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he near-equilibrium relaxation kinetics of diblock copolymer

micelles is among the simplest of the different scenarios
encountered in the dynamics of copolymeric mesophases."
Even in this limit, there is no full consensus on the underlying
physics. Experimentally, the kinetics can be studied using time-
resolved small-angle neutron scattering (TR-SANS), probing the
redistribution of deuterated and nondeuterated chains among
micelles dispersed in a selective solvent.” ® The various experi-
ments suggest that the relaxation proceeds by exchange of single
diblock copolymer chains, unimers, as was suggested by theory.”
The exchange is activation process, and the results were inter-
preted assuming an expulsion rate constant of the form ke, ~
exp(—F,/kT). The activation free energy associated with the
expulsion of the insoluble B block out of the micellar core, F,, was
represented by a single term scaling with the polymerization
degree of the B block, Ny, as F, ~ Ng*. However «x and the
numerical prefactor are subject of debate. Two forms of F, allow
to fit the experimental data: (i) One, with x = 2/3,” corresponds
to the surface free energy of a collapsed B block in the solvent
swollen coronagfuj/BNBZ/ 3% where ¥ is the surface tension of
the collapsed B block and a is the monomer size. (ii) The second,
with x = 1, assumes that the expelled B block remains swollen and
attributes F, to monomer—solvent contacts via kT Ny where y is
the Flory—Huggins interaction parameter.® This controversy is
further complicated by the recent observation by Choi et al.'> of a
significant slowdown of the relaxation rate in micellar solutions of
higher concentration where coronal overlap results in micellar
ordering and growth. The slowdown is difficult to rationalize in
terms of the two F, noted earlier.

This Communication aims to suggest a possible mechanism of
the slowdown arguing that F, reflects two contributions, F, = Fy +
AF: The first and leading term, Fo ~ yBNBZ/ 34, allows for the
surface energy of the expelled B block, “bud”, forming a spherical
globule of radius rp,q ~ NBI/ 34. This familiar term is indepen-
dent of the equilibrium aggregation number f.q and the micellar
morphology. The second term, AF, reflects two corrections: (i)
the osmotic penalty incurred upon inserting the impenetrable
bud within the interior of the corona and (ii) the change in the
micellar free energy due to the creation of the bud. AF, in con-
trast to Fo, increases with f.,, thus providing a possible rationa-
lization for the slowdown of the exchange kinetics.

For brevity, I limit the discussion to F, of starlike micelles
in a highly selective solvent that is athermal for the coronal A
block and nonsolvent for the core B block. In this limit the
polymerization degree of the coronal A blocks, N, is much
higher than that of the B blocks, Ny << Ny, and the corona is
described by the Daoud—Cotton star model;*>1¢ ie, it com-
prises spherical shells of closed packed blobs of size § ~ r/ fl/ 2
with a free energy per coronal A block Foona/kT & fl/ %xo with
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%0 = In(Reorona/Reore)- At equilibrium Feopon, is comparable to the
surface free energy per core B block, Fq,¢/kT~A )/NBZ/ /f 13
where y = yga’/kT. Accordingly, 7feq ~ (y/x0)*°Np*”*, leading
to a core radius Reore ~ (7/%0)*°Np>"> and a micellar radius
R.. ~ eq1/5NA3/5 ~ (y/x0)* N2 N,*/5. The spans of
the innermost and outermost blobs are respectively &,/a ~
(v/%0) " "*Np'"* and Eur/a & (7/x0) "Ny~ >*N,*", thus
defining the corresponding A monomer volume fractions ¢ =
(pA(Rmicelle) ~ (’}//"CO)IZ/ZSI\IBS/ZSZ\TA_A‘/5 and prx = wA(Rcore) ~
(y/x0)" "N 1%, The starlike limit is attained in the systems
studied by Lund et al.**~7 where N /Np = 25, while the micelles
investigated by Choi et al.*'* with 2 < N/Np < 4 are less
asymmetric.

