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ABSTRACT: Relaxation kinetics of micelle-forming poly(a-methylstyrene)-block-poly(vinylphenethyl
alcohol) (PaMS-b-PVPA) in a selective solvent, benzyl alcohol (BA), has been investigated by time-resolved
static light scattering. The time evolution of apparent molecular weight (Mwapp) and radius of gyration
(Rgapp) Were measured in the course of micellar relaxation, which was induced by temperature jumps
(T-jumps) within the micellar region. The following two types of T-jumps were performed: (1) type I, a
T-jump from shallow T-depth to deep T-depth with the change in depth, AT, being defined by AT = cmt
— T (cmt, the critical micelle temperature), and (2) type 11, a T-jump from deep AT, to shallow AT with
ATo > AT. In atype | T-jump, the majority of existing unimers form new micelles and some of unimers
enter into existing micelles formed in the premicellization. In a type Il T-jump, instead of monotonical
changes in micellar fraction and size from the starting state to the final state, the micelles first decompose
with dominantly decreasing micellar size, and then the micellar size recovers to approach the final size.
The change of Muapp in the type | T-jump is characterized by a time constant (z;) which decreases with
increasing the polymer concentration. The 7, is almost equal to the time constant of the fast process in
the direct micellization from unimer state (71). The relaxation processes in the type Il T-jump are described
by time constants tp and tr for micelle decomposition and recovery, respectively. tp is much smaller
than g, having no concentration dependence, while tr has a concentration dependence, having almost
the same value as 71. The occurrence of micellar decomposition as the first process in the type 11 T-jump

is thermodynamically interpreted by a phenomenological theory.

Introduction

Micelle formation of block copolymers in selective
solvent has extensively been studied theoretically and
experimentally.?16-2° However, a few studies on the
micellization kinetics have been reported for polymeric
systems.16.17.21-27  Considerable efforts have been de-
voted to studies of relaxation kinetics for surface active
agents of low molecular weight substances.»315 The
association or dissociation from one equilibrium to
another equilibrium state takes place essentially by two
processes.> The faster process is associated with the
redistribution of association number of each micelle with
no change of the total number of micelles, while the
slower process is to approach the final equilibrium by
simultaneous proceedings of micelle formation and
decomposition with changing the total number of mi-
celles. This idea was theoretically described for the first
time by Aniansson and Wall (A—W).2 A basic assump-
tion in the A—W theory is that all the changes proceed
by an elementary process of expulsion/entry of a unimer
from/into the micelle. This interpretation has been
confirmed by many experiments using chemical—
relaxation techniques!46-911.1214 gnd theoretically dis-
cussed to a large extent.510.13.22

For block copolymers, the relaxation time for a
polymer chain escaping from the micelle has theoreti-
cally been discussed on the basis of scaling analysis.18-20
Fission and fusion of polymer micelles have been
considered to be less likely than expulsion and entry of
the unimer.’®1% Tuzar and co-workers!® observed mi-
celle formation and decomposition of block copolymers
by a stopped-flow method with light scattering and
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found that the relaxation time of micellar formation was
on the order of 10 ms, while the decomposition occurred
much faster. Recent experiments'”27 on micellization
process support the above considerations on the basis
of the mechanism of unimer expulsion and entry. On
the other hand, Mattice et al.?1=26 have performed
computer simulation and fluorescence experiments for
micellization of block copolymers that suggest the
presence of two processes with different time scales and
the possibility of involving another mechanism such as
the fission and fusion.

In our previous paper,2’ by means of time-resolved
light scattering, we studied the micellization process in
the course of micellization after quenching from the
unimer region to the micelle region using poly(a-
methylstyrene)-block-poly(vinylphenethyl alcohol) in
benzyl alcohol. The process was so slow that it could
be observed by light-scattering measurements. It has
been demonstrated that the micellization proceeds
stepwise in two processes with different rates, similar
to those of low molecular weight surfactants.

