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ABSTRACT We study the adsorption kinetics of diblock copolymers onto a wall in a highly selective solvent 
good for the nonadsorbing block B and poor for the adsorbing block A. We consider only the adsorption 
from a micellar phase. The potential barrier for direct adsoption of chains belonging to micelles is so high 
that only free chains adsorb on the wall. The adsorption of free chains creates a large region in the vicinity 
of the wall where the free chains are depleted and where the equilibrium between free chains and micelles 
is broken. The equilibrium is restored by micelle relaxation through the expulsion of chains one by one. Taking 
the micelle relaxation into account, we write a diffusion-relaxation equation for the adsorption kinetics and 
distinguish four different time regimes. In the very early stages the adsorption is dominated by the diffusion 
of free chains toward the wall; at larger times the limiting step is the expulsion of chains by the micelles; 
the surface coverage increases then linearly with time and the copolymer builds up a grafted B brush on the 
wall. When the brush is dense enough, the potential barrier for adsorption of new chains is high and the 
passage through the barrier becomes the limiting step; the surface coverage increases then very slowly 
(logarithmically) with time. Finally the coverage relaxes to its equilibrium value but over times that are so 
long that it is not clear whether the equilibrium can be reached experimentally. 

I. Introduction 
Adsorption of asymmetric AB block copolymers allows 

the formation of layers of suitable density and large 
thickness on solid surfaces and is thus well adapted to 
achieve colloid stabilization, which is of current interest 
both for scientists and engineers.'?* An adapted insoluble 
anchor permits surface coating with a B brush even though 
the B homopolymer would not adsorb from the solvent onto 
the bare surface without any chemical graftingq3 

AB diblock copolymers exhibit very specific behaviors, 
compared t o  homopolymers, whenever one chooses 
conditions enhancing the difference between the A and 
B blocks. This is best illustrated in a highly selective 
solvent, good for B and poor for A. For a single chain, in 
an infinitely dilute solution, the A block collapses and forms 
a small globule whereas the B block is swollen and dangling 
in the ~ o l v e n t . ~  

Above the critical micellar concentration, a,,,, chain 
association into micelles comes into play: the collapsed A 
chains form a spherical liquid core, lowering the surface 
energy between A and the solvent, whereas the partially 
stretched B chains contribute to a semidilute corona, 
costing some interaction energy.4 Compared to short- 
chain surfactant micelles,5-7 the  cmc for long-chain 
copolymers is extremely small, typically smaller than 1 
pmol/L, the aggregation number is large, and the size 
distribution of the micelles remarkably peaked around its 
average. If the core block is not too large ( N A  << NB) ,  both 
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the critical micellar concentration and the size distribution 
depend only on the molecular weight of the insoluble 
b l ~ c k . ~ ~ ~ ~  Due to the extremely small values of the cmc, 
real experiments are always made above the cmc and mi- 
celles (or other microphases at higher concentrations) are 
always present in the solution in practice. Above the cmc, 
micelles are in equilibrium with the free chains, the free- 
chain concentration is pinned a t  the cmc value, and any 
increase in concentration is due to the formation of new 
micelles. 

The existence of the mesophases plays an important role 
in the structure of adsorbed layers a t  thermodynamic 
equilibrium.8 During adsorption from the solvent onto a 
solid wall, the insoluble A blocks form a molten film on 
the wall, whereas the swollen B sequences build up a hairy 
brush (Figure 1) grafted on this molten layer. Due to the 
presence of micelles, the characteristics of the interfacial 
copolymer layer are almost independent of the total 
copolymer concentration and essentially depend on the 
copolymer structure. In an actual experiment the ad- 
sorbed brush creates a large potential barrier (much larger 
than kT) for adsorption of new chains and the equilibrium 
between the solution and the adsorbed layer is reached 
after extremely long times. Thus the detailed adsorption 
kinetics is of special interest. 

Adsorption from micellar solutions of short-chain sur- 
factants has been studied for a long time. I t  is in particular 
usually assumed that micelles do not directly adsorb on 
the surface$' they, however, may play an indirect role, 
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Figure 1. Sketch of the adsorbed block copolymer layer. The 
A blocks form a molten film, whereas the swollen B blocks build 
up a brush. 

releasing free surfactant chains, which may themselves 
adsorb. Similarly, we investigate here the role of the mi- 
celles on diblock copolymer adsorption from a selective 
solvent. Available experiments on diblock copolymer 
adsorption kinetics are not numerous. Force measurements 
between mica plates coated with adsorbed copolymers allow 
the study of the structure of the layer formed after a chosen 
incubation time.3Jk12 Dynamic estimates of the coverage 
using optical techniques13 show that above the cmc mi- 
celles increase the adsorption rate; the adsorption kinetics 
clearly displays several regimes and strongly differs from 
usual homopolymer adsorption kinetics. In particular, 
equilibrium is approached through an unusually slow 
process. 

In this paper, we propose a kinetic model for diblock 
copolymer adsorption from a highly selective solvent above 
the cmc onto a flat solid surface. We consider only 
asymmetric copolymers that form starlike micelles, where 
the molecular weight of the insoluble block N A  is smaller 
than that of the soluble block NB; the opposite limit where 
the curvature plays no role in the corona is not considered. 

In section I1 we summarize the micellar solution 
properties. In particular, we give the micellar size 
distribution and discuss the relaxation kinetics toward 
equilibrium of a perturbed size distribution. This follows 
the work of Aniansson14-17 for short-chain surfactants 
recently extended to copolymers by Halperin.18Jg In 
section I11 we examine the interaction between one mi- 
celle and the surface in order to investigate direct micel- 
lar adsorption. In section IV we introduce the diffusion- 
relaxation equation for the free-chain concentration in a 
micellar solution and discuss the boundary conditions at  
the wall. Section V is devoted to the detailed description 
of the adsorption kinetics and distinguishes four adsorption 
regimes: a diffusive regime (VI), a micelle relaxation limited 
regime (V2), a brush-limited regime (V3), and the final 
relaxation toward equilibrium (V4). Section VI summa- 
rizes the main results and gives some possible issues. 

11. Micellar Solution 
Although other limits may be of interest, we consider 

here only the case of segregating A and B blocks in a highly 
selective solvent, good for B and poor for A. Thus A blocks 
have a tendency to form molten regionsz0 impenetrable 
for the B block and the solvent, whereas B blocks are 
swollen. 

Figure 2. Copolymer micelle (b) and single copolymer chain (a) 
in a selective solvent. In the free chain the A block is collapsed, 
whereas the B block is swollen. In the micelle the A blocks form 
a molten core, whereas the B blocks are partially stretched in 
the semidilute corona. 

For an isolated copolymer the A block is collapsed of 
radius R A  E N A ~ / ~  a and the surface energy between A 
and the solvent is the dominant contribution to the 
chemical potential of free chains 

(11-1) 

where a1 is the copolymer concentration expressed as a 
number of chains per unit volume and 7.4s the surface 
tension between A and the solvent. In eq 1 we take the 
melt as a reference state for the A block and the swollen 
state for the B block. In all the following RB denotes the 
swollen radius of the B chain: RB N N.43/5 a.  

Above the cmc aggregation occurs. We first briefly 
review the micelle size d i s t r i b ~ t i o n ~ ~ ~ ~ ~ ~ ~  along the line of 
ref 4 and then discuss micelle relaxation following the 
theory of An ians~on .~~- '~  

(1)  Critical Micellar Concentration in the Bimodal 
Approximation. We consider one micelle in a free- 
chain solution that imposes the chemical potential, pext, 
and the osmotic pressure, nex t  (Figure 2). pext and next 
being fixed, the micelle is described by the grand canonical 
free energy 

where F M ( ~ )  is the free energy of a micelle of p chains, 
Rc the radius of the core, and L the size of the external 
corona. 

