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ABSTRACT: The adsorption of micelles made from precisely synthesized branched block copolymers is
investigated and analyzed using a model framework that incorporates the effects of mass transport and
dynamic relaxation/reorganization events occurring at the solid/fluid interface. Both processes are required
to represent adequately the adsorption profile over the entire progression to pseudoequilibrium. Insight into
the relative importance of the two processes, the terminus of the diffusion-dominated regime, and differences
between diffusion in free solution and in confinement is also provided. The results demonstrate commonality
between adsorption of micelle-forming surfactant-like copolymers and biomimetic vesicles formed by small-
molecule surfactants, both of which are systems dominated by rearrangements on the surface.

Introduction

The adsorption of complex soft matter at interfaces is relevant
to a variety of chemical and biological phenomena and central to
the promise of preferential adsorption as a scalable and robust
method of materials processing. Self-assembly has been proposed
as an enabling technology that is suitable for the fabrication of a
variety of next-generation devices and systems, such as nanopat-
terned resists for advanced lithography electronic circuitry and
biomimetic constructs.' In this pursuit, block copolymers having
incompatible blocks are often used because rigorous and con-
trolled synthetic strategies can be employed to tailor how
chemical information is encoded into the molecule by tuning
composition, connectivity, and chemical constituents.” In a
selective solvent, block copolymers spontaneously self-assemble
into complex microphase segregated ensembles.

In this article, we investigate the kinetics of preferential
adsorption of self-assembled macromolecular ensembles onto
solid substrates and the kinetic processes leading to the formation
of tethered polymer layers, which in contrast with the thermo-
dynamic behaviors of micellar systems in solution' ~® is dealt with
in a largely phenomenological manner. It is generally agreed that
when micellar systems self-assemble at the solid/fluid interface,
there is a dynamic relaxation/reorganization of the micelles that
ultimately leads to the tethering of individual chains and micellar
structures.™ 3 Rearrangement processes that may occur in-
clude breakup of the entire micelle, releasing single chains that
will preferentially adsorb, or adsorption of micellar coronal arms
that then lead to a redlstrlbutlon of the core blocks to populate
the surface and relieve the local crowding.® It is also speculated
that in situations where there is a high energy barrier between the
coronal arms and the substrate, the micelles never adsorb but act
only as reservoirs, supplying free chains to the solution that may
eventually tether, driving the layer formation process.”

Despite the agreement on the complexity of the phenomena
and possible mechanisms at play during adsorption, these
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dynamic events are basically omitted from any mathematical
description of the adsorption process. Oftentimes, the classical
diffusion-controlled model, T(r) = 2C.(Dt/x)"?, derived from
Fick’s second law, which depends on the initial adsorbate con-
centration, CO, and the diffusion coefficient, D, is assumed to
apply and is used to describe how the adsorbed amount,
T, changes with time, 7, in the early stages.'*'> However, almost
no attention is placed on identifying the true terminus of the
diffusion-limited regime, verifying the 7'/* time dependence, or
properly describing adsorption behaviors at the intermediate or
long times of the adsorption process. Moreover, assumptions
of no interactions between approaching and adsorbed chains
and that every polymer chain that reaches the surface is
adsorbed immediately are dramatic simplifications and particu-
larly problematic for large adsorbing molecules and macromole-
cular aggregates that have numerous conformational states
and are in dynamic equilibrium with single chains. As a result,
values of D extracted by fitting the experimental data in early
stages of the self-assembly process often deviate substantially,
sometimes b)}/ several orders of magnitude, from values typically
expected. !>~ 119718 While successful for describing the adsorp-
tion of single polymer chains'*!* and the sequential adsorption of
homopolymers,” the Fickian diffusion-controlled model has
proven to be unsuccessful for linear diblock copolymers forming
polymer brushes'® and more complex systems such as high-
molecular-weight triblock copolymers'’ and polyelectrolyte
micelles.!" To examine the importance of dynamic relaxation/
reorganization processes occurring at the solid/fluid interface,
preferential adsorption of polymer micelles onto Si/SiO, surfaces
is monitored in situ by phase-modulated ellipsometry, allowing
their adsorption kinetics to be studied in real time.