In this study, for better understanding of these
micellization processes, we investigate the relaxation
process with changing temperature from one equilibri-
um state to another, that is, the micellar kinetic
processes of changes in micellar size and micellar-
forming fraction induced by temperature jumps within
the micellar region. We may more clearly see the two
essential processes in micellar relaxation by the tem-
perature jump within the micellar region. In fact, we
have successfully observed the two processes of decom-
position and recovery of micelles, which have never been
observed so clearly before, to our knowledge.

We have selected the system poly(a-methylstyrene)-
block-poly(vinylphenethyl alcohol) in benzyl alcohol near

S0024-9297(96)00735-8 CCC: $12.00 © 1996 American Chemical Society



Macromolecules, Vol. 29, No. 21, 1996

Table 1. Molecular Weight and Composition of Block

Copolymer
sample
code Mpams x 107%  Mpypa X 1074 Mot X 107*  @pypa?
KT-327 11.3 1.23 125 0.08

a opvpa: PVPA composition in fractional degrees of polymeri-
zation.

the critical micellization temperature and used time-
resolved light scattering to observe the processes,
similar to the previous study. Apparent molecular
weight (Mwapp) and radius of gyration (Rgapp) Obtained
by light scattering give differently weighted averages
of association number and size of the associated particle
in solution, respectively, which enables us to tell which
process dominates over the other in the relaxation, the
size growth or the association-number increase.?”:31

In the following sections, we will first describe the
present solution system, light-scattering measurements,
and conditions of temperature jumps. Then, the ex-
perimental results will be presented and analyzed to
evaluate time constants for the relaxation processes.
Thermodynamic interpretation will also be given for the
time evolution of Myapp and Rgapp.

Experimental Section

Materials. Poly(o-methylstyrene)-block-poly(p-vinylphen-
ethyl alcohol) (PaMS-b-PVPA) with a sample code KT-327 was
anionically polymerized,®® and its characteristics are listed in
Table 1. The molecular weight distribution index (M\/M,) was
around 1.1. The benzyl alcohol (BA) purchased was used
without further purification. BA is a good solvent of PVPA
and a nonsolvent of PaMS, so that the PaMS block may
segregate to form a core and the PVPA block may make a
corona when the copolymer forms a micelle. In fact, it was
found in our previous work3! that KT-327 formed crew-cut star-
shaped micelles in m-chlorobenzyl alcohol.

Light-Scattering Measurements. Static light-scattering
measurements were carried out in the same way as in the
previous study.?® The light-scattering apparatus was a DLS-
700 of Ohtsuka Electronic Co. Ltd., with an Ar ion laser
operated at 488 nm as light source. Optically purified
homogeneous sample solutions were prepared, with the con-
centration ranging from 2 x 107 to 8 x 10~* g(g of solution)™.

Integrated intensity of scattered light was measured as a
function of scattering angle, 6, where it took about 3 min to
measure a set of data, which was much shorter than the
experimental time scale of micellar relaxation, so that no
correction of time lag was made. Excess Rayleigh ratio AR(6)
was calculated from the measured excess scattered intensity
using the intensity of benzene as standard. Since the present
time-resolved measurements do not enable to use the conven-
tional analysis with the extrapolation to the dilute limit, we
evaluated apparent molecular weight (Muapp) and apparent
radius of gyration (Rgapp) Without the extrapolation, which are
defined as

_ AR(0)

Muapp = ¢ @)

2 34"Myp(initial slope)

gapp 1672n2

@)

where ¢ is the polymer concentration in grams per milliliter
and K is the optical constant defined by K = 4a2n?(dn/dc)?%/
A*Na, with n, 1o, and Na being the refractive index, the
wavelength of incident beam, and the Avogadro constant,
respectively. Kc/AR(0) and (initial slope) are the intercept and
the initial slope of the Zimm plot, Kc/AR(6) vs sin?(6/2), at finite
concentrations. The refractive index increment (dn/dc) for the
present solution was 0.0671 mL g~*.?” Because of the small
content and small (dn/dc) value of PVPA, the obtained Rgapp
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Figure 1. Change of Mwapp, With decreasing temperature (T)
for KT-327 (@) and conditions of the temperature jumps.

can be regarded as the R 2Cof the PaMS part of the block
copolymer (micelle).

