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ABSTRACT:
anionic polybutadienyl lithium chains of various molecular weights M and concentrations C. In benzene, the living

Viscosity, ’Li-NMR, and neutron/light scattering measurements were conducted for living mono-

chains aggregated with each other at their Li ends to form star-like tertramers as the major component, as confirmed
from the viscosity and scattering measurements. An average time tgis required for the tetrameric aggregate to diffuse
over a distance to a neighboring aggregate was estimated from the viscosity data with the aid of the bead-spring model
(valid at the small C and M examined). This zgs, of the order of 1075-10~7s, was much smaller than the Li-Li
exchange time 7 determined from the 7Li-NMR measurement. The large difference between 74ir and 7. indicates that
the dissociation of the aggregates, occurring through the Li-Li exchange, is much less frequent than the thermal col-
lision of the aggregates. The M, C, and T dependencies of the exchange time (dissociation time) t.x were satisfactorily
described by an empirical equation, Tex X QosTgir eXp(AE/RT) where R and T were the gas constant and absolute tem-
perature, respectively, and Q. denoted an osmotic barrier for mutual approach of the aggregates carrying the aggre-
gated Li species at the center. The activation energy AE (= 88 kJ/mol) was considerably smaller than the bare energy
required for breaking the Li-Li bonds and releasing isolated Li species. These results suggest that the collision of the
aggregates (under the osmotic barrier) is required for the dissociation of the aggregates and the dissociation results from

a cooperative exchange of Li species occurring through formation of a larger, transient aggregate.
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It is well known that living anionic polymer chains
synthesized with organolithium (RLi) initiators aggre-
gate with each other through their Li-ends in nonpolar
solvents.'™! For monoanionic chains such as poly-
styrenyllithium (PSLi) and polybutadienyllithium
(PBL1) polymerized with butyllithium, the analysis
of polymerization kinetics'™"»!! and the vacuum vis-
cosmetry!!=15 suggested the aggregation functionali-
ty (number of chains per aggregate) of f = 2—4 for a
main component of the aggregates. These small aggre-
gates coexist with a minor amount of large aggregates
with f > 100, as revealed from light/neutron scatter-
ing experiments.?1%-16-18 Recently, the neutron scat-
tering and 'H NMR studies were conducted during
the polymerization process of PBLi in heptane to
reveal an interesting decrease of f with increasing
conversion (from f of the order of 100 to f =4 for
the main component of the aggregates). This decrease
was intimately related to the NMR-determined initia-
tion/polymerization rates.

Thus, the static structure of the aggregates of the
living monoanionic chains in nonpolar solvents has
been elucidated to a considerable depth. However,
the lifetime and dissociation kinetics of the aggregates
were much less clearly understood, partly because the
dissociation is slow and most of the dynamic process-
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es are governed by the thermal motion of the small
aggregates that occurs prior to the dissociation. For
this problem, we recently focused on living bianionic
polybutadienyl dilithium (PBLi,) chains:'® A dynamic
network is formed through the association of Li at
both ends of these chains, and its viscoelastic relaxa-
tion occurs through the thermal dissociation of the as-
sociated Li domain (because the motion of the undis-
sociated network is very slow). For the PBLi, chains
with the molecular weight = 14 x 10° and the con-
centration = 2.2 wt %, the viscoelastic experiment
was successfully conducted in vacuum to determine
the relaxation time t (being of the order of 0.1s at
room temperature). This T was close to a time required
for an exchange of Li species (i.e., the time required
for dissociation of the Li domain) determined from
the ’Li-NMR measurements, indicating that the aggre-
gates indeed had a very long lifetime.

The above result demonstrated that the viscoelastic
and "Li-NMR methods are very useful for studying
the slow kinetics of the aggregated bianionic chains.
For solutions of the monoanionic PBLi chains, the
relaxation time reflecting the thermal motion of the
aggregates is too short to be detected viscoelastically
(unless the chain molecular weight M is intractably
large). However, we can still measure the viscosity
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of such monoanionic chains, and a combination of the
viscosity and "Li-NMR measurements is expected to
be very useful for studying the dissociation kinetics
of the monoanionic chains. Thus, we conducted these
measurements as well as the light/neutron scattering
measurements to characterize the dynamic behavior
of the aggregates of low-M PBLi chains having vari-
ous concentrations C in deuterated benzene. The
NMR-determined Li-Li exchange time (lifetime of
the aggregates) increased with decreasing C and in-
creasing M, suggesting that the dissociation requires
the thermal collision of the aggregates under an os-
motic barrier and that the dissociation occurs through
a cooperative exchange of Li species. Details of these
results are presented in this paper.

EXPERIMENTAL

Materials

Protonated polybutadienyl lithium (PBLi) mono-
anionic living chains were synthesized in deuterated
benzene (d-Bz) at room temperature with high vacu-
um techniques using glass flasks/ampoules, breakable
seals, constrictions, and teflon-coated magnetic bars.
The initiator, s-butyllithium, was synthesized from
lithium metal and s-butylbromide in heptane. All
chemical reagents (purchased from Aldrich Co. and
Wako Co.) were purified with the standard methods.'
The microstructure of the PBLi chains synthesized in
the above condition is cis:trans:vinyl = 40:50:10.!