Experimental Section

Materials and Sample Preparation. Miktoarm PS—PI—(PI),
branched block copolymers were synthesized via anionic poly-
merization using chlorosilane coupling to graft two PI anions and
a PS—PI diblock copolymer at a junction. (See Figure la.) This
scheme exploits methods pioneered by Mays and Hadjichristidis,

Published on Web 09/25/2009 pubs.acs.org/Macromolecules



7914  Macromolecules, Vol. 42, No. 20, 2009

Branches

2N

PI PI
Stem —» PI
Anchor —” PS

a)

Hinestrosa et al.

b)

Figure 1. (a) Illustration of a single PS—PI—(PI), miktoarm copolymer. (b) Cartoon depicting the preferential adsorption of macromolecular

ensembles onto silicon substrates from n-hexane solutions.

Table 1. Properties of Polystyrene—Polyisoprene (PS—PI) Diblock and PS—PI—(PI), Miktoarm Copolymers, With Block Molecular Weights
Given in kilodaltons

sample ID and block M, M, PS (kDa) M, PI (kDa) PDI dn/dc Dy (cm?/s)” Ry/Ry)
DB PS—PI 26/141 26 141 1.09 0.224 8.7 x 107% 0.78
MA1 PS—PI—(PI), 33/33/(14), 33 60 1.01 0.219 1.7 x 1077 0.62
MA3 PS—PI—(PI), 29.6/70/(43), 29.6 156 1.17 0.207 12x 1077 0.73
MA4 PS—PI—(PI), 33/33/(57.8), 33 149 1.14 0.199 1.1 x 1077 0.73

“Obtained from Polymer Source, Inc. ® Results obtained from static and dynamic light scattering at C, = 30 ug/mL in n-hexane.

whereby living macroanions are coupled using chlorosilanes
to afford branched architectures, as recently reviewed.? Here
a poly(styrene-block-isoprenyl)-lithium anion is reacted with
a considerable excess of trichlorosilane. After recovery of the
dichlorosilane end-capped PS-PI diblock, the separately made
poly(isoprenyl)-lithium “arms” are introduced and allowed to
react to give the miktoarm product. This method not only allows
the constituents to be characterized, but styrene and isoprene
monomers are among the best behaved monomers for living
anionic polymerization, producing well-defined structures that
promote fundamental studies of effects such as polymer architec-
ture, block size, composition, and solvent quality. Also, a PS-PI
diblock copolymer and a PI homopolymer were obtained from
Polymer Source (Montreal, Canada) to allow useful comparisons
because the molecular weights (M) of their blocks are very similar
to those of the miktoarm copolymers. Table 1 shows the properties
of all copolymers used, with the molecular weights of each block of
the PS—PI—PI, copolymers given in kilodaltons following the
sample identification string.

Stock solutions having a concentration of 300 ug/mL were
prepared by the addition of 60 mL of n-hexane (99%, Alfa
Aesar) to 18 mg of bulk polymer. The n-hexane was filtered
through Millpore 0.2 um PTFE filters prior to solution pre-
paration. The stock solutions were sealed and gently shaken for
at least 10 days at room temperature to allow for equilibration.
Prior to an experiment (48—72 h), an aliquot was taken from the
stock solution and diluted with filtered n-hexane to achieve the
desired experimental concentration at which the kinetics experi-
ments were performed. Concentrations of 30 and 3 ug/mL were
employed for the adsorption studies.

