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ABSTRACT: Micellization kinetics of poly(a-methylstyrene)-block-poly(vinylphenethy1 alcohol) (PaMS- 
b-PVPA) in selective solvent, benzyl alcohol (BA), was investigated by time-resolved static and dynamic 
light scattering. Time evolution of apparent molecular weight Mwapp and radius of gyration Rgapp were 
measured for two (PaMS-b-PVPA)s (KT-326 and KT-327) of different block compositions in the course of 
micellization after quenching from the unimer region to the micelle region. The micellization was found 
to proceed stepwise by fast and slow processes. Observed features of time variation of Mwapp and Rgapp 
led to the following conclusions for the micellization processes. In the fast first process, quick association 
of unimers resulted in the birth of quasi-equilibrium micelles and an increase of the number of quasi- 
equilibrium micelles dominated over growth of the micelle size. The slow second process of approaching 
the final equilibrium state primarily proceeded by growth of the micelle size, with accompanying 
decomposition of the quasi-equilibrium micelles and with a gradual decrease of the micelle number. The 
time evolution of Mwapp was approximately described by an exponential equation with two time constants 
of the first and second processes. The time constant t l  of the first process depended on the polymer 
concentration strongly, whereas the time constant t2 of the second process was almost independent of 
the concentration. In the case of KT-327 with longer core chains of PVPA block, the value of tl ranged 
from 0.1 to 1 h, and the value of tz was several tens of hours. KT-326 had much longer t l  by about lo3 
times than tl of KT-327. Both z1 and r2 of KT-327 decreased with increasing temperature. 

Micellization of block copolymers in selective solvent 
has extensively been studied theoretically and experi- 

However, very few studies on the kinetics 
of the micellization have been reported for polymeric 
systems.14-16~23~24 Considerable efforts have been de- 
voted to studies of micellization kinetics for surface 
active agents of low molecular weight substances near 
the association e q ~ i l i b r i u m . ~ ~ - ~ ~  The association or 
dissociation from one equilibrium to another equilibrium 
state takes place essentially by two processes. The 
faster process is associated with redistribution of the 
association number of respective micelles with no 
change of the total number of micelles, while the slower 
process is to approach the final equilibrium by micelle 
formation and decomposition with a change in the total 
number of micelles. Figure 1 schematically illustrates 
variation of the association number distribution in the 
two relaxation processes.29 This idea was theoretically 
described for the first time by Aniansson and Wall27 to 
interpret experimental observations with chemical re- 
laxation techniques and have been confirmed by many 
experiments26~28~30,31~33-35~37 and discussed theoretically 
to a large extent.11,29,32,36 For block copolymers, the 
relaxation time for a polymer chain escaping from the 
micelle, which may be a rate-determining process in the 
slow process mentioned above, has theoretically been 
discussed on the basis of scaling a n a l y s i ~ . ~ ~ J ~ > ~ ~  Tuzar 
and co-workers1J4 followed the processes of micelle 
formation and decomposition of block copolymers by 
means of the stopped-flow method with light scattering 
and found that the relaxation time of micellization was 
of the order of 10 ms, while the decomposition occurred 
much more quickly than the micellization. Mattice et 
al.24 made a computer simulation for micellization of 
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Figure 1. Schematic presentation of redistribution of associa- 
tion number in the relaxation near equilibrium according to  
the Aniansson-Wall (A-W) t h e ~ r y . ~ ~ , ~ ~  Distribution function 
W(P) expresses the weight fraction of associates having as- 
sociation number P. (Thin solid line) Initial; (dashed line) after 
the fast process; (heavy solid line) final. The fast process ( 1 )  
is the decrease of the average association number from PI  of 
initially formed micelles to PZ of the quasi-equilibrium micelles 
with no change in the number of the micelles but with 
increasing unimer-number corresponding to that decrease. 
The second process (2) followed by the fast process is the 
growth of each micelle to approach the final equilibrium size 
(average association number P3), accompanying a decrease of 
the micelle number by micelle decomposition. 

block copolymers, suggesting the presence of two pro- 
cesses with different time scales. To our knowledge, no 
detailed experimental data of micellization kinetics have 
been reported for polymeric systems as yet. 