Consider now the activated state for the expulsion of a unimer
from a starlike micelle with f= f., > 1. It is assumed to consist of a
core comprising f.q — 1 B blocks with a collapsed bud at grazing
contact with the core’ (Figure 1). The corona is essentially
unperturbed apart from displacement of the A block of the
expelled unimer by r;,,4. The following terms contribute to AF:
(i) The lowering of the surface free energy of the core due to the
decrease of its surface area AF¢ = Foui(foq — 1) — Foutl(foq) &
Np*’3. (ii) The increase in the total free energy of the corona, f3/ 2
In(Rpicelte/Reore) dues to the lowering of the core radius from
Rcore to Kcore ~ (feq - I)I/SNBI/S leading to AFcorona = Fcorona_
(Ecore) - Fcorona(Rcore) % eq3/2 ln(Rcore/ﬁcore) %feql/z % y3/5-
Np*’°. (iii) The work of inserting an impenetrable particle against
the osmotic pressure of the coronal AF,,. The kT per blob
prescription together with the Daoud—Cotton model specify the
coronal osmotic pressure I1(r) ~ kT/E(r)* ~ kaeq3/ 2/~
KTN®/7. Since ryuq > &y AFi. for inserting the bud at
7 = Reore + "bud << Rinic is roughly

Reore + 27bud

AF; /KT =~ rbudz/_ II(r) dr
Reore
5 _ 2
~ £ 32 hud 7& (1)
“ ZRgore Reore + 21bud
In the 7,4 << Reore limit the leading term is AF,,/kT ~ eq3/ 2

(rbud/ﬁcore)3 ~ eq3/2(rbud/Rcore)3(1 + feq_l) or A-Fins/k’l—' R
(foua/Ein)’. Accordingly, for dilute solutions of nonoverlapping
starlike micelles, when &,,/a ~ yfl/sNBl/s, eq 1 leads to AF;,/
kT ~ )/3/ SNp*/S. While AF,,, was invoked in discussions of
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Figure 1. Schematic view of an activated state for the expulsion of a unimer
out of a starlike micelle comprising f.q AB diblocks in a dilute micellar solution.
It comprises a core of f,; — 1 B blocks with a collapsed B block, “bud”, at
grazing contact with the core. The starlike coronal structure is weakly
modified because of the smaller core radius. The bud is larger than the
innermost blob. Representative coronal A blocks are depicted in red, and the
blobs are depicted as circles with dashed boundaries.

protein—brush interactions'’ and is supported by computer
simulations, ® 72 it was not considered thus far in the context
of micellar exchange. Altogether AF =~ y¥SNp*’® and F, =
Fy + AFis

F,/kT ~ yN32/3 + 7/3/51\732/5
_ VNB2/3[1 +V_2/5NB_4/15] (2)

The Fy term thus dominates the scaling behavior of F, while
the AF term can manifest itself as a correction to the numerical
prefactor preceding yNg>'>. For example, in the interval N =
200—400 explored by Choi et al.'> N~ */'* varies in the range
0.2—0.24. It is however important to note that fitting the
measured relaxation rate R(t) data is highly sensitive to
the value of numerical factors since it involves a double
exponential

R(t) = /1 " P(Ny) exp(—kuct) dN (3)

where P(Ng) characterizes the polydispersity of the core
blocks.>”® In addition, note the difference with respect to
the insertion a sphere of radius R into a bulk semidilute
solution where AFg,¢/AF;,, ~ yR*/TIR® ~ 1/R and AF,,,
dominates at high R. In our discussion the opposite trend
occurs because both R and IT vary with Np.

The AF,,, term leads to qualitatively novel features when the
micellar concentration exceeds the overlap threshold and the A
monomer volume fraction, @,, exceeds @+ We first summarize
the @, effects on the micellar structure'* noting that they may
also result from adding A homopolymer.** In the ¢* < ¢ < @*x
range the corona develops two regions:'*'> (i) an exterior
“bulklike” region of blobs of constant size £ ~ g0A73/ *a com-
prising each of g ~ §0A_5/ 4 monomers, occurring because
coronal overlap introduces additional screening of excluded
volume interactions. (ii) An interior region with a star like
structure and § ~ r/ feql/ %, The boundary between the two
regions occurs at r., ~ eql 2§A ~ N]%/ 5(0;\3/ *a. At Pa N F¥,
when 7., X Ry, the whole coronal star structure disappears. In

the @* < @ < @** range the free energy per A block assumes the
form'*

co co N — Njp
Fcorona/kTzfl/zlnr——ﬁ—fl/Z(l—Rr ) + Ag t
ore micelle A

(4)