Three PBLi samples were polymerized at a concen-
tration = 10wt %. The reactor (100 mL glass flask)
containing the d-Bz solution of each PBLi sample
was connected, at its breakable seal, to a splitting
apparatus carrying a glass capillary viscometer with
a solvent reservoir, NMR tubes, a glass ampoule con-
taining a separately prepared Bz solution of hexyldi-
phenylethylenyl lithium (DPELi) anion, and an am-
poule containing degassed methanol. After thorough
evacuation, this apparatus was sealed off and its inner
wall was rinsed with the DPEL1i solution. Then, this
solution was recovered in its original ampoule and
sealed off, the breakable seal of the reactor was
opened, and a fraction of the PBLi/d-Bz solution
therein was split into the viscometer and NMR tubes.
Then, a fraction of d-Bz remaining in the reactor was
vacuum-distilled into the viscometer and NMR tubes
to prepare the test PBLi solutions of various concen-
trations. For one sample (with M = 5400), the solu-
tion was also split into neutron and light scattering
cells made of quartz and glass, respectively.

After sealing off the viscometer, NMR tubes, and
the scattering cells, the PBLi/d-Bz solution remaining
in the reactor was deactivated with the degassed meth-
anol. This deactivated solution was poured into a large
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Table I. Characteristics of PB samples

Code 1073 M2 My, /M, C**/gcm™3
PB-3 2.7 1.02 0.14
PB-5 5.4 1.02 0.099
PB-10 9.6 1.03 0.074

aweight-average molecular weight. "overlapping concentra-
tion for deactivated chains.

excess of methanol containing = 0.005 wt % of anti-
oxidant, butylhydroxy toluene (BHT). The deactivated
PB samples precipitated in methanol were thoroughly
dried in vacuum and recovered.

These deactivated samples were characterized with
GPC (C0O-8020 and DP-8020, Tosoh). The eluent was
THF, and monodisperse linear PB standards®® were
utilized to calibrate the elution volume. The weight-
average molecular weights and the polydispersity
indices determined from this calibration are summa-
rized in Table I. The sample code numbers indicate
the molecular weight in unit of 1000.

Measurements

Viscosity. The sealed capillary viscometers con-
taining the monoanionic PBLi/d-Bz solutions were
soaked in a temperature-controlled water bath and
the flow time through the capillary was measured.
(The viscoelastic relaxation of the solutions was too
fast to be detected with the previously used magneti-
cally floating ball rheometer.'”) After the measure-
ment at several temperatures 7 (= 10-34°C), the
viscometer was opened to recover the PB/d-Bz solu-
tions. The PB concentration C (in mass/volume unit)
was determined by measuring the volume of the solu-
tions and the weight of the PB chains therein (recov-
ered after full evaporation of d-BZ).

After the above operation, the capillary viscometer
was thoroughly washed with protonated benzene (h-
Bz) and dried. Then, the capillary flow time was
measured for two solvents, h-Bz and d-Bz. The vis-
cosities of d-Bz and the PBLi/d-Bz solutions were
determined from their flow times and the viscosity
of h-Bz (known as a function of temperature®') after
a correction of the difference between the densities
of h-Bz and d-Bz, p4.p, = O.95gcm_3 and pp.p, =
0.88gcm™.

For the deactivated PB samples directly recovered
from the reactor, d-Bz solutions were prepared at
the concentrations C identical to those of the living
PBLi/d-Bz solutions. The viscosity of these deactivat-
ed PB/d-Bz solutions was also determined with the
capillary viscometer.

NMR. For the living PBLi/d-Bz solutions sealed
in the NMR tubes, 'Li-NMR measurements were con-
ducted at 7 =5-70°C with a JEOL JNM-AL400
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spectrometer operated under a static magnetic field of
9.4 T. The resonance frequency was 153.86 MHz. The
measured ’Li chemical shifts were expressed as the
values relative to a 0.2M LiCl solution in D,O. The
"Li spectra (in d-Bz) with and without the 'H-decou-
pling?>?3 were indistinguishable, indicating a fairly
wide spatial separation between ‘Li and 'H (in the
PB backbone). No 'H-decoupling was applied to the
"Li spectra reported in this paper.

After the measurement, the NMR tubes were
opened to recover the PB/d-Bz solutions. The PB
concentration C (in mass/volume unit) was deter-
mined from the weights of the solutions and PB there-
in with the aid of the known densities, pq., = 0.95
gem™3 and ppg = 0.92gcm 3.

SANS and LS. Recent scattering experiments
revealed that living PBLi chains form aggregates in
heptane and cyclohexane and the aggregation number
f has some distribution: The main component of the
aggregates is the tetramer (f = 4) but a small amount
of large aggregates (f > 100) is also formed. Similar
aggregation behavior was expected also in our PBLi/
d-Bz solutions.

To confirm this expectation, the living solution of
the PB-5 sample (M = 5400) sealed in the scattering
cell made of quartz (with the path length = 2 mm)
was subjected to the small angle neutron scattering
(SANS) measurement at 25°C. The measurement
was made with the SANS-U spectrometer at the Neu-
tron Scattering Laboratory, Institute for Solid State
Physics, University of Tokyo (Tokai, Ibaragi). The
incident neutron wavelength and its spread were
A =0.7nm and A1/4 = 0.1, respectively, the beam
diameter was 0.3 cm, and the sample-to-detector dis-
tance was chosen to be 2.0 and 8.0 m. The scattering
intensity was measured as a function of the scattering
vector q, where g = |q| = [4m/A]sin(0/2) with 6
being the scattering angle.