We cleaned diced silicon wafers (1.2 cm x 1 cm) obtained
from Silicon Quest by immersing them in “piranha acid”, a
70/30 (v/v) sulfuric acid (98%)/hydrogen peroxide (30%) mix-
ture, at 110 °C for 30 min. Piranha acid is a strong oxidizer;
contact with organic solvents must be avoided, and the solution
should not be left unattended. After the wafers were extracted
from the piranha acid bath, they were rinsed with copious
amounts of distilled water and dried with filtered N,. This
cleaning process leaves a silicon oxide, SiOy, layer of thickness
between 13 and 15 A, as checked by ellipsometry. These wafers
were used within 4 h of preparation. The glass fluid cell used to
conduct the kinetics experiments was also cleaned in piranha
acid in the same manner as the silicon wafers, except it was also
rinsed with filtered acetone (0.2 um PTFE Millpore) before the
N, drying.

Phase-Modulated Ellipsometry. The kinetics of self-assembly
at the solid/liquid interface is monitored using a Beaglehole
Picometer Ellipsometer, which uses a He—Ne laser light source
(A = 632.8 nm) and a photoelastic birefringent (quartz) element
to modulate the phase of the incident light beam. Phase modu-
lation provides a higher sensitivity, lower signal-to-noise ratio,
and a time resolution as short as 1 s. The design of the phase
modulation element includes a gauge crystal for feedback
monitoring, and thus slight variations in the system do not
affect the experiments. Ellipsometry is a technique that mea-
sures the real and imaginary components of the ellipsometric
ratio, p, which is defined as'®

P :lr—p = tan We® = Re(p)+ilm(p) (1)
s
where Re(p) = tan W cos A and Im(p) = tan W sin A and r, and
ry are the complex overall reflection coefficients of the p and
s polarization states, respectively. The angle W corresponds to
the ratio of attenuation of the p- and s-polarizations, and the
angle A corresponds to the respective phase shift.

At the start of the experiment, a clean silicon wafer is mounted
on a home-built stage that fits in a cylindrical fluid cell made of
high-quality optical glass. The entire fluid cell assembly sits on
an x-, y-, z-translation stage that can also be tilted (rotated)
about principle axes coincident with and perpendicular to the
plane formed by the p and s polarization states of the incident
light beam. This allows the sample to be aligned such that the
laser beam goes in (and exits) normal to the walls of the fluid cell,
impinges on the center of the wafer, and cleanly enters the
detector through a pinhole. The alignment procedure is per-
formed at incident angles of 75 and 40°. Then, the fluid cell is
filled with ~13 mL of filtered (Millpore PTFE 0.2 um) n-hexane
and, if necessary, realigned so the laser beam again passes
cleanly through the pinhole at 75 and 40°. After the system is
aligned, the arms that hold the incident and detector optics and
electronics are moved in tandem to the Brewster angle, defined
by GB = t'an*l(nsubstrate/}/lsolvent)a where Nsubstrate is the refractive
index of silicon (3.875) and ngoven 18 the refractive index of
n-hexane (1.372); therefore, for this system, Oz ~ 70.5°, and
under this condition, A = 90 and Re(p) = 0. Experimentally,
the Brewster angle is determined by finding the angle at which
Re(p) < 1 x 1073, nominally 5 = 70.5 £ 0.3°. After 6y is
determined, the imaginary signal, Im(p), is followed for about
1000 s to establish a baseline and determine if any contamina-
tion has adsorbed on the surface. Imaginary baseline signal
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Figure 2. Measured Im(p) signal for the adsorption of PS-PI 26/141
(DB) and PS—PI—(PI), 29.6/70/(43), (MA3) onto silicon substrates
from n-hexane solutions.