In general, the micellization process is too fast to be 
easily followed experimentally, when it takes place far 
away from the critical micelle concentration or tem- 
perature. In this study, we selected experimental 
conditions near the critical micellization to investigate 
micellization kinetics of block copolymers in selective 
solvent by means of static and dynamic light scattering. 
The system used here was poly(a-methylstyrene)-block- 
poly(vinylphenethy1 alcohol) in benzyl alcohol, which 
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Table 1. Molecular Weight and Composition of Block 
Copolymers 
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~ ~~~ 

sample &,as ,  MPWA, Mtotai, 

KT-326 7.0 1.1 8.1 0.11 
KT-327 11.3 1.23 12.5 0.08 

a ~ P W A ;  PVPA composition in fractional degree of polymeriza- 

code x 10-4 x 10-4 ~ 1 0 - 4  h A a  

tion. 

has the critical micelle temperature a little above room 
temperature. The micellization process was so slow that 
the process could be observed by time-resolved light 
scattering measurements. Angular dependence of in- 
tegrated scattered-light intensity and autocorrelation 
function of the intensity were measured in the course 
of micellization after quenching from the unimer region 
to the micelle region. Apparent molecular weight and 
radius of gyration obtained by light scattering give 
different averages of association number and size of the 
colloid particles in the solution, respectively, which 
enables us to tell which process dominates over the 
other in the process, the size growth or the association 
number increase. Two processes with different rates, 
similar to those of low molecular weight surfactants, 
have been observed in the present polymeric systems. 
The micellization rates for these processes are discussed 
as a function of polymer concentration for two copoly- 
mers with different block compositions. 

Experimental Section 
Materials. Poly(a-methylstyrene)-block-poly@-vinylphen- 

ethyl alcoho1)s (PaMS-b-PVPA) were anionically polymerized 
ones with the sample codes KT-327 and KT-326,39 of which 
characteristics are listed in Table 1. Molecular weight distri- 
bution indices MwlM,, were around 1.1. 

Benzyl alcohol (BA), purchased, was used without distilla- 
tion. BA is a thermodynamically good solvent to  PVPA, and 
a nonsolvent to PaMS, so that the PaMS block may aggregate 
to form a core and the PVPA block may make corona when 
the copolymer forms a micelle. In fact, it was found in our 
previous work40 that KT-327 formed crew-cut star-shaped 
micelles in rn-chlorobenzyl alcohol. 

Light Scattering Measurements. Static and dynamic 
light scatterings were performed by using a DLS-700 ap- 
paratus manufactured by Ohtsuka Electronic Co. Ltd., with 
an Ar ion laser operated at 488 nm as light source. 

The solvent was optically purified by a Teflon filter with 
the nominal pore size of 0.2 pm. Stock solutions were prepared 
by dissolving the block copolymers in BA, keeping the solutions 
at 55-60 "C for 2-3 h and optically purifying through a Teflon 
filter with the nominal pore size of 0.45 pm. The stock 
solutions were diluted by adding the purified solvent in a dust- 
free optical cell to make the sample solution with desired 
concentration ranging from 6 x t o  1.5 x g (g of 
solution)-' for KT-326 and from 2 x to 8 x low4 g (g of 
solution)-' for KT-327. Subsequently, the optical cell was 
flame sealed under mild vacuum. 

Integrated intensity of scattered light was measured as a 
function of scattering angle 0 ranging from 30" to 145". It took 
about 4 min to measure a set of data, which was much shorter 
than the time scale of micellization, so that no correction of 
time lag was needed. 

Excess Rayleigh ratio hR(0)  was calculated from the mea- 
sured excess scattered intensity using the intensity of benzene 
as standard with the Rayleigh ratio of benzene being 3.405 x 
lov5 cm-l at 25 0C.41 

Since, in the time-resolved measurement, the conventional 
analysis using the extrapolation to the dilute limit was not 
available, we evaluated apparent molecular weight Mwapp and 
apparent radius of gyration RBspp without the extrapolation, 
which are defined as 

&Iwapp = hR(0)lKc (1) 