The dominant contributions to the free energy are the 
surface energy between the A core and the solvent and the 
stretching energy of the B chains in the corona. 

(11-3) 
In a good solvent FB is estimated by using the Daoud and 
Cotton blob modeP 

For high enough concentrations (or chemical potential, pea) 
Q(p) has a minimum corresponding to a stable micelle. The 
critical micellar concentration is thus given by 

dQ/dp = 0 

il = 0 (11-5) 

This leads to the optimum aggregation number, cmc and 
chemical potential: 
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p = TASa2 ] ' I5 (11-6) 
kT log (N2/5p-2/'5Ni'/3) 

I 

I 
I 

I 

(11-7) 

In most of the following we will for simplicity ignore the 
logarithms and replace them by constants. The quantities 
of interest turn out to depend only on NA apart from the 
slow logarithmic variations. This is due to the asymmetry 
of the polymer (NB >> NA). The core radius, Rc, is much 
smaller than the corona thickness, L, and the B blocks in 
the corona are stretched only in the vicinity of the core. 
Notice also that the aggregation number is large and the 
cmc exponentially small. 

(2) Micelle Size Distribution. The discussion of the 
stability of a unique micelle in the reservoir of free chains 
gives the cmc and the average micelle size; we have, 
however, ignored the micelles' polydispersity that we now 
briefly discuss. Let @n be the number of micelles with 
aggregation number n per unit volume; the grand canonical 
free energy density per unit volume of the solution reads 

where the free energy of mixing is 

Fmix = k T x @ ,  log (@,a3) (11-10) 
n 

Interactions between micelles are ignored in eq 11-9, which 
is a good approximation a t  low concentrations. The free 
energy must be minimized with respect to @n to obtain the 
size distribution: 

@,,a3 = exp [ - FM(ni  npext - 11 (11-11) 

The chemical potential is then obtained by writing the 
conservation of the total copolymer concentration: 

Enan = 
n 

(II- 12) 

Minimizing the total free energy G V  with respect to the 
volume V gives the osmotic pressure: 

(11-13) 
n 

In general, the size distribution @n is roughly bimodal, as 
sketched in Figure 3; it contains free chains (n = 1) and 
micelles with an aggregation number n close to the average 
value n = p. The argument of the exponential in the size 
distribution (eq 11-11] is equal to Q(n),  and thus the 
argument and its derivative with respect to n become zero 
for n = p when pext = pcmc. In the micellar phase, the size 
distribution is expected to be peaked around its maximum 
value, and we approximate it by a Gaussian function. 
Expanding the argument of the exponential to second order 
around n = p and pext = pcmc, we get 

where 6p is obtained from the second derivative of Q(n) 
a t  n = p: 

6p = p'I4 NA1I5 (11-15) 
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Figure 3. Micelle size distribution, an. The distribution is almost 
bimodal, containing free chains and micelles with an aggregation 
number close to the mean value p .  

The concentration of free chains is given by 

@.,a3 = exp[ - (4~y~~a~N: /~  - pcmc)/kT] (11-16) 
and can be neglected in the total copolymer concentration 
(eq 11-12) in the micellar phase. We then get, summing 
over the peak of the distribution 

3 3, = 
(2a)'/2p 6p 

Comparison with eq 11-14 leads to 

(11-17) 

This last equation shows that pext is close to pcmc a t  the 
cmc and almost independent of the total concentration, 
@, above the cmc. Inserting pext in the expression of the 
free-chain concentration (eq 11-16), we obtain 

- p 

(27r)'/2p 6p kT 
(11-19) 

The large value of the aggregation number p keeps the pre- 
exponential factor close to unity. As expected, above the 
cmc, 91 is roughly independent of the total copolymer 
concentration @ and close to a c m e  In the following we will 
replace @I by @cmc and pert by pcmc for concentrations above 
the cmc. 

In between n = 1 and the central peak n = p, the 
concentration falls dramatically. The minimum value of 

may be estimated as 

exp(-R,,,/kT); n = nmin (11-20) 

This extremely low concentration is due to the large value 
of the maximum of the micelle free energy RmaX 
4 a y ~ s a ~ N ~ ~ f ~ / k T ,  which creates a very high barrier to mi- 
celle destruction. 

(3) Micelle Relaxation. When the local free-chain 
concentration falls below the cmc, micelles become 
unstable; they have to relax. More precisely the whole mi- 
celle distribution relaxes. We are here interested in the 
characteristic times of this relaxation because they are 
involved in the adsorption kinetics. 

In a beautiful series of papers, Aniansson has studied the 
relaxation of the micelle distribution for micelles of short- 
chain surfactants.14-17 We here summarize some of his 
results: in the last section we will consider more specifically 
the case of copolymer micelles. 

Aniansson distinguishes two relaxation processes: (i) a 
fast process where relaxation takes place within the central 
peak of the micelle size distribution (A micelle releases only 
a few chains, and the total number of micelles remains 
constant during the fast process.); (ii) a slow process, 
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involving the whole micelle distribution (During the slow 
process micelles are entirely renewed and the total number 
of micelles changes. The slow process involves two 
mechanisms, the emptying chain by chain of the micelle 
that was originally introduced by Aniansson and a mi- 
celle fission process that was considered only lateraZ4). 

Using chemical kinetics models, Aniansson has computed 
the relaxation times, TI (fast process) and TZ (slow process), 
corresponding to his model; these times are defined from 
the chain creation rate by 
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account the potential barrier that prevents one A block 
from leaving the core of the micelle and the diffusion 
through the corona, we simply quote his result, but we keep 
a correction term in the activation energy because in the 
calculation of TI the leading terms cancel: 

(11-21 ) 

The relaxation times depend upon both the average 
extraction time, T ,  of a single chain and the micellar size 
distribution. 

( i )  Fast Process .  I t  corresponds to  a relaxation 
mechanism where the micelles remain close to the average 
composition and only exchange a few chains with the 
solution. The corresponding relaxation time is given by 

where T is the time for a single chain to leave a micelle, 
averaged over the peak of the size distribution. 

(ii) Slow Process. In his original work Aniansson 
considers chain by chain emptying of the micelles; the 
limiting stage involves micelles close to the minimum of 
the size distribution. The slow-process relaxation time is 
given by 

acmc  

where is the extraction time from a micelle of n chains. 
The rate constant R = C n T n / @ n  is dominated by the 
minimum of the size distribution where an takes very low 
values. The relaxation time TZ contains thus an exponen- 
tial factor exp(Q,/kT) involving the maximum of the free 
energy for a micelle. 

In the fission process, introduced by Lessner et  al.,24 the 
micelle splits into smaller pieces and has to overcome the 
potential barrier, Qmm, which introduces again a factor 
exp(Q,,,/kT). The slow process is dramatically slower 
than the fast process because it involves micelles outside 
of the central peak of the size distribution. 

All these expressions assume a linear relaxation in the 
chain creation rate (eq 11-21). If the departure from 
equilibrium is large, we must also consider nonlinear 
relaxation. We do it here only for the fast process, which 
is relevant for our purpose, and write the relaxation law 

where s is only a function of the reduced concentration, 
f = (acmc - +1)/aCmc, and of the total concentration, 9, 
which remains roughly constant during the fast process. 
Aniansson gives the first-order expansion of so. In the 
following we use the linear approximation for so, which 
allows for complete calculations. When necessary, we give 
then the results for the general nonlinear process 
characterized by s( f ) ,  although its precise shape is not 
known so far to our knowledge (see Appendix 111). 