After the SANS measurement, the living PB-5 con-
centration (C = 0.023 gcm™3) was determined from
the weights of the solution and PB5 therein, as done
after the "Li-NMR measurement. A d-Bz solution of
the deactivated PB-5 sample (directly recovered from
the reactor) was prepared at the same C, and this solu-
tion was also subjected to the SANS measurement.

The SANS profiles of the living and deactivated
PB-5 solutions were azimuthally symmetric. Thus,
the scattering intensity was circularly averaged after
subtraction of the background scattering measured
for pure d-Bz. In this paper, we present these circu-
larly averaged intensities /(g) without a correction
for the incoherent scattering.

For the living PB-5 solution, the static light scatter-
ing (LS) measurement was also conducted with a
spectrometer (Malvern System-4700; 4 = 488 nm) to

16-18
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examine the existence of a small amount of large
aggregates (known to be formed in heptane'®!” and
cyclohexane'®). The LS intensity /(g) was measured
as a function of the scattering vector ¢ and compared
with the SANS intensity.

RESULTS AND DISCUSSION

Viscosity Data

For the solutions of the living and deactivated PB
chains, the viscosity of PB chains therein, npg, was
evaluated by subtracting the solvent (d-Bz) viscosity
from the solution viscosity. The temperature depend-
ence of npg is shown in Figure 1. We first note that
npg 1s larger for the living PB chain (unfilled symbols)
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Figure 1. Temperature dependence of the viscosities of the
living and deactivated PB chains (large and small symbols) with
M and C as indicated. C is the same for the living and deactivated
chains. The dotted line in the top panel denotes the viscosity of the
solvent (d-PB).
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Figure 2. Concentration dependence of the viscosities at
10°C obtained for the deactivated and living PB chains with M
as indicated (top and bottom panels).

than for the deactivated chain (small filled symbols)
having the same C. This result unequivocally indi-
cates that the living chains form the aggregates to en-
large their viscosity at the given C (due to an increase
of their relaxation time), as pointed out also in the pre-
vious work.!"!'"15 We also note that both of the living
and deactivated chains exhibit the Arrhenius behavior,
npe X exp(AE,/RT) with R = gas constant and T =
absolute temperature. The activation energy AE,
(=2 9.7kImol™") is similar for these chains and close
to that for pure d-Bz (cf. dotted line in the top panel).

In Figure 2, the npg data at a constant temperature
(10°C) are plotted against C. For the deactivated PB
chains (top panel), npg is almost proportional to C
except at the highest C examined for PB-10 (M =
9600). Similar behavior was noted at different temper-
atures. This C dependence of npg can be related to the
overlapping concentration C* of the PB chains. Since
the chains have rather small M, we may safely neglect
the excluded volume effect and estimate C* from the
unperturbed radius of gyration R,y as

_ {M/Ny}
 {4nR},/3)

*

D

where Ny is the Avogadro number. R, is estimated
from an empirical equation®*

Rgp =3.79 x 107 >M"/* nm (2)
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The C* values are summarized in Table I. The C
examined for the PB chains are considerably smaller
than C*, except for the highest C (= 0.078 gcm™)
for the PB-10 chain. The viscosity is known to be
essentially proportional to C for such moderately
dilute chains.? (These chains exhibit no entanglement
effect at all.)

The C dependence of npg of the living PB chains
is stronger than that of the deactivated chains and
the proportionality is observed only for the shortest
PB-3 chain (M = 2700) at C < 0.03gcm™3; see the
bottom panel of Figure 2. This strong C dependence
provides us with an insight about the aggregated struc-
ture: For the f-arm star-like aggregates in the absence
of the excluded volume effect, the overlapping con-
centration C,e." can be related to C* of the deactivat-
ed chain as

Coge™ = P73 f —2)2C* 3)

(This relationship is derived from a ratio of Ryp’s
of f-arm star and linear chains having the same M,
Ry p(star)/Ryg(linear) = (3f —2)"/?/£.26) The mini-
mum values of Cagg* in the range of f > 3, 0.083
and 0.12gcm™? for the PB-5 and PB-3 chains (M =
5400 and 2700), are still larger than the highest C
examined for these chains. Thus, if f does not change
with C, the star-like aggregates at those C should be-
have as moderately dilute, non-entangled star chains
to exhibit the proportionality between npg and C.
Indeed, the scattering experiments conducted for sim-
ilar PBLi solutions'® suggest that f does not signifi-
cantly change in the range of C examined here. In ad-
dition, the viscosity at a given C, deduced from the
bead-spring (Rouse-Ham) model,?® is proportional to
4-3f~! and changes with f only a little in the range
of f > 3. Considering these points, we may conclude
that the strong C dependence of npg seen for the living
PBLi/d-Bz solutions is mainly attributable to the
coexisting large aggregates. Indeed, the existence of
such large aggregates was confirmed from the scatter-
ing measurement, as explained later in more details.
Figure 3 shows the dependence of npp at 10 °C and
at fixed C (= 0.024 and 0.078 gcm™) on the molecu-
lar weight M of the PB chain (= arm in the aggre-
gates). These C values are the lowest and highest val-
ues examined for the PB-5 chain, and npg of the PB-3
and PB-10 chains at those C were evaluated from
short interpolation of the data shown in Figure 2.
The npg of the deactivated chains at C = 0.078
gcm™ is proportional to M, and the chains essentially
behave as the Rouse chains at this C; see top panel of
Figure 3. As C is decreased to 0.024 gcm ™3, the M
dependence becomes a little weaker but this propor-
tionality still holds in an approximate sense. (Note
that the dependence at C = 0.024gcm™ is much
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Figure 3. Molecular weight dependence of the viscosities of
the deactivated and living PB chains at 10 °C with C as indicated
(top and bottom panels).

stronger than that expected for the Zimm chain,?®
npg & M'/2)) Similar results were observed at all tem-
peratures examined. The Rouse-like npg data of the
deactivated chains are later utilized in the analysis
of kinetics of the exchange of Li species.