KT-327 started to form micelles around 50 °C with cooling
at the rate of 2 °C/30 min, as shown in Figure 1. First, micelles
were completely decomposed at 60 °C, and then, the micelli-
zation was performed at 35, 40, and 45 °C for about 200 h.
After the premicellization, the micelle-forming solutions were
guenched or heated to desired temperature, T, to observe the
relaxation processes (Figure 1). Defining the temperature
depth from the critical micelle temperature, cmt, as T = cmt
— T, T-jumps from the premicellization temperature Ty to the
temperature T can be classified into two types: type I, the
T-jump with AT, < AT (shallow-to-deep jump), and type 11,
the T-jump with AT, > AT (deep-to-shallow jump).

Results and Discussion

Premicellizations. The Myapp and Rgapp of solutions
after the premicellization at three temperatures, 35, 40,
and 45 °C, are shown as a function of concentration in
Figure 2. At the deepest quench, 35 °C, both Mygpp and
Rgapp are almost independent of the concentration. This
implies that most of polymers formed micelles at any
concentrations in the present concentration range; in
other words, the critical micelle concentration, cmc, at
35 °C is much lower than the experimental concentra-
tions. On the other hand, at shallower quenches, 40
and 45 °C, Muapp decreases with decreasing concentra-
tion, while Rgapp remains constant. This indicates that
micellar fraction, which gives most of scattered light
intensity, decreases with decreasing concentration and
that the cmc is not much lower than the experimental
range of concentration. The micellar fraction (6,) in the
total polymer is approximately given by the ratio of
(Mwapp — Mwunim)/(Mwmic — Mwunim), where the Mymic and
Muwunim are molecular weights of micelles and unimers,
respectively.?832 Mymic can be estimated from the value
of Rgapp With the relation Rq and My, for micelles.?”31
Namely, the relation Rgapp/nm = 0.147Mymic®3 is here
used, on the basis of the approximation Ry = Rgapp,
which is available for a large association number, where
the exponent 0.3 is based on a spherical micelle,?”3! and
the prefactor 0.147 is determined such that the micellar
fraction (6n) is unity for micellar solutions of higher
concentrations at 35 °C. Estimated 6, values are shown
in Figure 2. The micellar fraction decreases with
decreasing concentration at 40 and 45 °C, and the cmc
corresponds to a concentration at which the micellar
fraction vanishes. At the shallowest quench, 45 °C, an
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Figure 2. Muapp, Rgapp, and estimated micellar fractions (6m)
in solution at the end of the premicellizations at 35 °C (O, O),
40 °C (A), and 45 °C (m) as a function of concentration.

appreciable fraction of polymers remain as unimers, in
particular, at lower concentrations.

Relaxation of Micellization in Type | T-Jumps
(Shallow-to-Deep Jumps). In Figures 3 and 4 are
shown log—log plots of Myapp and Rgapp against time t
for T-jumps from ATy to AT with ATy < AT. With the
lapse of time, Myapp increases monotonically, whereas
Ryapp first decreases and then increases to reach a new
equilibrium value, showing a shallow minimum. As the
polymer concentration decreases and AT, becomes
smaller at the fixed AT, the changes are enhanced. The
large increase of Myapp With slight change of Rgapp
implies that the increase of micellar fraction dominates
over the growth in micellar size. Remembering that,
at the beginning of the micellar relaxation, there re-
mains an appreciable amount of unimers, one can easily
conclude from the above observations that a large frac-
tion of existing unimers form new micelles. Some part
of unimers enter into existing micelles formed in the
premicellization, because Myapp and Rgapp Were larger
than those of micelles formed by a direct temperature
jump from the unimer state, 60 °C, to those tempera-
tures. The association number of newly created micelles
must be a little smaller than that of previously formed
micelles. This leads to the shallow minimum in the
Rgapp Vs t plot. The lower the polymer concentration is,
or the shallower the depth ATy of premicellization is,
the larger the amount of unimers that remains at the
beginning (Figure 2), which results in the larger incre-
ment of Myapp and the deeper minimum of Rgapp.