(initial slope)3ii~Mwapp 
(2) 

where c is the polymer concentration in g mL-' and K is the 
optical constant defined by K = 47~~n~(dn/dc)~/,i~N~, with n, LO, 
and NA being the refractive index, the wavelength of the 
incident beam, and the Avogadro constant, respectively. Kcl 
hR(0) and (initial slope) are the intercept and the initial slope 
of the Zimm plot, KcIAR(f3) vs sin2(f3/2), at finite concentrations. 
The refractive index increment (dnldc) was measured by a 
differential refractometer, DRM-1020, of Ohtsuka Electronic 
Co. Ltd., with the wavelength LO = 488 nm at 30 "C. Measured 
(dnldc) for PaMS was 0.0716 mL g-l. The (dnldc) of PVPA in 
BA was estimated to be 0.0249 mL g-l from the dnldc of PVPA 
in m-chlorobenzyl alcohol (CBA)40 and refractive index differ- 
ence between BA and CBA. Values of (dnldc) for the block 
copolymers were calculated, on the basis of refractive index 
additivity, from these (dnldc) values to be 0.0653 and 0.0671 
mL g-' for KT-326 and KT-327, respectively. Their tempera- 
ture dependences were so small in the experimental tempera- 
ture range (from 15 to 45 "C) that they were neglected in the 
data analysis. Because of the small content and the small (dnl 
dc) value of PVPA, the obtained RBapp can be regarded as the 
(R:) of PaMS part of the block copolymer micelle. 

Accumulation time for measuring the autocorrelation func- 
tion d2)(t) of the scattered light intensity ranged from 5 to 10 
min, and the measurements were carried out for KT-326 
solutions in the micellization process of time t being longer 
than 30 min after quenching, where change in properties of 
the solution during the data-taking time could be ignored. The 
obtained g@)(t) was transformed to the correlation function 
g")(t) of the electric field of scattered light by the following 
equation for the self-beat method. 

R,PP = 162n2 

g'2'(t) =A(1 + B&'1'(r)12) (3) 

A and B are constants. The correlation function g")(r) was 
analyzed by the cumulant method.42 By the nonlinear least- 
squares fitting to the cumulant expansion 

lg'"(z)l = exp(-I;r + k2/2)P - ...I (4) 

we evaluated the average decay rate r, the Eecond cumulant 
p2, and the particle size distribution index, p f l L  The diffusion 
coefficient D was obtained by the relation, r = Dq2. The 
hydrodynamic radius R h  was calculated with the Stokes- 
Einstein equation 

R, = kBT/6nyD (5) 

where kg, T, and 7 are the Boltzmann constant, the absolute 
temperature, and the solvent viscosity, respectively. y was 
measured by a Ubbelohde type viscometer as a function of 
temperature. Similarly to the static properties, since the 
extrapolation to zero concentration could not be made, we 
evaluated the hydrodynamic radius without the extrapolation, 
which was here referred to as apparent hydrodynamic radius 

KT-326 and KT-327 started forming micelles around 24 and 
50 "C, respectively, under cooling at the rate of 2 'Clmin, as 
shown in Figure 2. For KT-326, we first kept the solution at 
40 "C to completely decompose the micelles into the unimers 
and then quenched to 15 "C to carry out light scattering 
measurements as a function of time t .  For KT-327, the initial 
temperature was selected to be 60 "C and the micellization 
was observed at 15,24, 35, and 45 "C. 

Results and Discussion 
Micellization of KT-327. Figure 3 shows the time 

dependence of Mwapp and Rgapp in log-log scale for 
various temperatures at the polymer concentration c = 
4.29 x g (g of solution)-'. It took a very long time 

Rhapp. 
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Figure 2. Change of Mwapp with decreasing temperature T 
for KT-326 (0) and KT-327 (0). 
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Figure 3. Time evolution of Mwapp and Rgapp after quenching 
KT-327 solution from 60 "C to different temperatures. Mwapp: 
45 "C (0); 35 "C (A); 24 "C (0); 15 "C (VI. Rgapp: 45 "c (0); 35 
"C (A); 24 "C (B); 15 "C (VI. Concentration was 4.29 x g 
(g of solution)-'. 

for the micelle to reach an equilibrium size. At earlier 
time, Mwapp increased relatively quickly, seemed to level 
off tentatively, and then gradually increased again. That 
is, the micellization appeared to proceed in two steps. 
At lower temperatures, the transition from the first 
process to the second process occurred later; in other 
words, the log Mwapp-log t curve shifts towards longer 
time as the temperature decreases. This may imply 
that the micellization process was slower at lower 
temperatures. One can see similar behavior in the 