(4) Copolymeric Micelle Relaxation. We now focus 
on starlike copolymer micelles. The extraction time of a 
single chain has been computed by Halperin,lg taking into 

d f l d t  = - ~ ( f )  (11-24) 

213 -113 - 2TNA p ?ASa2 
) T ~  (11-25) 3 kT 

The exponential factor comes from the potential barrier 
(it includes the second term in the argument in contrast 
to ref 19); TO is a microscopic time for a monomer. The 
relaxation times involve the micelle size distribution; for 
copolymer micelles this distribution is strongly peaked 
around its average value. Above the cmc, the free-chain 
concentration remains close to the unusually small CPcmc; 
in actual experiments the concentration of free chains may 
thus be neglected with respect to the total copolymer 
concentration, a. With these approximations we now 
calculate the relaxations times, '2'1 and Tz. 

(a) Relaxation Time, 2'1, of the Fast Process. From 
eq 11-22, we obtain 

-- 1 - T-l+l 

TI acmc 
(11-26) 

where even for fairly dilute solutions (provided CP >> 
(P,,CNA~/~) the last term in eq 11-23 has been neglected (we 
consider this limit from now on in contrast with ref 19 
where the very vicinity of the cmc is considered). Note 
that 7-l and acme both have a decreasing exponential 
contribution (eqs 11-7 and 11-25), which should be 
compared. The leading terms in the exponentials represent 
both the surface energy of an isolated collapsed A block; 
they thus cancel. In both arguments the next order term 
goes as N A ~ / ~  and accounts for the variation of surface 
energy when a new chain is added to the micelle, but in 
the chemical potential entering Ocmc some extra energy is 
due to the stretching of the B blocks. The exponential 
arising from @cmc thus dominates. 

Further, inserting expression 11-25 for 7, we obtain 
NA2z/z5N 915 

e X p ( d ~ ~ / ~ ) T g  (11-27) B TI = 
@a3 

We also note that if we write pcmc = @ N A ~ / ~ ,  CY < 0. For 
reasonable values of the parameters we expect TI to lie 
in the minute range. In practice, 7'1 may become larger 
if the core is in a glassy state. 
(b) Relaxation Time TZ of the Slow Process. In the 

expression 11-23 for TZ the limiting factor is the large R 
due to the extremely small concentration of micelles outside 
of the central peak of the distribution (eq 11-20) 

(11-28) 

Taking into account eq 11-20, we obtain 

T, N exp ( 4 a 7 A s y ' 5  (11-29) 

For reasonable values of N A  the exponential appearing in 
eq 11-29 takes prohibitive values. Thus the slow process 
should not be observed. 

In the characteristic time for the fission process the same 
exponential appears due to the potential barrier, Qmax (see 
eq 11-20): this slow process should not be observed either. 
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Figure 4. Representation of a starlike micelle, whose core is 
located a t  a distance d from the wall. 

111. Micelle-Wall Interaction 
In this section we consider one micelle close to the wall 

(Figure 4). In order to bring its core in contact with the 
wall, the micelle has to overcome a potential barrier due 
to the B block corona. Here we want to evaluate the height 
of this barrier. In order to investigate the strength of the 
interaction as a function of the distance, d,  between the 
core and the wall, we first use a scaling argument for the 
probability, P(d),  to find a micelle at  a distance d, following 
an idea introduced by Witten et  for the interaction 
between micelles; we then adapt the Daoud and Cotton23 
blob model to this particular geometry. The two arguments 
lead to an interaction decreasing logarithmically with 
distance. This result is also true in a mean-field model 
as shown in Appendix I. 

(1 )  Scaling Argument. We expect that the interaction 
between the micelle and the wall decays rapidly for 
distances larger than the micelle radius, R. The proba- 
bility, P(d) ,  of finding a micelle a t  a distance d from the 
wall then becomes d independent. Closer to the wall we 
assume a scaling law for P(d). We thus write the probabil- 
ity ratio, P(d) /P(m) ,  as 

P ( d ) / P ( m )  (d/R)" ford << R (111-1) 

where m is an exponent to be determined. The probability 
ratio is equal to the corresponding partition function ratio: 

P ( d ) / P ( m )  = Z(d)/Z(m) (111-2) 
where Z(d) is the partition function of a micelle a t  a 
distance d from the wall. We can rewrite this relation in 
terms of the free energy F ( d )  of the micelle 

log (P(d) /P(m))  = - (kn-'(F(d)  - F ( m ) )  = -U(d)/kT 
(111-3) 

where U ( d )  is the interaction energy between the mi- 
celle and the wall. As long as the A core of the micelle is 
not in contact with the wall we assume that the free- 
energy variation is mainly due to the changes in the free 
energy of the B block corona. For the special case where 
d is of the order of the core radius, Rc, the free-energy 
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variation a t  the right-hand side of 111-3 can be estimated 
in the Daoud and Cotton23 blob model. When d Rc, 
the original grafting density, u, is roughly doubled in the 
remaining half-space, taking into account only the 
stretching energy, FB, of the B blocks: 

F(Rc) - F ( m )  = 0.5FB(2~) - F B ( u )  kTp3I2 log (R /Rc)  

(111-4) 
From eq 111-3 the probability ratio is P ( R c ) / P ( = )  N 

(Rc/R)p"l'. We thus obtain the exponent m N p3I2. The 
mean interaction between a micelle and the wall is thus 

U(d)  -kTp3I2 log ( d / R )  (111-5) 
The interaction energy reaches a maximum value when 
the core of the micelle is in contact with the wall. 

U,,, = U(R,) = -kTp3I2 log ( R c / R )  (111-6) 

The radius R of the micelle far away from the wall is given 
by the Daoud and Cotton m0de1.~3 

R = Rflp' /5  N NB3I5N A 4/25a (111-7) 

The core radius is 

Rc = (pNA)*I3U = NA3I5a (111-8) 
The energy barrier for a micelle to bring its core in contact 
with the wall is thus 

U,,/kT = NA6I5 log (NB3I5N A -11/25) (111-9) 
In the early stages of the adsorption, the flux of micelles 
toward the wall has a contribution proportional to 
exp(-U,,,/kT). This is to be compared with the flux of 
free chains toward the wall, which is also exponentially 
small because of the small value of the  free-chain 
concentration in the bulk, Qcmc. However, Q,,, is 
proportional to € ? X p ( - y ~ s N ~ ~ l ~ a ~ / T ) ,  and if in a first 
approximation, we compare the exponential factors 
entering the two fluxes, at  the beginning of the adsorption, 
the flux of chains carried in micelles toward the wall is 
much smaller than the flux of free chains. We may thus 
ignore the direct adsorption of micelles and from now on 
we will assume that only the free chains adsorb on the wall. 