Relaxation of Micellization in Type Il T-Jumps
(Deep-to-Shallow Jumps). In Figures 5 and 6 are
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Figure 3. Time evolution of Myapp and Rgapp for KT-327
solutions of various concentrations at 35 °C after premicelli-
zation at 45 °C. Myapp: 8.146 x 1074 g(g of solution)~* (O), 4.231
x 107 g(g of solution)™ (a), 2.378 x 10~* g(g of solution)™?*
(v), 1.693 x 107 g(g of solution)~* (O). Rgapp: 8.146 x 1074 g(g
of solution)™ (@), 4.231 x 10~* g(g of solution)™* (a), 2.378 x
1074 g(g of solution)™! (¥), 1.693 x 10~ g(g of solution)~* (m).

108 | 100
[ ]
E .
[ =4
9,1 107 L Sa
g sii b o>
= o & —>
‘IOG L aaenl 1 avnnl IWETIT E AWepIT | RS “o
1072 107 10° 10! 10? 10°

t/h

Figure 4. Time evolution of Mwapp and Rgapp KT-327 solutions
of various concentrations at 35 °C after premicellization at 40
°C. Muapp: 8.146 x 107* g(g of solution)™* (O), 4.231 x 10~*
g(g of solution)™ (a), 1.693 x 10~ g(g of solution)~* (O). Rgapp:
8.146 x 107* g(g of solution)™® (@), 4.231 x 10* g(g of
solution)™® (a), 1.693 x 10~ g(g of solution)™ (m).

shown log—log plots of Myapp and Rgapp against time t
for T-jump from ATy to AT with ATy > AT. With the
lapse of time, both of Mwapp and Rgapp first decrease
sharply and then increase to reach new respective
equilibrium values, showing minima. As the polymer
concentration decreases and AT becomes smaller at the
fixed ATy, the changes are enhanced, and the depths of
the minima increase. At the smaller AT, 45 °C, Mwapp
and Rgyapp decrease faster and positions of the minima
are located at shorter times. These time evolutions of
Mwapp and Rgapp Obviously indicate the followings.
Instead of monotonical changes in micellar fraction and
size from the starting state to the final state, the
micelles first decompose with changing micellar size
and/or number, and then, the micellar size and/or
number recover to approach those at the final state. As
the concentration becomes closer to the cmc, the ob-
served changes become larger, in other words, the
relaxation strengths become larger. The relaxation
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Figure 5. Time evolution of Muwapp, and Rgapp for KT-327
solutions of various concentrations at 45 °C after premicelli-
zation at 35 °C. Myapp: 8.146 x 107 g(g of solution)™ (O), 4.231
x 107 g(g of solution)™ (a), 2.378 x 107* g(g of solution)™*
(v), 1.693 x 104 g(g of solution)™ (O). Rgapp: 8.146 x 107 g(g
of solution)™ (@), 4.231 x 10~ g(g of solution)~* (a), 2.378 x
107 g(g of solution)™ (¥), 1.693 x 107 g(g of solution)~* (m).

process can be divided into two processes for conven-
ience. In the decomposition process associated with
decreasing Myapp and Rgapp, it should be noted that
Mwapp @nd Rgapp decrease in parallel. The parallel
change implies that the decrease of the micellar size
dominates over direct decomposition of micelles to
unimers with decrease of micellar number. On the
other hand, in the recovery process associated with the
increase in Myapp and Rgapp to the equilibrium state, the
increase in Myapp is a little gentler as compared with
the increase of Ryqpp. This is essentially a consequence
of the requirement that the micellar fraction at the final
state should be lower than at the initial state, and in
other words, the micellar number must become lower
at the end of the process because micellar size recovers
to be comparative to, or rather larger than, the initial
size at the late stage. Hence, this dominant increase
of Rgapp OVer Muapp suggests the growth and recovery of
micellar size with decreasing number of micelles in the
process of recovery. This suggestion is visualized in the
time evolutions of Myapp and Rgapp at the very late stage
of relaxation, in particular an overshoot of Myapp in the
most dilute solution at the smaller AT. Namely, at the
late stage at 45 °C (Figure 5), one finds a weaker
increase of Mwapp at lower concentrations and even the
decrease, i.e., the overshoot, in the most dilute solution,
while Rgapp steadily increases with the lapse of time
irrespective of the concentration. This finding clearly
implies that the micellar number should appreciably be
decreasing at the late stage, although the data at the
late stage are somewhat fluctuating and scattered.