values of Im(p) = 9.6 x 10~ are typically obtained for silicon in
n-hexane, with deviations of the repeated measurements being
+3.9 x 107>, or roughly 5 parts in 1000. This demonstrates the
accuracy of the measurement and suitability of the phase-
modulated ellipsometer to resolve very small changes in surface
conditions. If the baseline remains stable, then the solvent is
drained from the cell and replaced with a polymer solution
(filtered through a Millpore PTFE 0.2 um filter) at the desired
concentration, and the measurement is quickly started. The
Im(p) signal is recorded every 3 s until a pseudoplateau in its
signal is reached. An illustration of the micellar adsorption
process is shown in Figure 1b, and data showing the evolution
of the imaginary signal from the baseline to the pseudoequili-
brium are shown in Figure 2. The reported results are the
average of at least three repeated experiments, and we have
found <7% variation between them. The adsorbed amount,
I (in milligrams per meters squared), which is the areal density
of polymer adsorbed on the substrate, is calculated from Im(p)
using the following equation'®

2 2
271 \/ Msolvent +nsubslrale dn
Im(p) _Im(p)baseline = 7— <a)r (2)

Nsolvent

Here A is the laser beam wavelength, and the refractive index
increment, dn/dc, values are determined independently at 25 °C
for each sample using a Wyatt Technology Optilab rEX refrac-
tive index detector (A = 658 nm) in conjunction with a Harvard
Apparatus PHD 2000 infusion syringe pump. The experimen-
tally determined dn/dc values are reported in Table 1.

Results and Discussion

Figure 3 shows the adsorption profiles for the miktoarm
copolymers at C, = 30 ug/mL with aninset log—log plot showing
the first 500 s of the adsorption process. For comparison
purposes, the kinetics of adsorption predicted for MA3 based
on a Fickian diffusion-limited model using the experimentally
measured’! diffusion coefficient in solution, D,, is also shown.
The adsorption at early times, < 100 s, is very fast because of the
large number of available sites, the diffusion of the macromole-
cular ensembles, and the rapid introduction of the polymer
solution into the fluid cell. Following this initial period, there is
a transition marked by continuously slowing the adsorption rate
until a pseudoplateau is reached at ~12 000 s. At these long times,
the layer is considered to be fully formed as repulsion between the
copolymers chains of the adsorbed layer shields the surface,
creating a significant barrier to penetration and tethering of
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Figure 3. Profiles showing kinetics of adsorption of PS—PI—(PI),
micelles formed in n-hexane onto silicon substrates. The solid colored
lines are the experimental data, and the black lines are the fitting results
obtained using eq 3. The solid orange line corresponds to an adsorption
profile calculated using the Fickian diffusion-limited model, I'() =
2C,(Dgt/m)"?. The inset presents a log—log plot of the adsorption
profiles up to 500 s.

additional chains or supramolecular ensembles. As seen in the
inset of Figure 3, the adsorption profile calculated using a Fickian
diffusion-limited model for sample MA3 shows substantial and
increasing deviation from the data after the first 30 s, suggesting
both the end of the diffusion-limited regime and the limit of
applicability of the Fickian model.

Control experiments using a Pl hompolymer showed negligible
adsorption (I' = 0.14 mg/m? at 10000 s) at the highest concen-
tration studied. (See the Supporting Information.) Static and
dynamic light scattering (SLS and DLS) were carried out to
determine the self-diffusion coefficient in solution, Dy, hydro-
dynamic radii, Ry, and radius of gyration, R,, in the selective
solvent n-hexane. This work will be described in a subsequent
article.”! As seen from the values shown in Table 1, the ratios
Ro/ Ry ~ 0.7 suggest that the branched PS—PI—(PI), copolymers
form spherical “hairy” micelles in n-hexane, having corona made
of the PI—(PI), blocks and a solvophobic PS core.”! These
findings, along with a larger spreading coefficient, S, for PS in
comparison with PI,?* suggest that there is an initial interaction of
the coronal blocks with the substrate and a subsequent reorga-
nization of the ensembles to expose the insoluble PS core blocks
to generate the polymer layer. (See the Supporting Information
for calculations of S.) It is interesting to note that the adsorption
behavior of sample MA1, which has the shortest PI—(PI), block
(My,p1 = 60 kDa) and smallest M, and Ry, exhibits an extended
transition period in its approach to pseudoequilibrium and
achieves the largest I' at long times (12000 s). The transition
toward the pseudoequilibrium occurs at shorter times for the
branched samples MA3 and MA4 (¢ = 700 s) in comparison with
the linear sample DB (# ~ 1000 s). This behavior is due to the
increased difficulty for chain penetration and adsorption posed
by the branched adsorbed macromolecules compared to linear
adsorbed chains.