The M dependence of npg of the living PB chains is
stronger than that of the deactivated chains; cf. bottom
panel of Figure 3. As noted from the above argument
for Cyee ", the small star-like aggregates should behave
as the moderately dilute chains to exhibit the Rouse-
Ham behavior. Thus, the strong M dependence seen
for the living chains may be again related to a small
amount of the large aggregates that coexists with the
star-like aggregates and would have a non-negligible
contribution to npg. Similar results were found at all
temperatures examined.

Scattering Data

For the living and deactivated PB-5 chains (M =
5400) at a concentration C = 0.023 gcm_3 (PB vol-
ume fraction ¢ = 0.025), Figure 4 shows double-
logarithmic plots of the scattering intensity /(g) at
25°C against the wave vector ¢. The data at high ¢
(> 0.1nm~"') are the SANS intensities of the living
and deactivated chains, and the data at low ¢
(< 0.02nm™") are the LS intensity of the living chain.
The LS intensity data are shifted vertically in the dou-
ble-logarithmic scale in a way that they smoothly
merge into the high-¢g plateau of the SANS intensity.
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Figure 4. Scattering profiles at 25 °C measured for the living
and deactivated PB chains with M = 5400 and C = 0.023 gcm 3.
The data at high-g and low-¢g regimes were obtained from SANS
and LS measurements, respectively. The solid curves indicate
the profiles expected for unimer, trimer, and tetramer of the PB
chains.

The difference between the SANS intensities of the
living and deactivated chains at ¢ > 0.1nm~! indi-
cates that most of the living chains form star-like
aggregates, as explained later in more details. In addi-
tion, the strong increase of the LS intensity of the liv-
ing chains in the low-q regime (¢ < 0.01 nm~') dem-
onstrates the existence of a small amount of large
aggregates, as well known for living chains in non-
polar solvents 3101618 These large aggregates should
have existed in all living PB solutions examined.

Stellbrink and coworkers®!? utilized the form factor
for a fractal object’’ to discuss the structure of the
large aggregates. However, the dissociation kinetics
of the associated Li species targeted in this paper
should be related to the dynamics of the main compo-
nent in the aggregates (small star-like aggregates), and
the large aggregates (minor component) should have
negligible effect on this kinetics. For this reason, we
do not attempt to analyze the I(g) data on the basis
of the fractal form factor. Instead, we here estimate
the aggregation number f for the main component that
is needed in our analysis of the dissociation kinetics.

The aggregates of living anionic chains have a dis-
tribution of f, as demonstrated by Matsuda et al.'®
However, we may still estimate f for the main compo-
nent of our living PB aggregates by fitting the /(gq)
data (Figure 4) with that expected for monodisperse
f-mer aggregates (f-arm star chains). In the absence
of the excluded volume effect (for low-M chains), the
scattering intensity of the f-mer aggregates is describ-
ed by9,10

I(q) =K v “)

+ 2A5¢

VinP(q)
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with the form factor P(g) being written as?®

P(g) = m |:q2R2,arm -1+ exp(_qué,arm)
f—1
+ - exp(—¢ Ry yr)}’ 5)

Here, Ry am is the unperturbed radius of gyration of
the arm, V,;, and ¢ are the molar volume and volume
fraction of the star chain, A, is the second virial coef-
ficient, and K is a constant determined by a scattering
contrast between the chain and solvent. The scattering
intensity for the linear chains (dissociated arms) is
given by eqs 4 and 5 with f = 1.

The aggregation number f for the main component
in the aggregates can be estimated by fitting the /1(g)
data (Figure 4) with eqs 4 and 5, but this fitting re-
quires the A, value. Unfortunately, no literature data
of A, in d-Bz are available for low-M PB chains sim-
ilar to our PB-5 chain (M = 5400 and ¢ = 0.025).
Thus, we considered the A, data of low-M poly-
styrenes (PS) in Bz’? to estimate Apga = 0.002
cm® mol g=2 for our deactivated PB-5 chain. (Bz is
an equally good solvent for PS and PB.) For the
star-like f-mer aggregates of the living PB-5 chains,
we estimated the A,j, value from a relationship be-
tween A, values of the star and linear chains, '’ Apjiv =
(1.1 = 0.04f)f23A, 4, where the factor f~0?3A; 4,
gives the A, value for a linear chain having the molec-
ular weight identical to that of the star chain (aggre-
gate). In Figure 4, the I(g) calculated from eqs 4
and 5 with these A, values and Ry ym = 3.0nm are
shown with the solid curves. The contrast factor K,
common for the living and deactivated chains, was de-
termined in a way that the calculated curve for f = 1
agreed with the /(g) data for the latter (triangles). The
calculated curves for f = 3 and 4 are close to the data
for the living PB-5 chain (circles), with some prefer-
ence for f = 4. From this result as well as the results
of detailed structural analysis for PBLi chains in
heptane'®!” and cyclohexane'® (suggesting f = 4),
we may conclude that the main component of the ag-
gregates in our PBLi/d-Bz solutions is the tetrameric
aggregate. The kinetics of the exchange of Li species
(the dissociation kinetics) is later analyzed in relation
to diffusion of the tetrameric aggregate.