To summarize the present findings, the relaxation
processes are here tentatively separated into four
elemental characteristic processes, although sometimes
these are not so clearly distinguished: (1) growth of
micellar size with successive entry of unimers into
micelles; (2) diminishing of micellar size with successive
expulsion of unimers from micelles; (3) birth of new
micelles, which is difficult to be distinguished from their
growth in some cases; and (4) extinction or breaking of
micelles into unimers, which difficult to distinguish from
their diminishing in some cases. In terms of these
processes, the relaxation kinetics can be summarized
as follows: In the type I, shallow-to-deep T-jump, the
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Figure 6. Time evolution of Myapp and Rgapy for KT-327
solutions of various concentrations at 40 °C after micellization
at and heating from 35 °C. Muapp: 8.146 x 107* g(g of
solution)™® (O), 4.231 x 10 ~* g(g of solution)™ (a), 1.693 x
10~* g(g of solution)™* (). Rgapp: 8.146 x 1074 g(g of solution)™*
(@), 4.231 x 107* g(g of solution)™* (a), 1.693 x 107 g(g of
solution)™! (m).

relaxation proceeds by birth and growth of existing
excess unimers and growth of micelles formed in the
premicellization. In the type Il, deep-to-shallow T-jump,
the relaxation proceeds by decomposition with dimin-
ishing, followed by recovery with growth and, later, by
simultaneous occurrence of growth and extinction with
decrease of micellar number.

The processes in type | T-jumps can be understood,
because the situation is similar to the micellization from
the unimer state to the micellar state. However,
processes in type Il T-jumps are not so simple because
the micellar solution does not change directly to the final
state, but the micelles decompose first and then appear
and grow again. A question that has arisen is why the
micelles should decompose once. An answer has already
been given, for instance, by the Aniansson—Wall theory
for aqueous solution of low molecular weight surfac-
tants. The answer for the present case must essentially
be the same. Detailed discussion will come later.

Time Constants of Relaxation Processes. In the
previous study of the direct micellization from the
unimer state,?8 in order 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 =M, + (Mm - Mu)[l - my exp(_tltl) -
(1 — myexp(=t/z,)] (3)

with 77 < 1,. Constants My and My, correspond to
molecular weights of a unimer and an equilibrium
micelle, respectively, and m; is the fractional amplitude
of the first process. In T-jumps of type | of the present
study, the change of Muwap, exhibits a monotonical
increase with time and could be approximated by a
single exponential decay function:

Muapp = My + (M, = M)[1 — exp(=t/z))]  (4)
On the other hand, for type Il, at least two time
constants are obviously needed to describe the results
with decomposition and recovery processes. The present
results could be approximated by a function of two
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Figure 7. Examples of fitting curves for micellization: (a) C
= 4.231 x 10 ~4 g(g of solution)™*, T = 35 °C; (b) C = 4.231 x
10 ~* g(g of solution)™, T = 45 °C.

1

10
[ ]
(o]
[ ]
< l¢]
E3 10% L °
=
o) [ ]
o
107" o
1074 1073

C/g(g-solution)™

Figure 8. log—Ilog plots of 7, vs ¢ for type | T-jumps: (®) type
I T-jumps from 45 to 35 °C and (O) t; for direct T-jumps from
60 to 35 °C.

single-exponential decays similar to eq 3:

Mwapp =M, + (Mmo - Mu)exp(_t/TD) +
(M = MY[1 — exp(=t/zg)] (5)