Given that the diffusion-limited regime ends within a few
seconds and because there is negligible homopolymer adsorption,
we now test the suitability of the model proposed by Hubbard
and coworkers,?® which was conceived to describe the formation
of hybrid bilayer membranes by adsorption, rupture, and surface
fusion of vesicles, as a framework for characterizing the dynamic
processes by which complex macromolecular surfactant-like
systems self-assemble at the solid-fluid interface. To the best of
our knowledge, this model has been used only by the original
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Table 2. Adsorption Kinetics Fitting Results

Hinestrosa et al.

sample ID C, (ug/mL) K (cm/s)

DB 30 6.00 x 1072+ 1.05 x 107°
MAL1 30 876 x 107°4+9.16 x 107°
MA3 30 7.00x 107°+2.17 x 107°
MA4 30 4.00 x 1073 £2.63 x 107°
MA1¢ 3 3.56 x 107+ 4.03 x 107°
MA3 3 129 x 1075+ 1.06 x 1078
MA4 3 8.00 x 10754+ 486 x 107°

“Fitting results using eq 5 were better than those obtained using eq 3.

authors to explain the formation of biomimetic cell membranes®
and tested in limiting cases by Tirrell and coworkers®* to describe
the kinetics of bilayer formation by vesicle adsorption on silicon

I'(7) = T 1 —exp

I'm K?

Here I'y,, is the maximum adsorbed amount, D, is a near-
surface (effective) diffusion coefficient, and K is the surface
reorganization parameter that accounts for the variety of
dynamic relaxation/reorganization processes previously de-
scribed that may occur at the interface during adsorption.
Equation 3 is derived on the basis of an imperfectly adsorb-
ing substrate having a near-surface concentration gradient
and also satisfies the initial condition I';—gy = 0 and
boundary condition I';,—..) = I, 2> The parameter Kz/Deff
represents the relative contribution of mass transport to
surface relaxation/reorganization effects. Larger values of
K?/Der correspond to a mass transport limited regime,
whereas smaller values of Kz/Deff imply that layer formation
is governed by complex surface relaxation/reorganization
events. On the basis of this, two limiting cases are predicted.
For larger values of K*/ D, surface reorganization processes
are fast and the adsorption is diffusion limited*

_ 12
I'(t) = I'n 1—exp< F2mc° (D;fft) ) (4)

When the evolution of the layer is limited by surface
relaxation/reorganization events, the adsorption process

is modeled by**
1 —ex —KGot
p .

To characterize the adsorption of the branched block copoly-
mer micelles, eq 3 was used to fit the adsorption profiles using the
Marquardt—Levenberg algorithm with K, D, and I', as fitting
parameters. The model is parametrized using Dy as the initial
value for D.g and with I, set equal to the I' measured from the
pseudoplateau at ~12 000 s. The parameter C, is known and not
allowed to vary. Finally, an initial value of K = 1 x 10> cm/s is
used, which is similar to what was previously obtained by
Hubbard et al.?* and Strompoulis et al.>* to describe vesicle
adsorption. Values of K, D, and Iy, obtained by fitting the
adsorption profiles at C, = 30 and 3 ug/mL are shown in Table 2.
All parameters obtained from the fits show low correlation
coefficients (0.2 to 0.5), providing evidence that eq 3 is not
overspecified and that Dy, K, and I';,, are needed to characterize
the self-assembly of these macromolecular aggregates at the solid/
fluid interface effectively.