(2) Daoud-Cotton Model. Equation 111-5 for the 
interaction energy has been obtained through a scaling law. 
We now rederive it by using a slightly modified version 
of the blob model of Daoud and Cotton. In the original 
Daoud-Cotton the spherical symmetry allows an 
elegant calculation of the stretching energy in the corona 
of an isolated micelle considered as a starlike polymer. At 
a distance r from the center, each B block crosses once the 
sphere of radius r and occupies an area F2(r) = 4rr2/p  where 
f is the local blob size (or correlation length). Here we 
perform an analogous calculation, assuming that the mean 
effect of the wall results in a truncation of the largest of 
these spheres. Assuming that each B block crosses any 
of these surfaces, p blobs must accommodate on any one. 
S(r) being the area of the surface of radius r ,  the correlation 
length, E(r), is given by 

F(r) = (S(r ) /p)1 '2  (111-10) 
When the center of the A core of the micelle is located at  
a distance d,  smaller than R ,  from the wall, the micelle may 
be divided into two regions. In the inner region ( r  < d )  
the surfaces are spheres, whereas in the outer regions they 
are truncated spheres: 
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S(r)  = 4rr' for r < d (IV-1) 

S(r)  = 2*(1 + d / r ) r 2  for r > d (111-11) 

In the semidilute corona the local concentration is related 
to the correlation length by 

c ( r )  N E - ~ / ~  (111- 12) 
The total number of B monomers in the corona is thus 
given by 

(111-13) 

This gives the radius R ( d )  of the micelle a t  a distance d 
from the wall. R ( d )  differs only from R ( m )  through a 
numerical factor, in particular for d << R(m): 

R ( d )  = 21/5R(m)(l + O ( d / R ( m ) ) )  (111-14) 
The free energy F ( d )  of a micelle at  a distance d from the 
wall is obtained by summing the local free-energy density 
T / W 3 :  

Only the outer region ( r  > d )  of the micelle contributes 
to the free-energy variation and 

Finally for d << R(m) we obtain 

~ ( d )  7 x 

This result is consistent with the previous scaling form III- 
5. Although this is still an approximation, the spherical 
symmetry being certainly broken for a micelle close to the 
wall, it allows an estimation of the numerical constants. 

IV. Adsorption Kinetics 
In this section we present the diffusion-relaxation 

equation for the free-chain concentration (IV1) in the bulk 
solution and the diffusion-convection equation for the 
chain concentration in the brush near the wall (IV2). We 
then replace the adsorbed layer brush by the appropriate 
boundary conditions for the diffusion prohlem. 

(1)  Diffusion-&laxation Equation in the Solution. 
From the previous section we know that only free chains 
adsorb from the solution onto the wall. A t  the early stages 
of adsorption, free chains diffuse to the surface with a 
diffusion coefficient D and adsorb. The resulting diffusive 
free-chain concentration profile presents a depletion layer 
of width (Dt)l/2 after a time t and goes to the cmc far from 
the wa11.26-28 Within this hole the free-chain concentration 
falls below the cmc, the micelles located close to the wall 
become unstable and relax. Micelles play thus an indirect 
role in the adsorption process, releasing free chains that 
may themselves adsorb. Micelle relaxation occurs through 
Aniansson's fast process, which leaves the micelle concen- 
tration constant and introduces only a negligible change 
for the micelle polydispersity. We may thus assume a 
constant micelle concentration without any diffusion or 
interdiffusion process. We then write the diffusion 
equation for free chains including a source term due to 
micelle relaxation. This term depends on the difference 
between the actual local chain concentration and the cmc 

where f = (acmc - 91)/acmc is the reduced free-chain 
concentration. For low f the micelle relaxation term s(f) 
is linear in f and is given by 

s( f )  = f / T l  (IV-2) 

The local chain flux, J, is 

(IV-3) 

Far from the wall 91 remains fixed at  9 c m c  so that 

lim f =  0 (IV-4) 
2 - m  

In the next subsection we investigate chain diffusion in 
the brush near the wall in order to determine the appro- 
priate boundary condition of this diffusion problem in the 
bulk solution. 

(2) Diffusion-Convection Equation in the Brush 
near the Wall. During the early stage of copolymer 
adsorption the isolated swollen B sequences dangle in the 
solution forming "buoys" fixed on the adsorbed A "anchor". 
When the surface coverage, u, increases, the B blocks, 
because of the excluded-volume interaction, stretch and 
form a brush.B The crossover to this brush regime occurs 
when the swollen B blocks come into "contact"; i.e., at  the 
overlap coverage a& N NB+/~. The resulting brush may 
in a first approximation be described by a blob model first 
proposed by Alexander, which will be sufficient for our 
purpose.30 

A chain in the brush remains locally isotropic a t  scales 
smaller than u-l/', whereas a t  larger scales it is stretched. 
One chain in the brush is thus viewed as a stretched chain 
made of N B /  ( UU2)-5/6 isotropic swollen blobs each of size 

The thickness L of the brush is given by 

L = N B ( c T U ~ ) ' / ~ U  (IV-5) 
The energy per blob is kT,  and the stretching energy F 
of one chain is 

F = kTNB( o U ' ) ~ ' ~  (IV-6) 
A nonadsorbed chain is also stretched when it enters the 
brush. A free chain coming from the solution has to  
overcome a barrier of order F to adsorb. To enter the 
brush, a micelle would have to overcome a repelling 
potential barrier of height of order pF; we may thus neglect 
micelles in the brush. 

The diffusive motion of a chain in the brush is a repta- 
tive motion in a tube of section u-1.38 Even a t  equilibrium 
the blob size remains larger than the radius of the 
collapsed A block; thus the A block is free in the brush. 
When n monomers of the B block are inside the brush, 
the mobility, A, of the copolymer is in the reptation model 
given by 

A-1 = 67qna-'/2(aa2)5/6 (IV-7) 
7 being the solvent viscosity. 

If part of the B block in the brush extends between 
distances z and L from the wall, L - z = nu-1/2(a~2)5/6, the 
mobility is 

A-'(z) = 6 4 L  - 2 )  for z < L and ( L  - z ) / L  1 
(IV-8) 

The Einstein relation gives the diffusion coefficient D(z ) :  
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coverage limit we obtain 

K = D/RB for u < Ng4l5 (IV- 18) 

It is not clear whether this expression and the associated 
Zimm time make any sense for very low coverages for which 
other microscopic times such as an adsorption time should 
be considered. However, it will turn out that K is never 
a relevant parameter in the low-coverage regimes. 

Equation IV-16 may now be considered as a boundary 
condition for the bulk diffusion equation (eq IV-1). This 
allows the study of the adsorption kinetics of block 
copolymers. 

V. Adsorption from a Micellar Solution 
The adsorption of a copolymer solution on a solid wall 

leads to the formation of an interfacial layer between the 
wall and the The double-layer structure of 
this interface a t  thermodynamic equilibrium, sketched on 
Figure 1, has been extensively studied by Marqub, Joanny, 
and Leibleq8 we quote here some of their results. The main 
parameter governing the structure of the layer is the 
asymmetry of the copolymer chain, measured by the ratio 
between the A block radius in the molten state and the 
B block radius in the swollen state: 

(V-1) 
A detailed analysis of the different contributions to the 
free energy of the layer shows the following: 

(1) For large B blocks (0, >> N A ~ / ~ ~  N 1) the van der 
Waals energy of the A film and the stretching energy of 
the B brush dominate. 

(2) In a small domain (0, N 1) the stretching energy of 
the brush dominates. At  thermal equilibrium with a mi- 
cellar solution this gives the coverage ueq. 

(3) For large B blocks (0, >> l),  which mostly is the 
situation that we consider 

315 N 112 
P s = ~ B  / A 

D ( z )  = kTh(z )  (IV-9) 
The insertion of a portion of a B block inside the brush 
requires an energy of order kT for each new blob; the total 
free energy cost F ( z )  is thus 

(IV-10) 
In the brush the diffusing chain moves under a driving force 
4Ffa.z arising from the repulsive brush potential. We thus 
write, a diffusion-convection equation for the chain 
concentration in the brush 

F ( z )  = kTa1’2(L - Z )  

where U(z )  = F ( z ) / k T .  
The flux of chains inside the brush is given by 

(IV- 12) 

The conservation of the chains at  the wall relates the flux 
on the wall to the surface coverage u (expressed as a 
number of chains per unit area). 