Figure 4 represents concentration dependence of the 
log Mwapp-log t relation a t  the fmed temperature 35 "C. 
The stepwise micellization is seen more clearly. The 
growth rate of the first faster process strongly depends 
on the polymer concentration, whereas that of the 
second slower process was almost independent of the 
concentration. Looking at the data closely, one can 
notice that Rgapp levels off earlier than Mwapp does in 
the first process, while parallel growth of Rgapp and 
Idwapp was found in the second process. This trend can 

RgaPP- 

I 100 
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Figure 4. Time evolution of Mapp and Rgapp for KT-327 
solutions of various concentrations at 35 "C. Mwapp: 8.142 x 
10-4 g (g of solution)-l(O); 5.934 x g (g of solution)-' (A); 
4.287 x g (g of solution)-' (0); 2.109 x g (g of 
solution)-' (v). Rep,: 8.142 x g (g of solution)-' (0); 5.934 
x 10-4 g (g of solution)-' (A); 4.287 x g (g of solution)-l 
(B); 2.109 x g (g of solution)-' (v). 

10 
1 o6 10' 1 OB 

Mwapp/grnol-' 

Figure 5. Relationship between Rgapp and Mwapp for KT-327 
solutions of various concentrations at 35 "C. 8.142 x g 
(g of solution)-' (0); 5.934 x g (g of solution)-l (0); 4.287 
x 10-4 g (g of solution)-' (A); 2.109 x g (g of solution)-' 
(A). 

also be seen in the data of Figure 3. To show this 
behavior more clearly, log Rgapp was plotted against log 
Mwapp in Figure 5. 

Ths  leads to the following conclusions on the micel- 
lization processes. The advancement of Rgapp growth 
over Mwapp growth implies that the dominant process 
is increment of the number of micelles with similar 
sizes, i.e., micelle fraction growth, as demonstrated in 
the Appendix. Therefore, in the first process, formation 
of each micelle from unimers proceeds very quickly, 
resulting in the increase of the micelle number observed 
as the dominant process. On the other hand, the 
parallel increases of Rgap, and Mwapp suggest that, in 
the second process, growth of the micelle size takes place 
very slowly with accompanying decrease of the number 
of micelles and almost no change of the micelle fraction 
(see the Appendix). 

Micellization of KT-326. In Figure 6 are shown 
log-log plots of Mwapp, Rgapp, and Rhapp against time t .  
The plots of log Mwapp vs log t are of S-shape and showed 
no level-off at intermediate stage and no stepwise 
growth, in contrast to those of KT-327. The growth rate 
decreases with decreasing concentration; Le., the plots 
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Figure 6. Time evolution of Mwapp, Itgapp, and Rhpp for KT- 
326 solutions of various concentrations at 15 "C. Mwapp: 1.517 
x 10-3 g (g of solution)-' (0); 1.200 x g (g of solution)-' 
(A); 0.808 x g (g of 
solution)-' (v). Rgapp: 1.517 x g (g of solution)-' (0); 1.200 
x 10-3 g (g of solution)-' (A); 0.808 x g (g of solution)-' 
(m); 0.601 x 10-~ g (g of solution)-' (v). Rhapp: 1.517 x g 
(g of solution)-' (0); 1.200 x g (g of solution)-' (e); 0.808 
x 10-3 g (g of solution)-' (x); 0.601 x g (g of solution)-l 
(0). 
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Figure 7. Relationship of Rgspp and Rhapp vs Mwapp for KT- 
326 solutions of various concentrations at 15 "C. Concentra- 
tion: 1.517 x g (g of solution)-' (0); 1.200 x g (g of 
solution)-' (0); 0.808 x g (g of solution)-' (A); 0.601 x 

shiR toward longer time as the concentration decreases. 
The characteristic difference between Mwapp growth and 
Rgapp growth can be noted, which is also represented by 
log-log plots of Rgapp vs Mwapp in Figure 7. Change of 
Rgapp almost leveled off in the late stage, while Mwapp 

g (g of solution)-l (A). 
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was still increasing. This advanced growth of Rgapp 
shows the micelle fraction growth dominating over the 
micelle size growth. Similar behavior of Rhapp also 
supports these results (cf. the Appendix). Comparing 
these results with those of KT-327, one can notice that 
the process observed in KT-326 corresponds to the 
earlier stage of the first process observed in KT-327. 
Characteristic features of the first process are more 
clearly seen in this case. 