[(t) = T (5)

Dy (cm?/s) Ty (mg/m?) K/Degr (571
5.67 x 1078 +£2.13 x 107° 1.92+1.0x 1073 6.35 x 1072
239 % 1078 +3.09 x 1071 208+0.7%x 1073 321 x 107!
791 x 1078+ 6.86 x 1071° 1.62+13x 1073 6.19 x 1072
5.54 x 1078 +£3.29 x 1071° 1.84+8.7x 1073 2.88 x 1072

151+£1.0x 1073

142 x 1077+ 1.46 x 1071° 1.07+ 4.4 x 1073 1.17 x 1073
551 x 1077 £2.94 x 1071° 149+ 1.5%x 1073 1.16 x 1072

—KCo [ Dart [ [1@

substrates. The model allows the evolution of T" to be followed as
a function of ¢ with the adsorption rate depending on the fraction
of surface sites available®

1/2 12
t K%t 2 (Dt
}erfc <Deff> 1 +E( p- ) (3)

It is clear from Figure 3 and Table 2 that the “mixed-
controlled” model embodied by eq 3 accurately predicts the
entire adsorption kinetics profiles. The predicted T, values are
slightly lower than (within 10% of) the experimentally measured
values, and the adsorption behavior at early times has been
adequately captured. In agreement with experimental results, the
model also predicts that adsorption of MAI1 yields the largest
I',,, which is consistent with the idea that its smaller micelle
size allows more micelles to pack along the solid/fluid interface.
This result is in agreement with the work of Bijsterbosch et al.,?®
who studied the effect of micelle size on adsorption using
micelles made from poly(dimethyl siloxane)-block-poly(2-ethyl-
2-oxazoline) copolymers in aqueous solution. While in their
system, the adsorption kinetics are governed by an interchange
between the micelles and the free chains in solution; they found
that at constant concentration, as the size of each block is
reduced, T increases. Because of the glassy nature of the PS
blocks, it is often speculated that an exchange between micelles
and free chains during the adsorption might not occur; however,
it has been shown that in PS—PI micellar aggregates in n-heptane,
the PS core is slightly solvated.**® Additionally, Pispas and
coworkers?” showed that for PS—(PI); miktoarm copolymers
self-assembled in n-decane there is a coexistence of both micelles
and unimers in solution at low concentrations.

The constituent polymers of the micelles formed from DB,
MA3, and MA4 have a similar M, and PDI, and their micellar
aggregates show comparable trajectories in their adsorption
behavior, with the surface layers made from the branched
macromolecules having lower Iy, and K*/D.. We point to this
as supporting the idea that differences in micellar aggregate
structure (e.g., size, aggregation number, core, and coronal
solvation) affect both mass transport and dynamics of surface
relaxations/reorganizations, which in concert give rise to layer
evolution. It is interesting to note that the linear analog of the
miktoarm copolymers reaches a pseudoequilibrium I' value only
slightly less than that of the smallest miktoarm (MA1). One of the
relaxation/reorganization processes that might occur during the
adsorption process is the release of single chains, and it has been
shown that the passage of the chain through the corona is the
rate-determining step in this type of relaxation.?® Therefore, it is
reasonable to assume that it would be easier for a linear chain
embedded in micelle to extract itself from the ensemble and find
an adsorption site on the substrate, thus influencing the kinetic
process. In terms of the preferential adsorption behavior of the
miktoarm samples, from Table 2 it is observed that MA1 has the
largest K*/Degy value in comparison with MA3 and MA4. This is
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Figure 4. Adsorption of MA3 at C, = 3 ug/mL from n-hexane onto
silicon substrates. The light blue solid line is the experimental data. The
solid black line is the fitting result using eq 3, whereas the dashed line is
the fit obtained using eq 4 and the dotted line is the fitting results based
on eq 5. The inset shows the same profile and fits up to = 10000 s.

due to the smaller micellar ensemble size, which is controlled
by the shorter PI—(PI), corona. This translates into a larger
Dy, implying that reorganization/reorganization processes are
more relevant in contrast with mass transport. Sample MA3 has a
larger Kz/Deffvalue than M A4. This might be due to MA3 having
a longer PI stem block (70 kDa versus 33 kDa), which may favor
an easier reorganization because of single chain release and
micelle break up; however, the differences in the adsorption
profiles between these two samples are very subtle.