(IV-13) da 
= -Jlwall 

We then have to write the adsorption equilibrium at the 
wall for chains that go through the brush. We assume that 
the adsorption occurs locally at  thermodynamic equilibrium 
so that the chemical potentials of adsorbed and nonad- 
sorbed chains a t  the wall are equal. 

k h l w a l l  = padalwall (IV- 14) 
We represent the interfacial brush by a repulsive potential 
barrier for an incoming chain; behind the brush the A film 
and the wall are replaced by a free-chain solution of 
concentration as where would be in equilibrium with 
the interface of coverage u. Far from equilibrium between 
the interface and the bulk solution may be set equal 
to zero, neglecting any desorption or saturation effect. As 
we will see later for copolymer adsorption the repelling 
brush potential is so large the saturation effects only 
become relevant very close to thermodynamic equilibrium, 
which is reached very slowly, so that the domain where 
0, remains negligible extends to very long times. 

For most of the adsorption process, the concentration 
in the brush may be assumed to be steady. The flux J 
given by eq IV-12 is then roughly constant throughout the 
brush so that 

(IV-15) 

After integration eq IV-15 gives 

where 00 is the concentration of free chains near the brush 
on the solution side. 

Taking eqs IV-8 and IV-10 into account, we obtain the 
following expression for the transparence K : 3 l  

k T (  ua2)1/6 

6 q N B a  
K =  e x p ( - N B ( ~ a ~ ) ~ / ~ )  (IV-17) 

So far this section has dealt only with well-covered surfaces 
u > NE*/’ to obtain the above results for the boundary 
condition a t  the wall. From the crossover to the low- 

A being the Hamacker constant, measuring the strength 
of the van der Waals interaction. In the last expression 
we have assumed (A /kT)6 /23  N 1. 

(4) For 0, N 1, a case which may be encountered when 
N A  N N B  

07-31 
The surface tension, yAsa2/kT, is of order 1. 

We now discuss in detail the successive kinetic regimes 
expected during an adsorption experiment from a micel- 
lar copolymer solution onto a wall that  leads to this 
equilibrium structure. A t  the early stages of the adsorp- 
tion, the coverage rate is limited by the diffusion of free 
chains from the solution toward the surface; this we call 
the diffusive regime (Vl).  After a time on the order of 
Aniansson’s time, T I ,  the micelles in the depletion layer 
created by the diffusion begin to release free chains, this 
relaxation process characterized by the time T1 becomes 
rate limiting; this we call the micelle-limited regime (V2). 
When a sufficiently dense brush is formed, the diffusion 
through the repelling brush potential, characterized by K, 
becomes the limiting step; this we call the brush-limited 
regime (V3). For coverages u approaching the equilibrium 
coverage, aeq, saturation effects can no longer be ignored; 
this we call the saturation regime (V4). However, as we 
will see, the dense brush close to equilibrium is so much 
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rate limiting that  saturation becomes relevant only 
extremely close to equilibrium. 

With the exception of the saturation regime the 
concentration a t  the wall behind the brush as can be 
neglected in the boundary condition IV-16. The adsorption 
kinetics is then governed by the following equations: the 
diffusion-relaxation equation (eq IV- l ) ,  the relation 
between the flux in the solution and the reduced concen- 
tration, f(z) (eq IV-3), the boundary conditions a t  the wall 
and far away from the wall 

J ( 0 )  = -K@cmc(l - f(0)) and f ( m )  = 0 (V-4) 
and the chain conservation equation at  the wall (eq IV- 
13). 

These equations are solved in detail in Appendix 11; we 
only present here simple arguments giving some physical 
insight. 

( 1 )  Diffusive Regime. At the early stages of the 
adsorption ( t  < TI) micelle relaxation is not relevant. The 
interfacial layer is not formed, and there is no potential 
barrier to overcome. The adsorption kinetics is thus 
governed by the diffusion of the free chains toward the 
surface. In this regime the free-chain concentration at  the 
wall falls to zero and the simpler boundary condition f ( 0 )  
= 1 is used in place of eq V-4. 

The problem may be solved by Laplace transformation. 
Denoting the Laplace transform of a function h(t)  of time 
by h(s), the diffusion equation becomes 

sf(s) = Df"(s) (V-5) 

f(s) = B(s)  exp(-(s/D)1/2z) (V-6) 
The simplified boundary condition f (0 )  = 1 gives f(0) = 
l / s  so that 

so that 

f(s) = s-' exp(-(s/D)'/'z) 07-7) 
which in turns leads to the coverage through (eqs IV-3 and 
IV- 13) 
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also molecular times cannot be investigated experimentally 
in adsorption kinetics; hence, we start the description with 
the diffusive regime. 

(2) Micelle-Limited Regime. When micelle relaxation 
becomes relevant, we must incorporate the micelle 
relaxation term in the diffusion equation for the free chains 
in eq IV-1. In the vicinity of the solid surface the chain 
concentration profile is quasisteady a t  times larger than 
TI.  We thus neglect the time derivative at  the left-hand 
side of eq IV-1 (the nonsteady profile that is calculated 
for this regime and the diffusive regime in Appendix I1 
shows how the profile becomes steady near the wall). The 
diffusion-relaxation equation then reads 

d2f/dz2 = f/DTl (V-11) 

f ( z )  = f (0)  exp(-z/(DTl)1/2) (V-12) 

The concentration profile is then given by 

f(0) is determined by the boundary condition (V-4) at  the 
wall: 

f (0 )  = K / ( K  + D/(DT1)1/2) (V-13) 
From f(z) we obtain an equation for the coverage using 
eqs IV-3 and V-4: 

Coming back to the time variable 

u ( t )  = 2@cmc(Dt/*)'12 (V-9) 
we recover a square root increase, which is classical for 
diffusion-controlled adsorption. Due to the extremely 
small value of the cmc, the coverage remains exponentially 
low in this regime, which ends at  times of order 7'1, well 
in the experimental range. 

A more detailed calculation using the original boundary 
condition V-4 takes into account a molecular potential 
barrier preventing adsorption and leads to the following 
expression for the Laplace transform u(s) of the coverage: 

a(s) = ~ ~ ' ~ + ~ ~ ~ ~ - ~ / ~ ( 1  + D ~ / ~ ~ ~ / ~ K - ~ )  (v-io) 
In addition to the diffusive regime, this expression gives 
an initial regime, the molecular regime, where u(s) = 
KaCm&-2. In this molecular regime the adsorption rate is 
constant due to the adsorption a t  the initial chain 
concentration, @cmC, near the wall through the molecular 
barrier. The crossover between molecular and diffusive 
regimes is found a t  rmicro = D/K2. K ( u )  may here be 
replaced by K(O), which is at  least of order D/RB (eq IV- 
18), and the molecular crossover time is RB2/D. This time 
describes for example the diffusive rotation bringing the 
A block to the wall. In practice the chains are not brought 
to the wall instantaneously a t  the bulk concentration and 

At  small coverages, the characteristic time to cross the 
potential barrier D / K 2  is small compared to the micelle 
relaxation time, TI, the micelle relaxation is the limiting 
step of the adsorption process, and the transparence, K(u) ,  
is large compared to D/(DT1)lI2. This holds for 

K ( u )  >> D/(DTl)1/2 (V-15) 
The surface coverage, u*, where the potential barrier 
characterized by K ( u )  becomes relevant is obtained from 
eq IV-17 

u*u2 = ( T , / T ~ ) ] ~ / ~  (V-16) 
where TO is a microscopic time. Tl/ro is exponentially large, 
and u* is always significantly larger than the overlap 
coverage uo N N B ~ / ~  The brush is already well formed 
when the potential barrier becomes relevant. 