The micellization observed as the first process is due 
to  increasing micelle number with an almost fxed 
micelle size; in other words, the growth rate of micelles 
reaching quasi-equilibrium size is quite high compared 
with the birth rate of new micelles. Consequently, the 
particle size distribution of the whole system becomes 
narrower as the micellization proceeds with increasing 
micelle fraction. This was consistgnt with results of the 
particle size distribution index p R 2 ,  as shown in Figure 
8. 

In the first process, as  the polymer concentration 
increases, the birth rate of new micelles becomes higher, 
especially at  the beginning of the micellization, and 
closer to the rate of size growth from unimers and 
oligomers. This may lead to the fact that the Rgapp- 
Mwapp plots shift Mwapp to the larger side with increasing 
concentration at  earlier stage. 

Decomposition of the Micelles. Micelles of KT- 
327 formed by leaving them a t  35 "C for 170 h decom- 
posed within 10 min at  50 "C. Decomposition of KT- 
326 micelles was slower than that of KT-327 micelles 
and could be followed by light scattering. Figure 9 
shows the time dependence of Mwapp and Rgapp after 
temperature jumps. Rgapp held the initial value for a 
certain time interval while Mwapp was decreasing. 
Figure 10 of log Mwapp vs Rgapp plots shows this feature 
more clearly. This result implies that the decomposition 
of each micelle is very fast once it starts, and the 
decrease of the number of micelles is the process 
observed. The decomposition process corresponds to a 
reverse process of the first process of micellization. 
Comparing Figure 9 with Figure 6, one can see that the 
decomposition process is much faster than the first 
micellization process. We do not intend to discuss 



7664 Honda et al. 

5.8 

5.6 

5.4 

5.2 

5.0 

I 

- 

- 

- 

- 

7 l o o  
10' 

- 

i 
1 

t 
10 

A 

* I  
6 '  , J 

1 o5 1 o6 1 o7 
Mwapp/grnol~' 

Figure 10. Relationship of R,,, vs AIwapp in decomposition 
of KT-326 micelles after heating from 15 to 30 (0) and 35 "C 
(0). 

details of the decomposition here. Details of decomposi- 
tion behavior will be presented elsewhere with the 
kinetics of micelle formation and decomposition by 
temperature jumps within the temperature region of 
micelle forming. 

Quantitative Analysis for Time Constants of the 
Two Processes. To evaluate representative time 
constants for the first and second processes, the growth 
of Mwapp was approximated by an exponential function 
with a single relaxation time for each process. That is 

Mwapp = Mu + ( M ,  - Mu)[l - rn, exp(-tlt,) - 
(1 - rn,) exp(-tlz,)l (6) 

with z1 < t2. Constants Mu and M, correspond t o  
molecular weights of a unimer and an equilibrium 
micelle, respectively, and nl is the fractional amplitude 
of the first process. M,ml is the molecular weight of 
the quasi-equilibrium micelle formed in the first process 
according to the present interpretation. In describing 
the results of KT-326, considering that we observed the 
first process only (rnl = 11, we put, instead of eq 6 

Mwapp = Mu + ( M ,  - MJ[l - exp(-t/t,)l (7) 

Time constants z1 and z2 along with the parameters M, 
- Mu and ml were obtained by the least-squares fitting 
to eqs 6 and 7. Examples of fitting curves with the data 
are shown in Figure 11. In most cases, Mwapp changes 
more gradually than the calculated curves by the single- 
exponential description. However, the fittings were 

P 

5 
I: 
oi - 

P a m 

2 
0) - 

log t 

Figure 11. Examples of fitting curves for micellization: (a) 
eq 7 for KT-326 [C = 0.600 x g (g of solution)-'; T = 15 
"C]; (b) eq 6 for KT-327 [C = 5.934 x g (g of solution)-'; 
T = 35 "Cl. 