Although a full analysis of SLS and DLS measurements will be
published separately,”’ it is worth noting that the Dey values
obtained from the fits at 30 ug/mL are almost 1 order of
magnitude ( <5x) smaller than those determined by DLS. This
difference can be understood by noting that Dy captures the
near-surface behavior, whereas light scattering measures the self-
diffusion in free solution. Additionally, D.g comes from fitting
the entire adsorption profile measured from the injection of the
polymer solution to pseudoequilibrium. The values for the
reorganization parameter, K, are of the same order of magnitude,
~107° cm/s, as those obtained from studies of adsorption of lipid
vesicles,”** suggesting commonality with the adsorption beha-
vior of surfactant-based, bioinspired systems. Despite substantial
differences in molecular complexity (e.g., size, topology), it is
possible to affirm that the preferential adsorption of these
macromolecular ensembles share the same underlying physical
features: mass transport toward the solid/fluid interface and a
variety of dynamic surface relaxation/reorganization processes.
These include effects such as micelle breakup to supply single
chains, interaction of the corona chains with the substrate and
subsequent redistribution of the micellar ensemble to expose core
blocks, and reflection of micelles that fail to reorganize and
adsorb. The surface morphology is presumed to be a layer of
surface hemimicelles and preferentially adsorbed single chains, as
has been theoretically predicted by Ligoure®® for block copoly-
mer micelles adsorbed from selective solvents and experimentally
observed by techniques such as atomic force microscopy.'* AFM
images, albeit of dried layers, seem to support this inference, as
can be seen in the Supporting Information.

Further demonstration of the need to include both the diffusive
and dynamic surface relaxation/reorganization contributions
to properly describe the adsorption kinetics is obtained from
experimental results at lower concentration. Figure 4 depicts the
adsorption profile for MA3 at C, = 3 ug/mL, with the inset
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Figure 5. Adsorption profiles of PS—(PI)—(PI), miktoarm copolymers
onto silicon substrates from n-hexane at C, = 3 ug/mL. The black solid
lines are the best-fits obtained using eq 3 for MA3 and MA4 and eq 5 for
MAL.