The molecular weight dependence of u* is obtained by 
inserting expression 11-27 for T1 

u*a2 = NB*/5N A 12/25 (V-17) 
where we have replaced the logarithmic factors by 
constants in a first approximation. We also check that u* 
is smaller than the equilibrium coverage, ueq. For an 
asymmetric block copolymer with NB >> NA16/15 the 
equilibrium coverage is given by eq V-2 so that 

u* / ueg = (NA16/15/NB)W115 << 1 (V-18) 
The brush potential becomes thus relevant before the 
coverage reaches the equilibrium value, uw 

For less asymmetric block copolymers the equilibrium 
coverage is given by eq V-3 and the ratio u*/aq is of order 
1. In this regime the brush potential may only become 
relevant for coverages of order uep; we however check in 
Appendix IV that u* remains smaller than sego 

In the micelle-limited regime the coverage rate (eq V-14) 
is constant and the coverage u increases linearly with time. 
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Figure 5. Short-time kinetics. We plot the reduced coverage 
C = a f !mc(DT1)112 as a function of the reduced time, T = t /T l ,  
in the diffusive and micelle-limited regimes as obtained from the 
explicit calculation in Appendix 11. The dashed line corresponds 
to adsorption without micelle relaxation (- - -, Gch). 

a = @ c m c ( ~ ~ l ) 1 / 2 ( t / ~ ,  + c) (V-19) 
The integration constant c of order unity can be neglected 
at  times much larger than TI  (the detailed calculation in 
Appendix I1 gives c = l/2). This linear increase is expected 
to be valid for times smaller than T3: 

NB*/5a (DT,) 'I2[ In (T ,  / T ~ ) ]  6/5 
T3 = (V-20) 

@cmca3D 

The molecular weight dependence of T3 is estimated from 
that of T1 and acme (eqs 11-7 and 11-27): 

NL1'25 eXp(yAs(4~/3)Np/3 - (0 - (r/2)N2/5) 
T3 = 

(V-21) 

For consistency we also have to check that the relaxing 
micelles with a size belonging to the peak of the distribution 
each release less chains than the average fluctuation, 6p, 
of the distribution. This condition is most restrictive for 
micelles near the wall for which it can be written as 

(V-22) 
Inserting expressions 11-7 for @cmc and 11-27 for T I ,  we 
obtain 

(@u3)"2 

@ ' p  > @cmcT3/ T l  

This condition is not very restrictive and is satisfied at any 
concentration much larger than the cmc (the only ones of 
practical interest). 

We thus expect a linear increase of the coverage between 
times T I  and T3. In this regime, micelle relaxation is the 
rate-limiting process. A comparison between eqs V-9 and 
V-19 shows how micelle relaxation accelerates considerably 
the adsorption with respect to what it would be for a 
solution containing only free chains (see also the calculation 
in Appendix I1 and the associated Figure 5). We have 
supposed here that the micelle relaxation is linear. The 
influence of a nonlinear micelle relaxation on the adsorp- 
tion is briefly discussed in Appendix 111. 

(3) Brush-Limited Regime. When the potential 
barrier due to the brush dominates the kinetics, K may 
be neglected with respect to D/(DT1)1/2 in eqs V-13 and 
V-14. The coverage rate given by eq V-14 is 

dafdt  = K(a) acme (V-24) 
This is independent of the micelle relaxation time TI, and 
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the free-chain concentration is very close to the cmc even 
in the vicinity of the wall. The coverage rate strongly 
depends on the coverage a through K(a) that varies 
essentially exponentially. When eq IV-15 is used for K(a) ,  
eq V-24 may be integrated: 

au2 = N p 5 { l n  ( t /T4) )6 /5  (V-25) 
The characteristic time T4 in the brush regime is 

T4 = 70/(@cmca3) (V-26) 
where 70 = 6*qa3/kT is a microscopic time. 

Note that In (T3/T4) = (1/2) In (T1/70) and that eq V-25 
crosses over smoothly to the micelle regime coverage at  t 
= T3. In this regime where the kinetics is dominated by 
the diffusion through the potential barrier, the coverage 
increases roughly as In t and the kinetics is unusually slow. 
This regime is expected to last until saturation effects come 
into play, when the extrapolated coverage (eq V-25) 
becomes close to the equilibrium coverage, aeq. We thus 
define the crossover time T5 where the extrapolated 
coverage reaches its equilibrium value. 

In (T5/T4) = NB(aequ2)5/6 (V-27) 

For asymmetric copolymers (NB > N A ~ ~ / ~ ~ )  the equilib- 
rium coverage is given by eq V-2 so that 

(V-28) 
For symmetric copolymers the equilibrium coverage is 

given by eq V-3 at the crossover, and the two last terms 
on the right-hand side of eq V-28 cancel leading to 

7'5 70 ~ ~ P [ ( ~ T / ~ ) Y A S N A ~ / ~ ]  (V-29) 
A direct comparison between the leading exponential 
contributions to T5 (eq V-28 or V-29) and T3 (eq V-21) 
shows that T5 > T3, as expected from the discussion of a* 
(eq V-18). We thus expect a brush-limited regime for times 
T3 C t < T5. In many experimental situations, we may 
also expect that the equilibrium is never reached, the 
experimental time scale being smaller than T5. 

(4) Saturation. At the end of the brush regime, final 
relaxation toward equilibrium takes place. In the solution 
close to the brush the chain concentration is close to @p,mc, 
but due to the brush barrier, the coverage is not yet the 
equilibrium coverage. The flux J, to the wall in the 
saturation regime is obtained from eq IV-16, assuming that 
K(a) is approximately equal to its equilibrium value K8q: 

J, = -Keq(acmc - @,) (V-30) 
The chemical potential, pads(a), for the adsorbed chains 
a t  coverage a is 

where ba = a - beg. 

chains at concentration aB is 
On the other hand, the chemical potential for the free 

p c h  = pcmc + kT log (@g/@cmc) = pcmc + kT 6@s/acmc 

(V-32) 
where 6@,  = as - @,,,. 

The adsorbed layer of coverage a would be at equilibrium 
with a free-chain solution of concentration The 
relationship between 6@, and 6a is obtained by equating 
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(V-33) 

and therefrom the flux J ,  to the wall (eq V-30) is 

(V-34) 

The crossover between the brush regime and the saturation 
regime occurs with a continuous adsorption rate. The 
crossover coverage is expected to lie close to equilibrium 
coverage. The flux to the wall at the crossover on the brush 
regime side is approximately 

J = -Keq@cmc 07-35] 
Equating the two fluxes Js(a*) and J(Q*) gives the relative 
difference between crossover coverage and equilibrium 
coverage 6a* = u* - ueq: 

(V-36) 

The chemical potential in the adsorbed layer may be 
estimated from the free energy, F(a), of the layer 

leading to 
6a*/ueq = -N,-'(aeqa 2 ) -5 /6 (V-38) 

For symmetric copolymers 

6a*/ueq = N i 2 / 5  << 1 (V-39) 
For asymmetric copolymers (NB >> N,416/15) 

Saturation only becomes relevant very close to the 
equilibrium coverage, ueq, as expected. 

The characteristic relaxation time for this saturation 
regime is obtained by equating the flux toward the surface 
with the coverage rate 

d6(aa2)/dt = 6(0U2)/T6 (V-41) 
where the relaxation time T6 is given by 

T6 = ~ 1 ( e q ~ ~ ( ~ e q ~ z ) - 1 ~ 6 @ ~ m c a z } - 1  (V-42) 
This time has the same exponential molecular weight 
dependence as Tg. A t  even larger times, outside the 
experimental range, micelle relaxation over the whole 
distribution with the characteristic time TZ (Aniansson's 
slow process) brings the micelle distribution back to 
equilibrium. 