Table 2. Temperature Dependence of Relaxation Times 
for Micelle Formation of KT-327 at c = 4.2874 x g (g 

of solution)-1 

temp, "C M ,  -Mu, x ~ O - ~  ml 51, h r2, h 
45 32.1 0.412 0.0845 6.57 
35 26.3 0.477 0.299 36.7 
24 16.7 0.452 0.459 50.2 
15 8.75 0.309 0.448 20.4 

Table 3. Concentration Dependence of Relaxation Times 
for Micelle Formation of KT-327 at 35 "C 

concn, x104 g 
(g of solution)-' 

Mm - Mu, 
ti, h t2, h x 10-6 mi 

8.142 23.9 0.589 0.0958 57.5 
5.934 24.5 0.460 0.145 20.1 
4.287 26.3 0.477 0.299 36.8 
2.109 21.6 0.512 1.39 43.6 

Table 4. Concentration Dependence of Relaxation Times 
for Micelle Formation of KT-326 at 15 "C 

concn x103 g 
(g  of solution)-' M ,  - M", x10-6 ti, h 

1.517 2.56 23.5 
1.200 2.08 42.8 
0.808 0.878 217 
0.601 0.490 737 

reasonably good enough to evaluate representative time 
constants for the micellization processes. In Tables 2-4 
are listed numerical values of the parameters obtained. 

The time constants of the KT-327 system decrease 
with increasing temperature but are not so sensitive to 
temperature compared with concentration dependence. 
Concentration dependence of the time constants was 
plotted in double-logarithmic scale in Figure 12. The 
time constant z1 of the first process decreases with 
increasing polymer concentration, while z2 of the second 
process is almost independent of the concentration. The 
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Figure 12. Log-log plots of tl and t2 against the polymer 
concentration for KT-326 [TI (A)] and KT-327 [ZI (0); tz (011. 

time constant tl is much smaller than r2 by about lo2 
times, and the difference in rate between the two 
processes increases with increasing concentration owing 
to increasing rate of the first process. The first process 
of KT-326 is much slower than that of KT-327. Com- 
pared a t  C = 4 x g (g of solution)-l and 15 "C, the 
difference is of the order of lo3 times in terms of the 
time constant. 

Conclusions 
Micellization processes deduced here are schemati- 

cally illustrated in Figure 13. The first process is 
formation of micelles with association number, P, being 
close to  but not equal to the equilibrium one. The 
number of the micelles increases until the unimer 
concentration reaches a very low concentration around 
the critical micelle concentration. A characteristic 
feature of the first process is slow birth and quick 
growth of micelles, resulting in an increase in the 
number of micelles with similar sizes. In this sense, 
the process is similar to the nucleation and growth 
mechanism. 

In the second process following the first process, the 
growth of the micelles is achieved by decomposition and 
growth of the micelles induced by expulsion and entry 
of unimers f rodinto micelles. This results in an 
increase of the association number and a decrease of 
the micelle number. The growth of micelle size must 
be relatively fast since the growth is made with excess 
unimers produced by the decomposition of vanished 
micelles. What results in the presence of the second 
process is that micelles formed in the first process are 
not equilibrium ones but quasi-equilibrium ones. A 
possible explanation for not reaching the equilibrium 
by a single step is this: Once the size of a micelle has 
exceeded a critical size, the micelle growth is fast 
initially but slows down very much when the micelle 
has grown to  be a certain size close to the equilibrium 
size. Therefore, before growing micelles reach the 
equilibrium size, most of the free unimers have been 
consumed and the micellization has tentatively finished. 
This is the end of the first process, where the system 
has not reached the true equilibrium yet. The present 
result is consistent with the computer simulation of 
Mattice et al.,24 which showed that the micellization 
occurs in two processes with different time scales: The 
volume fraction of free chains reaches its equilibrium 
value very quickly, which corresponds to the first fast 
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Figure 13. Schematic presentation of time variation of 
association number distribution in the course of the first and 
second micellization processes. Each peak has a finite width 
of the association number distribution. The association num- 
ber P, indicates a representative (i.e., the maximum) associa- 
tion number of micelles. 

step of the present case, and the association number of 
the maximum size micelle converges at  an intermediate 
rate, which corresponds to the second step. 

As other mechanisms for the second process, one can 
generally suppose reorganization within respective mi- 
celles and fission-fusion of micelles. However, they are 
not likely in the present case. The increase of Mwapp in 
the second process indicates no reality of the reorgani- 
zation without change of association number. Fission 
and fusion mechanisms are also less likely than the 
above-mentioned mechanism, because we observed no 
sign of increasing polydispersity during the course of 
the process, and it has been theoretically suggested that 
expulsion and entry of a polymer chain frodinto the 
micelle can more easily occur than fission and fusion of 
micelles.16,20 On the basis of the chain expulsion and 
entry processes, Tian et al. discussed kinetics of comi- 
~ellization.~3 

