation, in 1965.55 
Thus observed kinetics cannot alone be taken as a proof 
of a reaction mechanism. In the long standing debate 
over the mechanism of anionic polymerization the 
observation of fractional reaction orders of the living 
chain has been used as a method of evaluating the 
association state of the living chain end. This evalua- 
tion assumes a reaction mechanism of the above type 
where A is presumed to be unreactive. In effect, this 
mechanism subscribes to  the validity of the premise that 
propagation kinetic orders directly yield structural 
information.6 Other than the dictate of kinetic conven- 
ience, no explanation is available as to why aggregation 
must cause unreactivity. Over time, these assumptions 
have rather acquired the status of axiom. 

Table 3 presents the propagation rate behavior for 
dienes and styrene monomers in hydrocarbon sol- 
v e n t ~ . ~ ~ - ~ ~  In terms of eq 14 k denotes the rate constant 
for the propagation event while the gradient is the slope 
of the log-log plot of the -d[Cl/dt:active center concen- 
tration. The dienes show gradients ranging from 0.11 
to 0.48 (and larger). The 0.48 slope for the isoprene- 
benzene system was r a t i~na l i zed~~  on the grounds that 
the predominant aggregates were dimers while at  high 
active center concentration (gradient of 0.18) tetramers 
were invoked. These observations, coupled with spec- 
t r o s ~ o p i c ~ ~  and SLS  result^,^,^^ led to the c o n c l u ~ i o n ~ , ~ ~ , ~ ~  
that the isoprenyllithium head group formed a weaker 
tetrameric aggregate than the corresponding butadi- 
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Table 3. Propagation Power Laws for Diene and Styrene Monomers in Hydrocarbons 

monomer solvent? ( " 0  (M-' min-l) a active center range ref 
temp 102k gradient 

PBdLi butadiene 

styrene 

PILi i 8 o p r e n e 

styrene 
PSLi styrene 

butadiene 

isoprene 
PMSLi o-methoxystyrene 

cyc-hept 30 
cyc-hept 30 
hex 30 
hex 30 

to1 20 
to1 20 
CY 40 
ben. 30 
ben. 30 
ben. 30 
ben. 30 

hept - 10 

hept 20 
hept 20 
CYC 25 
CYC 30 
CYC 30 
hex 30 
hex 30 
hex 30 
CYC 40 
CYC 50 

CYC 40 
to1 20 
CYC 25 
to1 30 
ben 30 
CYC 40 
CYC 40 
to1 25 
tolf 25 
CY c 40 
to1 20 
to1 0 
to1 - 19 

hept -10 

0.672 
1.30 
0.650 
1.04 
b 
0.0647 
0.207 
0.0584 
6.25 
14.0 
6.25 
79.8 
1.22 
d 
2.26 
6.03 
3.67 
3.94 
3.02 
3.32 
11.7 
18.0 
b 
1.74 

107.0 
52.7 
192.0 
73.1 
180.3 
123.0 

30180 
38900 
3060 
172.0 
90.4 
24.6 

0.13 
0.24 
0.18 
0.26 
b 
0.26 
0.46 
0.13 
0.20 
0.32 
0.18 
0.48 
0.21 
d 
0.18 
0.25 
0.21 
0.23 
0.24 
0.26e 
0.18 
0.11 
b 
0.29 
0.67 
0.56 
0.65 
0.48 
0.57 
0.48 
0.63 
0.68 
0.50 
0.62 
0.80 
0.87 

1.3 x 10-2-1.5 x 
1.2 x 10-3-5.0 x 
1.5 x 10-'-2.8 x loW3 

6.6 x 10-'-5.2 x 10-5 
2.8 x 10-3-2.2 x 10-4 

9.6 x 10-2-4.0 x 
4.0 x 10-3-6.9 x 
1.0 x 10-3-1.2 x 10-4 
3.3 10-2-1.2 10-3 
1.2 x 10-3:3.4 x 
9.6 x 10-3-2.7 x 

6.0 x 10-2-8.0 x 
8.0 x 10-4-6.0 x 
2.0 x 10-2-1.4 x 

9.7 x 10-5-1.5 x 

1.0 10-2-1.0 10-4 
1.6 x 10-'-3.1 x 10-5 
1.9 x 10-2-5.5 x 
3.9 x 10-3-6.7 x 
6.7 x 10-3-2.7 x 10-5 
8.3 x 10-3-3.6 x 10-5 
2.2 x 10-2-1.8 x 
5.9 x 10-'-2.5 x 10-5 
9.9 x 10-3-1.4 x 

1.5 10-2-1.2 10-4  
8.2 x 10-3-6.3 x 10-5 
4.0 x 10-'-5.1 x 10-5 
4.5 x 10-'-1.6 x 10-5 
9.5 x 10-4-2.3 x 
1.4 x 10-3-3.3 x 
1.4 x 10-2-3.3 x 

1.3 x 10-3-9.0 x 

1.8 x 10-'-5.3 x 
1.9 x 10-2-1.4 x 
1.9 x 10-2-1.4 x 

1.6 10-2-1.0 10-3 

56,57 
56,57 
58 
58 
59 
60 
60 
61 
58,62 
58,62 
63 
63 
64 
64 
65 
58 
66 
58 
62 
67 
68 
65 
59 
68 
69 
70 
60 
58,71 
56 
68 
60 
60 
68 
72 
72 
72 

a Cyc = cyclohexane; hex = n-hexane; hept = n-heptane; ben. = benzene; to1 = toluene. Gradient ranged from 0.20 to 0.45. Butadiene 
present: [Bdlo > [Stylo. Variable increasing gradients with decreasing rate: 0.21 to  ca. 2.0. e This work utilized a difunctional lithium 
initiator derived from 1,2-bis(4-isopropenylphenyl)ethane. Over the active center range of 2.9 x to 2.7 x 10-5 M-' the gradient 
ranged from 0.24 to ca. 1. The gradients observed depended on the chain length of the isoprenyldilithium "seed" with the shorter chain 
(DP = 25) yielding the gradient of about 1. f PBdLi present: [PBdLild[PSLilo = 1-18. 