The amplitudes, My — My and M1 — My, are those for
the two processes. Time constants 7p and 7r along with
the parameters My — Mmy and Mmi — My, were
obtained by the nonlinear least-squares fitting to eqs 4
and 5. Examples of fitting curves with the data are
shown in Figure 7a,b. In most cases, Mwapp Changes
more gradually than the calculated curves by the single-
exponential description, and the data at the very late
stage deviate from the curve. However, the fittings
were reasonably good enough to evaluate representative
time constants for the relaxation processes of micelli-
zation. For comparison, the time constants for processes
of direct micellization from the unimer state were also
evaluated from the data of time evolution of Myapp.
Type | T-Jumps. Figure 8 shows the time constant
) for type | T-jumps from 45 to 35 °C, along with those
for direct micellization from the unimer state (60 °C —
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Figure 9. log—log plots of 7p and zr vs ¢ for type Il T-jumps.
7o (&) and 7 (@) for type Il T-jumps from 35 to 45 °C and 71
(O) for direct T-jumps from 60 to 45 °C.

35 °C). The time constant 7, decreases with increasing
polymer concentration. At lower concentrations, the 7,
is almost the same as the time constant 71 in the direct
micellization. This is quite reasonable, since the unimer
fraction in the total copolymer at the beginning is high
at lower concentrations (see Figure 2), so the situation
is similar to that in the direct micellization. On the
other hand, at higher concentrations, the process is
faster, which may come from that the higher concentra-
tion solutions have more existing micelles and fewer
unimers, and the unimers may participate both in
forming new micelles and entering into existing mi-
celles.

Type Il T-Jumps. Figure 9 represents the concen-
tration dependencies of the time constant for decompo-
sition (zp) and for recovery (zgr), with the 7; of the direct
micellization (60 °C — 45 °C) as a reference. The 1p is
independent of the concentration and much smaller
than the tr. tr decreases with increasing concentration
and is fairly close to the 7, of the direct micellization,
especially at higher concentration. Namely, the recov-
ery process proceeds at almost the same rate as the rate
of direct micellization from unimer state, but not at
exactly the same rate in low concentrations. This may
imply that, although the amount of unimers produced
in the decomposition process is large enough to realize
a similar situation to the direct micellization, the
situation is not the same as in the direct micellization.
In type Il T-jumps, there may remain small micelles
produced in the first diminishing process which makes
the recovering process faster, especially at lower con-
centrations.

Thermodynamical Interpretation. Relaxation Ki-
netics of the present systems may essentially be ex-
plained by the A—W theory. Here, a thermodynamical
interpretation will be presented to try to see the physics
of the relaxation Kinetics, confirm that the relaxation
process in type Il T-jumps is thermodynamically pos-
sible, and explain why the micelles are decomposed first.
The interpretation is based on the following ideas. Free-
energy balance between unimers and micelles controls
the driving force and accordingly the rate of relaxation
process, where chemical potential of the unimers does
depend on the unimer concentration only. There exist
two internal variables describing the state of the system,
which have different rate constants: These are, for
example, the number of micelles (M) and the association
number (P), and entry (or expulsion) of unimers into
(or out of) micelles occurs more easily than birth (or
breaking) of micelles from (or to) unimers does even
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under the same driving force.

A micellar solution is, for simplicity, approximated
by a ternary mixture of unimers, micelles, and solvent
with monodisperse distribution of the association num-
ber. We start with the following phenomenological
kinetic equations for the association number (P) and the
number of micelles (M) according to the thermodynam-
ics for irreversible processes.32 Namely, ignoring the
direct cross-effects between P and M, one may have

= L35 (6)

where F is the free energy of the system, and Lp and
Lwm correspond to phenomenological Onsager coefficients
for the rates of P and M, respectively. Volume fractions
of unimers, micelles, and solvent, which are denoted as
du, ¢m, and ¢, respectively, can be written as

¢, =(N—=PM)0 V) ¢, =PM@,V)
bs=1—¢, = ¢n (8)

with N being the total number of polymer molecules and
vy and V the volumes of unimer and solution, respec-
tively. Assuming that the solution is dilute enough, the
free energy (F) can be given by the sum of free energies
of respective components as