The micellization mechanism proposed here is similar 
to  that of the Aniansson-Wall theoryz7 for aqueous 
amphiphilics in the senses that the micellization pro- 
ceeds stepwise and that the entry and expulsion of 
unimers are elemental processes. The difference arises 
from the starting solution in the present case, which 
has no micelle but only unimers, being far from an 
equilibrium state, whereas the theory is for the relax- 
ation processes near equilibrium. This gives rise to a 
difference between the fast process near the equilibrium 
and the first process observed here. The fast process 
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near the equilibrium is characterized by no essential 
change of the number of micelles, whereas the first 
process of the present case involves the increase of 
micelle number because new micelles can be produced 
since there exist many excess unimers at  the early stage 
of the first process. The essential feature is, however, 
common that only the unimers can promote the process 
by entering into micelles without decomposition of once- 
formed micelles. In the second slow process, by ex- 
changing unimers among micelles, some micelles de- 
compose while other micelles increase their association 
numbers. 

The rate-determining step in the first process is 
assembly of the unimers to make “associates of a critical 
size”, i.e., birth of new micelles. Therefore, the rate of 
the first process may depend on the unimer concentra- 
tion. On the other hand, the second process requires 
decomposition of micelles formed in the first process, 
and this decomposition may determine the rate of the 
second process, as long as the unimer concentration is 
not extremely low. These speculations on the concen- 
tration dependence of the rates of micellization pro- 
cesses are exactly what have been observed in the 
present study. 

The decrease of time constants t of KT-327 with 
increasing temperature is consistent with the results 
for aqueous a m p h i p h i l e ~ . ~ ~ > ~ ~ , ~ ~ , ~ ~  In the present case, 
thermodynamical stability of micelles must decrease as 
temperature increases to approach the critical micelli- 
zation temperature and may reduce the rate of micel- 
lization. However, in reality, the rate (l / t)  increased 
with increasing temperature. This may suggest that 
increase in mobility of molecular motions with increas- 
ing temperature is more effective than change of the 
thermodynamical stability in the temperature depen- 
dence of t .  

Appendix: Variations of Apparent Quantities, 
Mwapp, Rgapc, and Rbpp, Measured by Light 
Scattering in the Course of the Micelle Fraction 
Growth (the First Process) and the Micelle Size 
Growth (the Second Process) 

We will here predict changes of the quantities Mwapp, 
Rgapp, and Rhapp ,  which are measured by light scattering, 
in the micellization process for extreme cases, to dis- 
tinguish which is the dominant process-the micelle 
fraction change or the micelle size change. The idea for 
distinction of the process is based on the fact that M w a p p  
is primarily determined by the molecular weight and 
the fraction of micelle-forming copolymers, while R g a p p  
and R h a p p  are dominated by the size of large particles, 
i.e., micelles; in other words, each of these three quanti- 
ties reflects the association number and the total 
number of micelles in the solution in different way from 
the others. 

Consider a solution of block copolymer forming closed 
micelles in selective solvent. Then the system we are 
concerned with is considered to generally consist of 
micelles with a certain association number and unimers 
in solvent, as in the case of the model represented in 
Figure 13 under the approximation of monodisperse 
distribution of P for peaks around unimers and micelles. 
Variables are the molar mass of a micelle and the 
weight fraction of micelle-forming copolymer in the total 
polymer, being denoted Mm and wm, respectively. The 
extreme cases are described with these quantities, for 
instance, as follows: In the case of the fraction growth 
process, M ,  is constant, whereas wm is variable, chang- 

I 

/ , 
1 oo 10’ 1 o2 

Mwapp’Mu 

Figure Al. Calculated curves of Mwapp’Mu, Rgap&, and Rhapdb 
vs t l t l  and of R app’a and RhaPp’b vs MwaPdMu for case 1: (a) 
Mwapp’Mu (solid tine); Rgapp’a (dashed line); Rha,p’b (dot-dash 
line). (b) R,,,p’a (dashed line); Rhapp’b (dot-dash line). 

ing from zero to unity. On the other hand, in the case 
of the size growth process, M m  is increasing, with w, 
being fixed at  unity. 