scaled to highlight the early stages of the adsorption. A clear
indication of the effect of reduced adsorbate concentration is
that the time required to reach the pseudoequilibrium in T is
now ~45000 s, as compared with ~12000 s observed at C, =
30 ug/mL. It is also evident that a diffusion-controlled model
(eq 4) provides a better description of the very early stages of
adsorption at this concentration; however; the diffusion-limited
fit yields a Ty, = 1.25 mg/m?, which differs substantially from the
measured value, I'ymeasurea = 0.97 mg/m2. The kinetically
controlled model (eq 5) yields a slightly lower ', than what is
measured at the pseudoplateau, but as shown in the inset in
Figure 4, the agreement between the data and this limiting-case
model at early times is rather poor. Consequently, a mixed-
controlled model provides a much better description of the entire
preferential adsorption process, closely following the layer evolu-
tion up to its pseudoequilibrium. Figure 5 shows the adsorption
profiles for all the miktoarm samples at C, = 3 ug/mL. The Degy
values obtained by fitting the results at 3 ug/mL are an order of
magnitude larger than the ones obtained at 30 ug/mL, showing
the increasing effect of surface reorganization with respect to
mass transport. (See Table 2.) Here the parameter K>/Degr also
provides evidence of the importance of dynamic relaxation/
reorganization phenomena as the overall solution concentration
decreases. Comparing the results at C, = 30 and 3 ug/mL for
samples MA3 and MA4, the decrease in K>/Degy in conjunction
with the larger D.g values (~10~7 cm?/s) shows the enhanced role
of the surface relaxation/reorganization processes on the adsorp-
tion kinetics. This is also reflected in the long times required
(~45000 s) to reach pseudoequilibrium at low concentration
because the characteristic time scale of the dynamic relaxation/
reorganization events are long and the flux of new ensembles to
the surface is low. It is also found that the adsorption of the
smallest copolymer, MA1 at C, = 3 ug/mL, is best described by
the limiting case where adsorption is dominated by dynamic
relaxation/reoganization processes at the surface (eq 5) rather
than a diffusion-limited model or the mixed-controlled model.
Therefore, for small size micelles at a lower concentration, K2/ Degy
is smaller, suggesting that relaxation or reorganization of the
micelles becomes a more prominent factor in the adsorption
process. DLS experiments for sample MA3 at 3 ug/mL showed
the coexistence of spherical micellar ensembles with smaller
aggregates, unimers, or both in solution.?! This observation
helps to explain the much smaller K*/Degy value for MA3 with
respect to MA4 as well as the prolonged time over which the
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diffusion-controlled model provides a good fit during the initial
stages of adsorption. (See Figure 4.) DLS experiments at 3 ug/mL
for MA4 did not show any significant difference in the dynamic
behavior of the micellar aggregates and thus explain the fact that
there is only a minor change in the K*/Dey value for MA4 in
comparison with the one determined at 30 ug/mL. It is interesting
to note that at 30 ug/mL the adsorption profiles for MA3 and MA4
are quite similar, whereas at 3 ug/mL, they differ significantly.

The initial fast increase in I' observed at both concentrations
comes from the large availability of surface sites, where there is no
competition or interaction between absorbing ensembles or
macromolecules. In these initial stages, the near-surface concen-
tration profile evolves, mainly controlled by the diffusion of
material toward the solid/fluid interface but also because micelle
adsorption is neither instantaneous nor assured. Whereas the near-
surface concentration profile changes throughout the adsorption
process, the dynamic relaxation/reorganization events occurring
between the micelles and free chains in solution and of the
adsorbed chains at the interface dominate the evolution of the
interfacial layer. As the overall solution concentration decreases,
the flux of polymer to the interface decreases; therefore, longer
times are required to reach pseudoequilibrium. However, the same
diffusion and relaxation/reorganization processes take place to
generate the polymer layer on the surface.

Conclusions

The present work clarifies the important and controlling role
of dynamic relaxation/reorganization events that occur through-
out self-assembly (adsorption) of soft matter at the solid/fluid
interface. In the micellar systems studied, the evolution of the
interfacial layer toward pseudoequilibrium is the product of both
the diffusion of macromolecular ensembles and the relaxation/
reorganization events required to allow the PI corona chains to
interact with the substrate and subsequently expose the PS core
blocks to the substrate. This evolution is affected by the micelles
and free chains in solution, the adsorbed chains at the already-
populated surface, and the imperfect adsorption of the macro-
molecular ensembles, with the diffusion-limited regime described
by Fick’s second law ending quickly, even at ultralow concentra-
tions. The mixed-controlled model successfully describes the
kinetics of preferential adsorption from early stages to pseudoe-
quilibrium and provides a quantitative basis for understanding
the physical phenomena governing interfacial layer formation.
A clear challenge remaining is to link ensemble structure,
dynamics, and specific surface relaxation processes to the rate
constant that represents these complex processes. Such closure
would bring a fundamental understanding that connects macro-
molecular design, (supra) molecular assembly, and formation of
polymer-modified interfaces by self-assembly.
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