F = V(KT)[pnfn(P.dm) + ¢ufu(dn) + of(@)]  (9)

where the free energy fm(P,¢m) of micelles is a function
of P and ¢, and those of unimer and solvent, f,(¢,) and
fs(¢s), are functions of respective volume fractions. Here,
the free energy densities (f) are per unimer volume. fp,-
(P) and fy(¢y) can be expressed as

faPob) = 510 G + 8 (P) (10)

fu(du) = In ¢, + ay(1) (11)

with the free energy density am(P) of a micelle given as
a function of P only. Then, one has

oF _ |d@wP)
(ﬁ)M/M =KT ap + ¢, —INng, — a,
KT(As — A) (12)
oF 1
(a_M)p/P = kT(am + ) Ing, —In¢, — ao) =
kT(Ay — Ay (13)
where ag = an(1) + 1 and the affinities (A) are

Ap =d(a,P)dP + ¢,, —a, =a, + Pa',, + ¢,, — a,

(14)
AM=am—|-%ln¢m—a0 (15)
Ay=Ing, (16)

The prime denotes the differential with respect to P,
i.e., a'm = dan/dP. Then, the kinetic equations of eqs 6
and 7 are expressed as
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%_i’ = —Lo(As — A)(MuV) (17)
dMu V)
—gt = “LuAw—AYP (18)

Here, we put the coefficients Lp = (kTV/vy)Lp and Ly
= (kTvy/V)Lm so as to be intensive quantities. At
equilibrium, since

OF\ _(9F) _
(3P)M N (aM)p 0 (19)
one has
Ap=Au=A, (20)

and these affinities are equivalent to the chemical
potential in unit of kT/v,. From eq 20 with eqs 14—186,
the following relations are deduced for quantities with
subscript e denoting the equilibrium state.

1
Qe ~ 8 = In ¢ue_P_|n Pme (21)
e

, 1
Pell'me = P_ In Pme — Pme (22)
e

To have explicit formulae for Ap — Ay and Ay — Ay, we
may express the functions of (a,, — ap) and a'n, as

a, — a,=9g(AP) + &' AP +a,. — a, (23)

m
a',, =g (AP) + &', (24)

with AP = P — P, and the function g(AP) defined here
must disappear at equilibrium, AP = 0. A most simple
formula for g(AP) may be

g(AP) = k(AP)? (25)
with k being a constant which is positive because of the

stability of micelles at AP = 0. Equations 14—16 can
be transformed by egs 21—24 to be

In ¢, B IN ¢e
P P

Au — A, = 9(AP) + ( ) + In(dye/¢0)

(26)

e

A, — A, =9(AP) + Pg'(AP) +

(B e = ] + 0~ 80 + (@) @7

e

with eq 25. Now, for a given set of ¢, and P, with their
initial values of ¢, and Py, we can calculate time
evolutions of P and Muv,/V as a function of the total
polymer concentration ¢m + éu (Fdme + due), if the
constant k is given, by solving the simultaneous eqs 17
and 18 with eqs 25—27. Note here that ¢ is the critical
micelle concentration when ¢ + ¢y > ¢ue. If time
evolutions of P and M are obtained, we can calculate
ém Or ¢y, Au, Am, Ap, and the free energy F as functions
of time, and time evolutions of Myapp and Rgapp as well,
if Ry can be evaluated as a function of P. That is,

M = [MP? + (N — MP)]/N (28)

Wapp/Mu
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Figure 10. Time evolution of Myap and Rgapy for type |
T-jumps, calculated on the basis of eqs 17 and 18. P, = 80, P.
=090,¢u0=6x107, pe=1x 108 k=2 x 103, 7p =1 x
1078, zp/tm = 1 x 10719 polymer concentration ¢m + ¢u (=@me
+ Pue) = 1.2 x 1076 (—-—),2 x 1078 (--), 4 x 10°¢ (— —), and
8 x 1078 (—). Mwapp, thick lines; Ryapp, thin lines.

/Ryy = [MP ?PY + (N — MP)J/[MP ? +
(N — MP)] (29)

Rgapp

whereRg of a micelle with molar mass of My, is given by
Rg = RguPY with v = 0.3%731

Calculated results for T-jumps of types | and Il are
presented in Figures 10 and 11, respectively. The time
scale was given in terms of the time constant defined
as

o =1L,
v = 1/Ly,

The parameters used are indicated in the figure cap-
tions. The phenomenological time constants were pro-
vided appropriately such that the calculated Myapp and
Ryapp reproduce the experimental ones as well as pos-
sible.