'Li-NMR Data

Figures 5-7 show the ’Li-NMR spectra (solid
curves) obtained for the PBLi/d-Bz solutions with
M and C as indicated. The resonance frequency is
153.86 MHz, and the chemical shift § (in Hz) is ex-
pressed as the values relative to a 0.2 M LiCl solution
in D,0. The spectra exhibit a triple peak at low 7', and
this triple peak merges into single peak with increas-
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M =2700
C=0.087gcm?3

C=0.024 gcm?3 C=0.0083 gcm?3

T T T T 1 T T T T T 1 T T T T T "]
200 100 0 -100 200 100 O -100 200 100 O -100
8/Hz

Figure 5. 7Li-NMR spectra obtained for living PB chains with
M = 2700 and at C and T as indicated (solid curves). The thick
dotted curves indicate the fitted spectra calculated for exchange
of four Li species.

M = 5400

C=0.063 g cm3 C=0.021 gcm?3 C=0.012gcm?3

2(;0 10|0 (; -10|0 2(;0 l(l)O (I) -160 2(;0 160 (l) —lOIO
8/Hz
Figure 6. 7Li-NMR spectra obtained for living PB chains with
M = 5400 and at C and T as indicated (solid curves). The thick
dotted curves indicate the fitted spectra calculated for exchange
of four Li species.
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M = 9600

C=0.095 g cm? C=0.041 gcm?3 C=0.018 gcm?

T T 1 ~— T T T 1 T 1 T ]
200 100 O -100 200 100 O -100 200 100 O -100
8/Hz

Figure 7. 7Li-NMR spectra obtained for living PB chains with
M = 9600 and at C and T as indicated (solid curves). The thick
dotted curves indicate the fitted spectra calculated for exchange
of four Li species.

ing T. From the existence of the triple peak, we can
conclude that Li of the PBLi chains is in several dif-
ferent aggregation states and the exchange of these Li
species at low T is slow compared to the NMR time
scale, 1/A6 =0.01s with A§ (= 100Hz) being the
differences of the chemical shifts. The exchange time
scale becomes comparable to/shorter than the NMR
time scale on the increase of 7" up to 70 °C, as clearly
noted from the change from the triple peak to the sin-
gle peak. We also note that the shape of the NMR
spectra is considerably different for the monoanionic
PBLi and bianionic PBLi, chains examined in this
and previous'® studies and thus the Li species for these
chains are in different chemical states.

For all PBLi solutions examined, the triple peak
spectrum at low 7 was successfully deconvoluted into

—(Nyp — D 1
1 _(Nsp - 1)
E, =
1 1
1 1

A matrix A(w) describing the time evolution of the
magnetization vector in a time scale of 1/w is related
to this E;x as A =i(ol — @) — E; with i =+/—1,
where I is the unit matrix and € is a diagonal matrix
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M = 9600
C=0.018 gem™

T=5°C
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Figure 8. Deconvolution of ’Li-NMR spectrum of the living
PB-10 solution at 5°C (thick solid curve) into three Lorentzian
peaks (thin solid curves). A ratio of the integrated intensities of
the Lorentzian peaks, H, is close t0 Hhigh.s:Hmiddle-5:Hlow-s =
1:2:1. The sum of these peaks, shown with the thin dotted curve,
well reproduces the measured spectrum.

three Lorentzian peaks. As an example, Figure 8
shows the "Li-NMR spectrum of the living PB-10 so-
lution at 5 °C (thick solid curve) deconvoluted into the
Lorentzian peaks (thin solid curves). For all solutions,
a ratio of the integrated intensities of the peaks, H,
was close t0 Hhigh-s:Hmiddle-s:Hiow-s = 1:2:1. This re-
sult suggested that (at least) four different Li species
existed for the living PB chains examined, and two
of them have nearly the same resonance frequency
at middle 4. Since details are known for neither chem-
ical states of these species (which was the case also
for the previously studied PBLi chains'®!7) nor the
number of different species Ny,, we cannot accurately
determine the exchange times 7. among the associat-
ed Li species from the NMR spectra. However, we
may still obtain a reasonable estimate of 7. under
simplifying assumptions that the spectra peaks seen
Figures 5-7 correspond to four different species
(Ngp = 4) and the exchange occurs among these spe-
cies at the same rate «. The exchange time obtained
under these assumptions, 7.x = 1/k, can be interpreted
as an estimate of the average lifetime of the associat-
ed Li species.

Under the above assumptions, we made the line
shape analysis of the ’Li-NMR spectra with the stand-
ard method® utilizing an exchange matrix:

1 1
1 .

Ny = 1) | with Ny, =4 (6)
1 _(Nsp - 1)

having the spectral line frequencies of the Li species
w; (j = 1-4 for Ny, = 4) as the diagonal elements.*
Utilizing the eigenvalues Aj(®) = i(w — @) + Nopk
of a matrix B = A + «I (where I is the “one-matrix”
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having the elements Tjk =1 for all j and k), we may
express the line shape g(w) as

(@) = — -
W)= — 7
¢ Ngp 1 — kL(w)
with
}Vsp A’Sp 1
Liw) = N :
j=1 /lJ(w) i=1 NspK + l(a) — a)j)
and Ny =4 (8)

The average exchange time (= lifetime of the associ-
ated Li domain), t.x = 1/k, can be estimated by fitting
the data in Figures 5-7 with the real part of g(w)
specified by eqs 7 and 8.