In considering the quantities measured by light 
scattering, we have to approximate the solution to be 
infinitely dilute. This may be a crucial approximation, 
but there is no way to avoid it due to the nature of the 
experiments. Discrepancy from the real dilute limit 
may hopefully be of almost the same degree in all cases 
considered here, and if so, the approximation is not so 
bad, as long as we are not concerned with absolute 
values of micelle sizes. 

Under the dilute-limit approximation, Mwapp  is the 
weight average molecular weight of the system. Mwapp  
is expressed as  

M w a p p  = M m w m  + M u w u  (All 
where Mu and wu (=1 - Wm) are the molar mass and 
weight fraction of the unimer, respectively. RgaPp2 is the 
z-average of Rg2, and therefore one has 

Rgap; = Rm2zrn + RW2zu (A2 1 
with 
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Figure A2. Calculated curves of MwapdMu, Reap&, and 2Rbpdb vs tltz and of RgaPda and 2RhappIb vs MwapdMu for case 2: (a) 
MwapdMu (solid line); R,,,da (dashed line); 2Rhapdb (dot-dash line). (b) Rgapda (solid line); 2Rhapdb (dashed line). 
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Figure A3. Calculated curves of MwapdMu, Rgapda, and Rhapdb vs t l t z  and of R,.,da and R b p d b  vs Mwap+Mu for case 3 of tl/t2 = 
0.5 (dot-dash line), 0.1 (solid line), and 0.01 (dashed line): (a) (1) MwapdMu, (ii) Rgapda, (iii) Rh.,db; (b) (1) Rgapda, (ii) Rhapdb. 

&pp obtained with the cumulant method from the 
correlation function measured a t  the wavenumber q is 
given by of each component: 

u, respectively, which can be calculated by the following 
approximated expressions for scattered light intensity 

(A5) Im(q) = Mmwm/( 1 + q2RW2/3) (-46) 

(A71 

-1 
(Rhapp)- '  = R h m  s m  + Rhu-lS, 

Here, the weights sm and su are those of the intensity 
I ( q )  of scattered light at q from the components m and I&) = Muwu/(l + q2R,2/3) 
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Then 

(A81 

s, = &(q)/[Im(q) + (A91 
For the following extreme cases 1 and 2, and their 
combination, case 3, predicted Mwapp, Rgapp, and Rhapp 
were calculated using eqs A3, A4, and A5. 

case 1,  fraction growth process 

M ,  = Mmo; w, = 1 - exp(-t/t,) (A101 

case 2, size growth process 

M ,  = Mu + (Mmo - MJ1 - exp(-t/t,)l; 

case 3, stepwise growth 

M ,  = M,, + (Mml - M,J1 - exp(-t/z,)l; 

w, = 1 ( A l l )  

w, = 1 - exp(-th,) (A12) 
with t1 < t2. Equation A l l  yields eq 7 of Mwapp in the 
case of tl << t2. In the calculations, equations for Rg 
and Rh as functions of molar mass Mm were needed, 
which were put as 

R,(M = a(M/M,)” (A131 

Rh(M) = b(M/MJ (A141 
with the exponent Y being 0.3.40 Qualitative results of 
the calculation were not sensitive to the value of Y. The 
calculated results are presented as log-log plots of 
MwapdM;, Rgap&, and RhapAb vs tltl or tltz and of Rgap& 
and Rhapdb vs MwapdMu for cases 1 ,2 ,  and 3 in Figures 
Al ,  A2, and A3, respectively. Here we put MmdMu = 
100 and Mml/MmO = 3. The value of a ,  which was 
needed for evaluating the intensity I (q )  by eq A6, was 
chosen such that eq A6 described the Rgapp vs Mwapp 
relation for Mwapp greater than 3 x lo6 g molw1, i.e., a 
= 4.724 x m. The wavenumber q was taken to be 
that of the present experiments. The term q2Rw2I3 in 
eq A6 had only subtle effects on the results of calcula- 
tion. 

In the calculated curves of case 1, Rgapp approaches 
R, earlier than Mwapp becomes close to Mm, exhibiting 
the characteristic shape of the log Rgapp vs log Mwapp 
curve similar to that of the first process observed in this 
study. In case 2, the parallel growth of Rgapp and Mwapp 
is obtained as seen in the second process of KT-327. 
Case 3 of stepwise micellization reproduces the experi- 
mental characteristic features of time evolution of Mwapp 
and Rgapp, although in reality the stepwise changes are 
less discrete, with broader distributions of time con- 
stant. 
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