The coverage a is sketched as a function of time in Figure 
6 showing the three successive adsorption regimes of the 
long-time kinetics. 

VI. Conclusion 
We have studied the adsorption kinetics of diblock 

copolymers onto a wall from a highly selective solvent when 
the insoluble A block adsorbs and the soluble B block is 
repelled by the wall. In the bulk the critical micellar 
concentration is extremely low and a t  any reasonable 
concentration the polymer chains aggregate to form mi- 
celles. The essential results of our study concern the role 
of micelles on the adsorption kinetics. Micelles never 
adsorb directly: the external layer soluble in the solvent 
is repelled strongly by the wall and creates an enormous 
energy barrier for adsorption that we studied in section 

Figure 6. Sketch of the longtime adsorption kinetics showing 
the surface coverage in the micelle-limited regime I1 (7'1 H 0 < 
t < T I ) ,  the brush-limited regime I11 (7'3 < t < Ts), and the 
saturation regime IV ( t  > 7'5). 

111. In a reasonable experimental time scale, only the free 
chains adsorb. This however does not mean that the mi- 
celles play no role on the adsorption kinetics. The 
adsorption of free chains locally breaks the equilibrium 
between free chains and micelles. The local equilibrium 
is restored by a relaxation of the micelles, which release 
free chains that may themselves adsorb. The presence of 
micelles thus accelerates strongly the formation of the ad- 
sorbed copolymer layer on the  wall. This effect is 
particularly important in the early stages of the adsorption 
when the interfacial layer has not yet developed the brush 
structure that  presents a high-energy barrier to  the 
adsorption of new chains. 

In order to describe the relaxation of micelles, we have 
used a generalization of the work of An ianss~n~~- '~  on small 
surfactant micelles first used for copolymers by Halp- 
erin and Ale~ander . '~J~  This leads in the regime where 
the micelle relaxation is the limiting step for the adsorption 
to a linear increase with time of the surface coverage, Q, 

much faster than the adsorption of a free-chain solution, 
which is diffusion limited and would increase with time 
as t1/2. 

A t  later times, the rate-limiting step for the adsorption 
is the energy barrier presented by the polymer brush 
formed by the adsorbed chains. The increase of the surface 
coverage is very slow [as (log t ) 6 / 5 ] ,  and micelles play little 
role in this regime. This extremely slow increase of the 
surface coverage should not allow the formation of the 
equilibrium brush structure in a reasonable time in many 
experiments. For block copolymer solutions the various 
time scales characterizing these adsorption regimes are well 
separated; this allows an asymptotic analysis. We do not 
expect it to be true for small-chain surfactants, and their 
behavior is probably qualitatively very different. 

Our results could be directly cornpared with experiments 
on diblock copolymer adsorption. The only experiment 
that we know of where the amount of adsorbed copolymer 
is measured as a function of time is due to TassinI3 et  al. 
for polystyrene-poly(viny1pyridine) copolymers in toluene 
solution. The adsorption kinetics strongly depends on the 
concentration and becomes faster above the cmc, the 
differences being particularly important in the early stages 
of the adsorption (at times of the order of 100 s). A t  later 
times (up to 15 h where the experiment is stopped) the 
surface coverage increases logarithmically with time. One 
should, however, notice that we have supposed throughout 
the paper that the dense polymer regions formed by the 
core of the micelles or the adsorbed layer remain liquid; 
it is not clear whether this is true experimentally. 
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Our analysis has been quite rough, as we were limited 
to scaling laws, and several points certainly deserve a more 
precise study. This is particularly the case for the mi- 
celle relaxation phenomena, which seem to have received 
very little attention both on the theoretical and the 
experimental side. The potential barrier created by the 
adsorbed polymer brush could also be studied in more 
detail by using the more refined theory of Milner et a1.33134 
as has been done for end-grafted polymers by Ligoure and 
Leibler.35 This would allow a determination of prefac- 
tors that can play an important role in the exponential 
Boltzmann factor if one wants to give qualitative numerical 
estimates. The adsorption kinetics has been described by 
a diffusion equation, ignoring any convective motion in 
the solvent. Convective motions certainly exist in practice 
far from the solid surface and accelerate the transport of 
chains toward the surface. 

Finally we have limited the study to highly selective 
solvents where the copolymer block that is incompatible 
with the solvent forms molten regions and to adsorption 
from a micellar phase in order to get a more realistic 
approach; we should certainly extend this work to less 
selective solvents and to solutions forming other types of 
mesophases.* 
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Appendix I. Interaction between a Solid Wall and 
a Starlike Micelle in  the Mean-Field 
(Random-Walk) Approximation 

In the mean-field (random-walk) approximation, the 
propagator of a free chain with one end fixed at the origin 
is Gaussian. When two coordinates are integrated out, we 
obtain the probability of finding the other end at  the 
abscissa z after N steps 

G$(z) = ( 3 / 2 s ~ ~ N ) ' / ~  exp(-z2) (AI-1) 
where N is the number of statistical units (persistence 
lengths) in the chain and z is the reduced distance to the 
plane z = 0 

z = ( 3 / 2 N ~ ~ ) ' / ~ z  (AI-2) 
If the plane z = 0 is replaced by an impenetrable wall, when 
one end of the chain is fixed at  a distance d from the wall, 
the probability of finding a monomer at  the wall is zero. 
The propagator is the solution of the diffusion equation 
such that GdO) = 0. Using an image picture, we obtain 

G&) = Z'(C,O(z-d) - G,O(z+d)) (AI-3) 
Usual normalization gives the partition function 2 of a 
chain with one end fixed at  a distance d from the wall and 
the other free in the half-space: 

The last relation defines the free energy, F ( d ) ,  of a chain 
with one end fixed at  a distance d from the wall and the 
other free in the half-space 

Z(d) = erf d (AI-4) 

F(d)  = -kT log (erf d) (AI-5) 
where the reference state is taken infinitely far from the 
wall. 
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When p such noninteracting chains are grafted on a 
pointlike core located at  a distance d from the wall, to build 
a starlike micelle, their partition function 2, is 

zp = zp (AI-6) 
and therefrom the free energy 

F ( d )  = -pkT log (erf d)  (AI-7) 
Expanding the error function for small d, we find, for the 
partition function and the free energy 

Zp(d )  = [(6/r)'/2d/R]P (AI-8) 

(AI-9) F ( d )  = -pkT log [(6/r)"2d/R] 
where the micelle radius, R, is 

R = (Nu2)'/' (AI-10) 
For distances d small compared to R the numerical factor 
in the logarithm function becomes negligible. As 
announced, this result follows the general scaling form of 
eq 111-1, the mean-field exponent being mo = p .  The 
introduction of the excluded-volume interaction only 
changes the value of the exponent and thus the prefac- 
tor of the logarithm function in the free energy, replacing 
p by p3j2 (compare eqs 111-5 and AI-9, for instance). 