For definiteness of this fitting, we assumed that
the spectral line frequencies w; reflecting the chemical
states of the Li species do not change with T and are
independent of C and M of the PBLi chains. (The fit-
ting becomes rather arbitrary if we allow changes of
w; with T, C, and M, although these changes may
have occurred to some extent in the actual PBLi solu-
tions.) In Figures 5-7, vertical dotted lines indicate
the frequency shifts chosen in the fitting, §; = wj —
wret (J = 1-4) with ws being the resonance frequency
of the reference system (0.2 M LiCl solution in D,0).
Among the four species, two species were assigned to
have the same w; value (the middle §; value) because
Hhigh—(S:Hmiddle—S:Hlow—S = 1:2:1 atlow T.

In Figures 5-7, the thick dotted curves indicate the
best-fit line shape (real part of g(w) with @ = 8 + @rer)
for Ny, = 4, with « being utilized as the fitting param-
eter. Reasonable fitting is achieved under the above
assumptions (equal-rate exchange among four species
and T, C, M-insensitivity of w;), although some differ-
ences seen between the data and fitted curves in the
low-6 regime may result from a limitation of these as-
sumptions. (This limitation seems to mainly reflect
some T-dependent changes in the chemical states of
the aggregated Li species showing the resonance at
low §.)

In Figure 9, the average exchange time (lifetime) of
the Li species obtained from this fit, 7.x = 1/k, is plot-
ted against 10°T~! (T = absolute temperature); see
large symbols. The small symbols indicate a diffusion
time 74 explained later. The plots of 7., are not
shown in the fast limit at high T (> 323 K = 50°C)
where the exchange was rapid (as noted from the sin-
gle NMR peak in Figures 5-7) and the spectra data
could be fitted by eqs 7 and 8 with arbitrarily large
k values. Similarly, some t.x data at low T are not
shown because the corresponding 'Li-NMR spectra
are in the slow limit and do not allow us to determine
the accurate « values.

Figure 9 demonstrates that the 7., data exhibit the
Arrhenius behavior within the scatter of the plots
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Figure 9. Temperature dependence of the Li-Li exchange
time 7., obtained from 'Li-NMR measurements for the living
PB chains with M and C as indicated (large symbols). Small sym-
bols denote the time tg4ir required for the tetrameric aggregates of
the chains to diffuse over the nearest neighbor distance. This ty;¢
was estimated from the viscosity data.

and the activation energy hardly changes with C and
M. We also note that t.x decreases with increasing C
and decreasing M. These C and M dependencies, al-
ready noted for the raw spectrum (the spectrum at re-
spective T shows a faster-exchange pattern for larger
C and smaller M; cf. Figures 5-7), are most clearly
demonstrated in Figure 10 where 7., for the PB-3,
PB-5, and PB-10 living chains at a constant tempera-
ture, 10 °C, are plotted against C of the chains.

If the exchange of the associated Li species occurs
through their independent/spontaneous dissociation
as illustrated in Figure 11a, t.x would be independent
of C and M (and determined by the bare activation
energy of this spontaneous dissociation). However,
this is not the case for the PBLi chains, as seen in
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Figure 10. Concentration dependence of the Li-Li exchange
time 7. for the living PB chains at 10°C.
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Figure 11. Schematic illustration for Li-Li exchange. Part (a)
shows the non-cooperative (independent) exchange occurring
through breakage of Li-Li bonds and release of an isolated Li spe-
cies. Part (b) shows the cooperative exchange occurring through
formation of a transient, fused aggregate. Part (c) illustrates a
geometry for calculating an increase of the osmotic free energy
due to formation of the transient aggregate.

Figures 9 and 10. Thus, the exchange of the Li species
should have occurred cooperatively, possibly through
thermal collision of small star-like aggregates of the
living PB chains containing the associated Li domains
at their centers as illustrated in Figure 11b: This colli-
sion would allow a transient formation of a larger,
fused aggregates of Li, and these transient aggregates
would split into smaller aggregates to allow the Li-Li
exchange without releasing the energetically unfavor-
able, isolated (non-aggregated) Li species. This mech-
anism of exchange is further discussed below in rela-
tion to the diffusive motion of the star-like aggregates
of the PB chains.

Thermal Collision and Dissociation of Aggregates
The main component in the aggregates of the living
PBLi chains is the tetrameric star-like aggregate, as
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discussed for Figure 4. The thermal collision rate of
these aggregates, possibly affecting the Li-Li ex-
change rate as discussed above, can be estimated from
their viscosity. This viscosity cannot be straightfor-
wardly estimated from the npg data of the living solu-
tions, because of the non-negligible contribution of
the coexisting large aggregates to those data; cf. bot-
tom panels of Figures 2 and 3. In contrast, the deacti-
vated PB chains behave as the moderately dilute
chains to exhibit the Rouse-like npg data; cf. top pan-
els of Figures 2 and 3. Since the star-like aggregates
should also behave as the moderately dilute chains
(as discussed earlier in relation to their Cyg,™), their
diffusivity and thermal collision rate can be estimated
from the npg data of the deactivated PB chains on the
basis of the Rouse-Ham relationship.?® We made this
estimation in the following way.