The type I T-jump is characterized by the condition
that the initial unimer concentration is higher than the
critical micelle concentration, ¢uo > ¢ue. In Figure 10
are shown the calculated results for this condition as a
function of polymer concentration with the other pa-
rameters being fixed. The results for Myapp and Rgapp
can reproduce the observations for concentration and
quench depth dependencies of the time evolution of
Muwapp. The increase of Myapp is brought about domi-
nantly by birth of new micelles with decreasing the
unimer concentration. This process is drived by the gap
of affinities between Ay and A, with Ay < A, because
the unimer concentration is high enough, ¢yo > ¢ue- The
observed small dip of the Rgapp—time curve at lower
concentration cannot be explained by the model prob-
ably because of the assumption of monodisperse distri-
bution of micellar size.

Figure 11a shows the calculated results of Myapp and
Rgapp for the type Il T-jump, where ¢uo < ¢ue. The
calculated curves well-reproduce the sharp decrease and
recovery of Mwapp and Rgapp and the enhancement of
these changes with decreasing concentration. In parts
b and c of Figure 11 are shown time evolutions of P, M,
du, Ap, Am, Ay, and F for the lowest concentration in
part a. At the beginning of the relaxation, the positive
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Figure 11. Time evolutions of Myap, and Rgapp and other
guantities for type Il T-jumps, calculated on the basis of egs
17 and 18. Po = 80, P, = 100, ¢yo = 1 x 1075, ¢ppe = 4 x 1077,
k=1 x 1074, 7p = (1/1.5) x 107°, tp/tm = (1/1.5) x 1072 (a)
Muwapp @nd Rgapp polymer concentration [¢pm + ¢u (S¢me + due)]:
0.8 x 106 (—--),1 x 1078 (--), and 2 x 107® (— —). Muwapp,
thick lines; Rgapp, thin lines. The inset shows a partially
enlarged curve for ¢m + ¢y = 0.8 x 1075, (b) P (- -), Muv/V
(—-), and ¢, (—); polymer concentration 0.8 x 1075. (c)
Affinities Ap — A (— =), Am — Ac (- -), and A, — Ac (—) and the
free energy F (— - —); Ac is the value at the final state for Ap,
Awm, and A, (see eq 20); polymer concentration 0.8 x 1076,

gap of Ap — Ay, which is a result of ¢, being lower than
¢ue, drives and promotes the decrease of association
number (P), which brings about the decreases of both
Muwapp and Rgapp. As this diminishing process proceeds,
the unimer concentration increases, the A, increases
rapidly to exceed the affinity Ay, and the sign of the gap



Macromolecules, Vol. 29, No. 21, 1996

Ap — Ay becomes negative. The change of sign brings
about the increase of P, recovering Mwapp and Rgapp. The
change of sign possibly takes place because of the slow
change of M, which prevents the system from directly
reaching the final state by one step. During the time
evolution of P and M, the free energy of the system
always keeps decreasing with lapse of time as is
thermodynamically required. In the late stage, M
decreases, accompanying the increase of P, and leads
to the increase of ¢, with time under a certain condition
of balances between Lp and Ly and/or among Ap, Am,
and Ay. The decrease of M with increasing ¢y, which
dominates over the increase of P, is responsible for the
decrease of Myapp, i.€. the overshoot at the final stage.
(See the inset of Figure 11a.) This is exactly consistent
with the observation. The calculated results of time
evolutions of Muwapp, Rgapp, P, and M qualitatively
reproduce well the present observations and are con-
sistent with the interpretations in the previous section.
The observed changes of micellar solution in the type
Il T-jump have been demonstrated to be thermodynami-
cally possible. However, quantitative agreements be-
tween experiments and calculations are not so good, in
particular, for the magnitude of large decrease of Myapp
and Rgapp in type Il T-jumps at lower concentrations.
This is because the theory is essentially a linear one
which cannot be applied to a large quench depth except
near the equilibrium.
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