The first term accounts for the free energy per chain within the
inner starlike region, comprising N, < Nu monomers,”’ by
assigning kT per blob. The second term reflects the extension
free energy of a chain segment in the exterior region viewed as a
Gaussian string of (Ny — Ni,.)/ga blobs of size & 22 The third
term accounts for the interaction free energy, kT per blob, of the
exterior segment. For R e <X oo < Rypicerre the first and third
terms dominate. However, the third term is only weakly depen-
dent on the structure of the micelles since the major contribution
is due to Na@a®'* because a single “star” blob is replaced by a
number of &, blobs. Overall, the structure of the micelle is thus
determined by the balance of Fg,/kT = yNBz/ 3/ f /3 and
Feorona/ KT % f1/* In(reo/Reare) = f /%% where & = In(gw+/g0,).
In other words, the scaling behavior of the micelles is modified
because x; is replaced by the smaller and ¢, dependent x(@,),
thus leading to higher f. & (y/ x)¥°N*° and R, = (y/x)*>-
N33/5.14 Further increase in @4, when @, > @*x, will affect the
scaling behavior since the coronal penalty term will be eventually
overtaken by the stretching elasticity of the core blocks kTR .2/
Npa?, thus leading to crew cut scaling fq & Y Ng and Reore & ]/1/ 3.
Ng*3a.* However, the @a > @** range may involve morpholo-
gical changes beyond the scope of this discussion.*®

Increasing ¢ beyond ¢+ weakly affects the Fy term in F, via
the ¢4 dependence of . It has however a significant effect on
AF/kT ~ eql/ * In the @+ < g << #* range it increases because
of the screening induced micellar growth. Since we have in mind
TR-SANS experiments it is convenient to express this effect in
terms of Ry because R(t) and Ry can be measured indepen-
dentl;r. In particular, f.q ~ Reore’/Npa® leads to AF/kT =~
R.””?/Ng'/%a*?* and eq 2 assumes the form

FJKT % YN + Rne(0) [Ne" 0> (5)

highlighting the @, dependence of AF. In this form eq 5 applies
to micelles experiencing screening due to either added homo-
polymer or to overlap between micellar coronas. The effect on
the kinetics is apparent from the ratio between the screened and
unscreened rate constants, k., (¢a) and ke, (@4 = 0). In particular,
kex((pA)/kex(gpA = 0) ~ eXP{_[Fa(¢A) - Fa(¢A = 0)]}/kT ~
exp{—[AF(ga) — AF(p5 = 0)]}/kT or

NCN Nﬂp{ R34;<¢A=o>< R (04) ‘lﬂ
)

kex((pA = 0) - J\TBl/za})/2 30/1'2e((P =0

(6)

The k., values are very sensitive to o that strongly affects
both F, and AF. This is also manifested in ke (¢a)/kex(¢a =
0). The experimental observations indicate that the screened
Reore is 20—30% larger, thus suggestin; a rough estimate of
R (9a)/Ro%ie(ga = 0) — 1 ~ 1.28°> — 1 ~ 0.4, The y
dependence of the kex(q)A)/kEXSgoA =0) is due to R/2(pa =
0)/(13/2NBI/2 ~ (j//aco)3/5NB2 °. Thus, utilizing the upper
limit of y/xg = 1 for Ny = 400 leads to N3*> ~ 11 and
reduction of k., by a factor of exp(—4.4) = 0.01 strongly
repressing the micellar exchange. However, x, > 1 and
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typically y < 1 thus suggesting y/xo < 1. For example, an
estimate y/x, = 0.3 leads to lowering k., by a factor of
exp(—2.2) = 0.1 comparable in order of magnitude to the
experimental effect reported.'” Detailed confrontation with
experiment requires a more elaborate analysis allowing for the
solvent content in the core, a better estimate of v, and a
quantitative exgression for T1(¢) appropriate to the experi-
mental system.”® Assuming no morphological changes occur,
eqs S and 6 apply until ¢ = g+ isreached, and AF for higher @4
is determined the bulk osmotic pressure with F; , ~ Toud T1-
(9a)~ kTNgp,”"*. If morphological changes do occur, egs 5
and 6 apply to the ¢, > @+ range corresponding to spherical
micelles. The expulsion rate constant for different morphol-
ogies will have similar form, with an identical F, but with
slightly modified AF.

Our discussion suggests the hypothesis that micellar exchange
slows down because of coronal screening and the resulting
increase in the osmotic pressure encountered by the expelled
bud. For typical situations this increase is signaled by a con-
current increase in R., .. The screening can result from coronal
overlap due to increase in the micelle concentration, as reported
by Choi et al."* It can also result from addition A homopolymer
to dilute solutions of nonoverlapping micelles. A homopolymer
induced increase in R, predicted theoretically,24 was observed
experimentally.”>*° Tt thus suggests experimental study of the
effects of added homopolymer on the rate of unimer exchange
between micelles. In such systems it is however necessary to
allow for possible modifications of the micellar order because of
depletion interactions.”> >’
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