For the f-arm star and linear chains at the same C,
the latter being identical to the star arm, the diffusion
coefficients D in the Rouse-Ham regime satisfy a rela-
tionship,26 Dygar/Diinear = 1/f. Since Dyjpear i related
to the viscosity Ninear, radius of gyration R,p, and
molecular weight M of the linear chain as Diipear =
CRTRy 5 /6Mnjjinear (Rouse relationship?®3!), we find

CRT\ (R; 1
Dstar =\ —X — (9)
6f M Nlinear

An average distance between the neighboring f-mer
aggregates is given by &2 (fM/CNu)'? with Np
being the Avogadro number. Thus, we obtain an esti-
mate of a time tgir required for diffusion of the aggre-
gate over this distance,

%'2 M5/3 Mlinear f5/3

=F with FF'=——= (10
6Dyt CS/SRTR;’? NA2/3 (10)

linear

Tdif =

The reciprocal of this time, 1/74;, can be utilized as a
measure of the thermal collision frequency for the star
chains. The Li-Li exchange (through formation of the
fused aggregate; Figure 11b) does not occur at this
frequency if the exchange is associated with a large
activation barrier, as discussed later in more details.

Utilizing the empirical equation for Rgp (eq 2)
and the npg data of the deactivated linear PB chains
(Figure 1) in eq 10, we obtained 74ir of the star-like
tetrameric aggregates of the living PB chains (f = 4)
at C and T examined in the viscosity experiments.
Then, making short interpolation and/or extrapolation
of these tg¢ values, we evaluated 74 at C and T
examined in the "Li-NMR measurements. In Figure 9,
the z4i; thus evaluated is multiplied by a factor of 10°
and plotted against 10> 7~!; see small symbols con-
nected with the dotted lines. Clearly, tgis is orders of
magnitude shorter than the NMR-determined Li-Li
exchange time, 7.x (large symbols).
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The Zimm relationship for infinitely dilute chains,?®

neg X M'/?, was not observed for the deactivated PB
chains and aggregates (cf. Figure 3). However, for
completeness, we also evaluated 7y4;s!*! of the aggre-
gates on the basis of the Zimm—Kilb dynamics. This
g is given by eq 10 with F = f23{(v/2— 1)+
2 —V2)f 1) INA3/6.91200 (kg = Boltzmann
constant and @, = Flory constant).?® Specicically,
Tair? = 0.1414¢ for f = 4, with T being the Rouse-
Ham diffusion time plotted in Figure 9 (small sym-
bols). Thus, we can conclude that the Li—Li exchange
is much slower than the thermal collision of the aggre-
gates (Tex > tais?!) even if the aggregates obey the
Zimm-Kilb dynamics.

The above result has several important consequen-
ces. First of all, the Rouse-Ham type viscoelastic
relaxation of the PBLi chains in the form of the
star-like aggregates occurs in a time scale of 7,%% =
24Mnlinear/7TZCRT = {24NA2/3 C2/3Rg,92/772f5/3M2/3}'
Tgif < 0.27g¢ in the ranges of C and M examined.
Thus, the Li—Li exchange (requiring the time zex >
7gir) does not occur during the relaxation process of
the aggregates, meaning that the viscosity of the living
PB chains is determined by the thermal motion of
their star-like aggregates. This result lends support to
our analysis of 74 based on the Rouse-Ham dynam-
ics. Note also that the "Li-NMR spectra (Figures 5—
7) significantly change with 7" because the spectra
reflect the 7T-sensitive exchange time 7. (Figure 9)
while the viscosity of the PBLi solutions (Figure 1)
changes with T only moderately because the viscosity
is determined by the aggregate motion much faster
than the exchange.

The second consequence is related to the thermal
collision of the star-like aggregates of the PBLi
chains. This collision (requiring the time tg4;s) occurs
for many times before the dissociation occurs through
the Li-Li exchange (in the time scale of 7.). Thus, we
expect that the Li-Li exchange occurs cooperatively
through collision-activated fusion of the small aggre-
gates into a larger, transient aggregate (Figure 11b)
and this fusion occurs only when the collision energy
is sufficiently large (i.e., at a frequency <« collision
frequency 1/tg4ir). For this cooperative exchange, the
Tex 1S proportional to tgir (i.e., Tgir serves as a basic
time-constant for the exchange) but a 7.y /7gir ratio is
much larger than unity because of an activation barrier
for the formation of the transient aggregates. In fact,
the living PBLi chains have .y /tgif >> 1. Furthermore,
the Tex/Tgif ratio is not the same for the chains of var-
ious C and M, as demonstrated in Figure 12a: The
Tex/Taif Tatio is considerably smaller for the PB-10
chain at C = 0.095 gcm™? (filled circles) than for the
same chains at lower C (unfilled circles) and the other
chains (triangles and squares). This difference of the
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Figure 12. Temperature dependence of two kinds of reduced
Li-Li exchange time evaluated for the living PB chains, (a) 7ex/
Tgif and (b) Tex/QosTaif- The data for the chain with M = 9600
at the highest C (= 0.095 gcm™?) are indicated with filled circles,
and the data for this chain at lower C are denoted with unfilled cir-
cles. The unfilled triangles and squares show the data for the
chains with M = 2700 and 5400, respectively.

Tex/ Tair Tatio can be related to the activation barrier.