enyllithium species. In contrast to that assessment are 
the Ohlinger-Bandermann findings60 for the reaction 
of styrene with butadienyllithium (20 "C). It is seen 
that the gradient of 0.46 commences at  an active center 
concentration of ca. 4 x M-I while the parallel 
behavior for the isoprene-benzene (30 "C) system occurs 
at  a concentration of about M-l. Those combined 
results highlight the inadequacies present in the as- 
sumptions upon which the mechanism of eq 14 is 
predicated. The variability of the gradient as a function 
of active center concentration is not limited to aromatic 
solvents. In some cases in alkanes the active centers 
based on b ~ t a d i e n e ~ ~ - ~ ~  and i s ~ p r e n e ~ ~ > ~ ~  show increas- 
ing values for the respective gradient as active center 
concentration decreases. 

The rate:active center findings for the isoprene- 
alkane systems are given in Table 3. Although many 
of these systems show the orthodox gradient of -0.25, 
obvious inconsistencies in rates are apparent, i.e., 
contrary indications are present as to the influence of 
solvent identity and reaction temperatures. 

The o-methoxystyrene results72 show an increase in 
gradient with decreasing temperature. The increase in 
gradient72 with decreasing temperature cannot be rec- 
onciled with the mechanism that requires aggregate 
dormancy and the fact that kinetic order reflects the 
association state. Thus, the gradients (Table 3 and 
footnote d )  which range from 0.11 to -2 do not, as 

commonly believed, directly reflect the aggregation state 
of play of the chain ends since the dimer is the primary 
structure (coupled with the presence of the large scale 
cylinders) for both styrene and diene systems. 

The apparent aggregation state of 4 has been favored 
by those2~4,5~63,66~74-85 who embrace the dual conjecture 
of aggregate dormancy and the fact that propagation 
kinetics constitute a measure of the association state. 
Our experiments demonstrate that the aggregation 
behavior of these living polymer solutions is more 
complicated than conclusions based on propagation 
kinetics. This, in turn, seemingly demonstrates that 
aggregates are reactive in their own right, an event for 
which evidence and suggestions are available.52,53,86-89 

Generally, the potential for the existence of aggrega- 
tion states other than dimers and tetramers has not 
been considered. A noteworthy exception to this is 
contained in the 1966 results of Makowski and Lynn.89 
Therein they reported that the bulk viscosity of oligo- 
meric (DP * 6) butadienyllithium differed from its 
terminated counterpart by the nearly constant factor 
of 6 x lo3 over the temperature range 20-65 "C. The 
viscosity ratio was founda9 to decrease as the chain 
length increased. Such behavior is not explainable by 
the presence of dimers andor high functionality star- 
shaped structuresg0 but is in consonance with the 
presence of extended long-range structures where ag- 
gregate size is related to chain length. 
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The methods used to study aggregation behavior have 
examined systems devoid of monomer. Conversely, by 
necessity, the kinetic data emerge from systems wherein 
monomer is the interacting partner of the reactive head 
groups in the chain growth event. Thus, these two types 
of analysis unavoidably probe different situations. The 
large scale structures could conceivably be formed only 
at or near the end of the polymerization. However, this 
is an unlikely event due to the following considerations. 
First, the formation of large scale aggregates is driven 
by the fact that the ionic head groups at the living chain 
ends are surrounded by nonpolar moieties. The mono- 
mers examined in this study-styrene, isoprene, and 
butadiene-are also nonpolar. We expect no qualitative 
changes in the thermodynamic driving force for ag- 
gregation as the monomers are consumed. Second, the 
aggregation tendency is expected to decrease with 
increasing molecular weight; thus larger aggregates 
may actually be formed during the initial and interme- 
diate stages of polymeri~ation.~~ Since we find no 
evidence for the existence of unimers in solution, we are 
led to the conclusion that aggregated head groups must  
be reactiue. We plan to address these issues directly 
by conducting scattering experiments during polymer- 
ization. 

Conclusion 
The combination of SANS, DLS, and SLS has shown 

that the aggregation behavior of living polymer chains 
with the styryl- and dienyllithium head groupsg2 is more 
complicated than previously envisaged. The primary 
aggregated structure is the dimer.93 Roughly half of 
that population self-assembles to yield large scale 
cylindrical structures. Such aggregation behavior can- 
not be inferred from measurements of propagation 
kinetic orders (Table 3) (and, conversely, propagation 
kinetic orders cannot be inferred from aggregation 
behavior). The aggregation states of the cylinders would 
be expected to depend on chain length and, perhaps, to 
a lesser extent, concentration. The growth of the chain 
may cause a concurrent decrease in aggregate function- 
ality. The notion that kinetic orders and aggregation 
states need be directly related is incorrect, at least for 
the systems studied in this work. Makowski and Lynn 
r e c ~ g n i z e d ~ ~  the potential of the highly associated 
structures to complicate the kinetics of initiation and 
propagation. The role of aggregation in the reaction 
behavior of these systems is recognizable and thus 
requires further study. 
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