Appendix 11. Explicit Calculation of the  Chain 
Concentration Profile and the  Surface Coverage 
in the Diffusive and the  Micelle Regime 

Here we present an explicit calculation of the concen- 
tration profile and the coverage in the low-coverage regimes 
where the potential barrier due to the brush is not relevant. 
In this aim we assume linear micelle relaxation (nonlin- 
ear relaxation is considered in Appendix 111); furthermore, 
we replace the ratio of the characteristic times for mi- 
celle relaxation and diffusion through the barrier by a 
constant: 

(AII-1) 2 T,/(@/D) = 
We consider here regimes where the potential barrier is 
not relevant, so in our calculation we let a go to infinity. 
Micelle relaxation defines a time scale TI  and a length scale 
(DT1)1/2; using these units, we write the relaxation- 
diffusion equation (eq V-4) in a dimensionless form 

(AII-2) 

where T = t/T1 and y = Z / ( D T ~ ) ' / ~ .  When the Laplace 
transform of h(r)  is denoted by h(s), the transform of eq 
AI-2 reads 

a2f 
= ,(s,y) a Y  - f(s,y) (AII-3) 

The solution f(s,y) must vanish at  infinity and is thus 

f(s,y) = B(s)  exp[-y(1 + s) ' /~ ]  (AII-4) 
where B(s) is determined by the boundary condition at  the 
wall (eq V-6). Expressing this boundary condition by 
means of the Laplace transforms, we obtain 

B(s)  = {s(l + (1 + s) ' /2/a]- '  (AII-5) 
which in turn leads to the following expression of f(s,y) 

(AII-6) a exp(-yS'/') 
(s - 1)(S"2 + a) f(s,y) = 

where S = s + 1. 
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Coming back to the function of time f(r,y), we obtain36 
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2(a + 1) 

a%) erfc (" + d2 
2T1l2 

Let us first show that the concentration is time indepen- 
dent near the wall for t k e s  larger than TI. More generally, 
a t  a point y for times T larger than y/2,  using the 
complement error function e r f P  with positive argument, 
we obtain from the above formula 

l ) ~ ]  erfc (* + CYT"') (AII-8) 

Using the erfc function expansion for large arguments leads 
to 

f = [a/(. + l)] exp(-y)[l+ ~ T , Y ) I  MI-9)  
where 

I (AII-10) 2a 

from which it clearly appears that  f ( y , ~ )  becomes T 

independent for T much larger than 1 and, as already 
assumed, T larger than y/2 (the second term t ( ~ , y )  being 
a very small correction). In particular, close to the wall 
the chain concentration is steady at  times larger than TI. 
When a is much larger than unity, we recover 

-- 1 
T 1 / 2  - y/2T'/2 a - 1 aT1/2 + y/2T'/2 

f = exp(-y) (AII-11) 
a result obtained directly in the text. 

rate 
From the expression of ~ ( Y , T )  we deduce the coverage 

or 

a exp[(a2 - 1 ) ~ ]  erfc (ar'/') (AII-13) 

in which the time-dependent term relaxes toward 1 as 1 
+ [exp(-~)] / (mW2. 

1 
For times larger than TI we thus obtain 

(AII- 14) 

an expression consistent with the previous result for large 
a. The short time limit (above the molecular regime) valid 
for a-2 << T << 1 is dominated by the last term, where we 

obtain 

(AII- 15) 

which gives the coverage rate in the diffusive regime. It  
is however possible to deduce a simple expression for the 
coverage by using tabulated functions for T >> 
Expanding the last erfc function for large arguments, we 
obtain the coverage rate: 

For convenience we go over to a >> 1; then 

(AII- 17) 

with g(7) = 1 + [ e x p ( - ~ ) ] / ( m ) ~ / ~  - erfc ( T ' / ~ ) .  

The coverage may be deduced by integration 

a = @ . , , , ( D T ~ ) ~ / ~ G ( ~ )  (AII- 18) 

where G(T) = .f&(u) du = T + erf ( T ' / ~ )  - 2[1/4 - i2 erfc 
( ~ ' 1 ~ )  - TW erfc ( T ' / ~ ) ] ,  in erfc ( x )  being the tabulated, 
repeated integrals: 

in erfc ( x )  = l m i n - '  erfc (u) du 
erfc ( x )  

The plot of function G(T) (see Figure 5 )  shows that it is 
close to its asymptotic form 

with io erfc ( x )  = 

G ( ~ , T )  = T + 1 /2  (AII-19) 
for T > 1; the linear regime is then reached. On the same- 
figure we plot 

Gch(7) = ~/ (TT) ' / '  (AII-20) 
corresponding to the extrapolated diffusive regime; one 
sees how much micelle relaxation accelerates the kinetics. 

Appendix 111. Effect of Nonlinear Micelle 
Relaxation on the Kinetics in the Micelle Regime 

In this appendix nonlinear micelle relaxation and ita 
effect on the adsorption kinetics are considered. In the 
text we use a linear law to describe Aniansson's fast 
relaxation process. This is written (eq 11-21) 

a+,/at = (acmc - *,)/T, (AIII-1) 
where T1 depends on both the extraction time T for a single 
chain and the micelle distribution (see eq 11-26). When 
the dimensionless concentration f = ('cmc - @l)/@cmc is 
used, the above equation reads 

The right-hand side may be considered as a first-order 
expansion of a micelle relaxation term so; when f remains 
close to zero the linear approximation is certainly valid, 
we now give a solution of the diffusion-relaxation equation 
(eq IV-1) beyond linearity: 

aflat = -f/ T, (AIII-2) 

(AIII-3) 

Assuming a quasisteady profile near the wall, we neglect 
the left-hand side of AIII-3 and obtain 

d2f/dz2 = s ( f l / D  (AIII-4) 
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which by integration leads to 

This in turn gives the flux to the wall 

We thus recover the linear micelle regime 

with 

(AIII-6) 

(AIII-7) 

(AIII-8) 

Assuming a strongly depleted layer close to the wall, f(0) 
can be set equal to 1 in the above integral: 

T = [ J12s(f) dfl-’ (AIII-9) 

Note that T takes the particular value T1 when s( f )  is 
replaced by its linear approximation f/T1. In this picture 
all the results for the micelle regime hold if one replaces 
T1 by T. However, the precise law for s( f )  has not been 
obtained so far to our knowledge. 

We focus now on the special case f = 1, where the 
remaining free chains may be neglected, which requires 
a special treatment. The whole size distribution relaxes 
then, with the mean aggregation number moving toward 
1. When polydispersity in the distribution peak is 
neglected, the associated relaxation term reads 

a*.,/at = * / n 7 ( n )  (AIII-10) 
where n is the instantaneous mean aggregation number 
and r(n) the associated extraction time. 

For n = p we obtain, from eq 11-26 

(AIII-11) ”‘ In=p 1 

We checked (eq V-23) that for copolymer concentrations 
well above the cmc, as is usually the case, each micelle 
releases less than the average fluctuation 6p of the size 
distribution chains. We may neglect the variation of 7(n)  
during the whole process, so we set 7(n)  = 7(p ) .  Thus, for 
poor chain concentrations (f 1) the micelle relaxation 
term so tends toward its linear extrapolation 1/T1. This 
is due to the small amount of chains released by each mi- 
celle; we may assume that s( f )  remains close to the linear 
law everywhere or at  least that the time T defined by the 
integral in eq AIII-9 remains of order TI .  The results for 
the micelle regime obtained under the linear relaxation 
assumption in section V2 must thus be valid. 

Appendix IV. Comparison between Crossover 
Coverage and Equilibrium Coverage 

To obtain the equilibrium coverage, we may equate the 
stretching energy of the B block in the brush F(ueq) and 
the chemical potential of a chain in the solution pcmc using 
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the notations introduced in eq 11-27: 

F(ueq) = /3N:’5 (AIV-1) 
The crossover coverage, u*, is given by eq V-17; equating 
the arguments of the leading exponential factors coming 
from the activation energy, F(u*), and the relaxation time 
TI, we obtain 

F(~*) = (,/2)~;/5 (AIV-2) 
As mentioned after eq 11-27, CY is smaller than p; thus u* 
is smaller than uw, F being a monotonic increasing function 
of u. 
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