In the simplest activation process, we expect that
two star-like (tetrameric) aggregates are compressed
with each other to form a larger, transient aggregate,
as illustrated in Figure 11b. This compressing process
is accompanied by an increase of the osmotic free en-
ergy (osmotic penalty) AG,s due to an increase of the
local concentration. In the solution with C < Cyg,”,
the aggregates are not overlapping on average before
the compression and AG,s would not increase signifi-
cantly until the center-to-center distance between the
aggregates & is decreased below twice of their radius
of gyration R, (i.e., until the aggregates begin to over-
lap); cf. Figure 1lc. In the solution with C > C,g,",
the aggregates are already overlapping at the onset
of the compression and AG,s would increase on any
decrease of & from its onset value, {fM/CNx}'/? with
fM being the molecular weight of the aggregate. Thus,
AG,s can be estimated as

0
AGos = —JngZ/ I1dé (11)

Sslarl

Here, &y, is the distance where AG,s begins to
increase significantly, &g .« = 2R, and {fM /CNA}I/ 3
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for the solutions with C < Che™ and C > Cyg,”,
respectively, IT is the osmotic pressure, and the front
factor 7R,> is the cross sectional area depicted in
Figure 11c.

The calculation of AG (eq 11) requires the I7 data
for the overlapping aggregates. However, no osmotic
data are available in literature for low-M PB star
chains in Bz similar to our star-like aggregates. For
this reason, we assumed a scaling form of 1 known
to be valid for high-M star/linear chains in the semi-
dilute regime:3>3

CRT ~ "\ Cy”

(12)

Here, Ky is a constant of the order of unity, and v is
the molecular weight exponent for Ry(R, oc M”). Dur-
ing the compression process depicted in Figure 1lc,
the local concentration is related to the center-to-
center distance & as C = ,B(2fM/NA)/71Rg2(.§+ 2Ry)
where B (= 3/2) is a correction factor equating C at
& = 2R, (onset of overlapping of the aggregates) and
Cage™ = (fM/NA)/(4nRg3/3). From eqs 11 and 12 to-
gether with this relationship, AG,s is calculated to be

AGOS = 3(3\/’ — l)kBTKH

1/(Bv—1
Jan - ()"
éstart+2Rg

The activation factor for this osmotic penalty, Qo =
exp(AGos/kgT), is independent of T.

In the evaluation of Q,s, we chose Kij = 1 for sim-
plicity and utilized v = 1/2 because the excluded vol-
ume effect can be safely neglected for the aggregates
of low-M PB chains. Correspondingly, R, of the tetra-
meric aggregates (f =4) was evaluated from the
Gaussian relationship in the absence of this effect,?
Ry = (Bf — 2)"/2f~1/2Ry i with Ry iy being the radius
of gyration of the deactivated linear PB chains given
by eq 2. In Figure 12b, the Li-Li exchange time 7 is
reduced by the diffusion time t4;r and the osmotic fac-
tor Qos. This reduced quantity is almost universally
dependent on T irrespective of C and M of the living
PB chains. (We also utilized a virial expansion form?$
of IT to evaluate Q.s. The resulting Qs values were
not significantly different from those obtained from
the scaling form of [7, and the universality seen in
Figure 12b was not affected by our choice of the
expression of I1.)

The above universal behavior is successfully cast in
an Arrhenius-type empirical equation shown with the
solid line in Figure 12b,

Tex X QosTdit EXp(AE/RT) with AE = 88 kJ/mol
(14)
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The activation energy AE is considerably smaller
than the bare binding energy calculated with quantum
chemical methods,>* AE®>® =~ 150kJ/mol for a tet-
ramer of allyllithium. This difference seems to be a
natural consequence of the cooperativity of the Li—Li
exchange process: The exchange would occur through
formation of the transient aggregates (Figure 11b)
without releasing an isolated Li species. Thus, the
net activation energy AE for the exchange process
is smaller than AE®® required for breaking the Li—
Li bonds and releasing the isolated Li species.

In summary, the above results strongly suggest that
the dissociation of the star-like, tetrameric aggregates
of the PBLi chains requires the thermal collision of
the aggregates under the osmotic barrier and that the
exchange of the Li species allowing the dissociation
is achieved cooperatively through formation of the
transient, fused aggregate. Both of the thermal colli-
sion rate and osmotic barrier, represented by the 74i¢
and Q,s terms in eq 14, reflect the polymeric character
of the PBLi chains. In other words, the dissociation
kinetics of the aggregates is determined by not only
the neat Li chemistry (reflected in AFE) but also the
polymeric character of the constituent chains.

CONCLUDING REMARKS

We have examined the dynamic behavior and dis-
sociation kinetics of the aggregates of living PBLi
chains in d-Bz. The chains formed tetrameric aggre-
gates as the main component, as confirmed from
the scattering experiments. The diffusion time of
these aggregates 74 estimated from the viscosity data
was much shorter than the exchange time of the Li
species Tex (= lifetime of the associated Li domain)
determined from "Li-NMR. The t., data were satis-
factorily described by an empirical equation, Tex
QosTaif eXp(AE/RT), where Qo denotes an osmotic
barrier for mutual approach of the aggregates of the
living PB chains carrying the associated Li domains
at the center. The activation energy AE (= 88 kJ/mol)
was considerably smaller than the bare energy re-
quired for breaking the Li-Li bonds and releasing iso-
lated Li species. These results suggest that the colli-
sion of the aggregates (under the osmotic barrier) is
required for the dissociation of the aggregates and
the dissociation results from a cooperative exchange
of Li species occurring through formation of a transi-
ent, fused aggregate. Thus, the dissociation kinetics of
the aggregates is determined by not only the neat Li
chemistry (reflected in AE) but also the polymeric
character of the constituent chains (reflected in g

and Q).
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