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ABSTRACT: We have studied the adsorption of charged, amphiphilic diblock copolymers above the critical
micelle concentration to develop a systematic understanding of the effects of micellization on the adsorption
kinetics. Two distinct regimes are found. If the micelle-surface interaction is sufficiently weak, micelles
do not adsorb and the adsorption kinetics depends only on the critical micelle concentration, that is, on
the concentration of free chains in solution. When the micelle-surface interaction is attractive, micelles
directly adsorb; however, the initial adsorption rate is slower than that predicted from diffusion rates
alone. It is suggested that micelles must overcome a potential barrier to adsorb, the rate determined by
a balance between the compressibility of the corona and the strength of the micelle-surface interaction.

Introduction
Over the past decade, the adsorption of amphiphilic

diblock copolymers has attracted extensive experi-
mental1-8 and theoretical attention9-12 due to the ability
of these molecules to self-assemble into structured
“brush” layers at surfaces. This feature has made them
powerful candidates for the control and manipulation
of surface properties. However, the adsorption processes
of polymers can involve long relaxation times that
effectively freeze in nonequilibrium states in the ad-
sorbed layer.13 The buildup of the layer most likely
occurs by the transport of either free chains or micelles
through a partially adsorbed layer, followed by a mo-
lecular rearrangement of the adsorbed species toward
the thermodynamically preferred surface structure. The
precise role that micelles play in this process is funda-
mentally important since the characteristic time scales
for the brush layer assembly should be greatly affected
by their presence. The degree of homogeneity achievable
in a certain period could also be expected to depend
significantly on whether micelles are present and active
in the adsorption process.

The adsorption of block copolymers can display rather
rich and varied behavior when carried out above the
critical micelle concentration (cmc). If the adsorbing
surface displays no affinity toward the coronal block,
micelles do not adsorb and the initial adsorption rate
should be set by the critical micelle concentration or the
concentration of free chains in solution. Adding polymer
above the critical micelle concentration only serves to
create more micelles and therefore will not impact
adsorption times. If the cmc is sufficiently low, adsorp-
tion may not even be observed on an experimental time
frame. For instance, Dewalt et al.14 found that block
copolymers of poly(styrene-b-ethylene oxide) did not
adsorb to polystyrene particles from aqueous solution,

where PEO displays no affinity for the polystyrene
particles. Only by adding tetrahydrofuran, a good
solvent for the polystyrene, did they find considerable
adsorption rates. This observation suggests that, in
water, micelle formation effectively ties up most of the
free chains and strongly hinders adsorption.

If, on the other hand, the corona of the micelle
displays an affinity toward the surface, direct micelle
adsorption may be possible. For instance, Hong et al.15

found evidence that poly(styrene-b-2-vinylpyridine) mi-
celles adsorb to silver substrates in toluene, and Webber
et al.16 showed that poly(2-(dimethylamino)ethyl meth-
acrylate-b-methyl methacrylate) micelles adsorb directly
to mica from aqueous solutions. In both cases, it was
demonstrated that the equivalent homopolymer com-
prising the corona of each micelle also adsorbed to each
respective surface, providing a rationale for micelle
adsorption. However, in the case of such systems, there
have been few experimental studies aimed at under-
standing the adsorption rate of micelles with respect to
their structure. Despite an affinity of the coronal block
to the surface, it is still expected that the corona must
deform upon adsorption, an energetically unfavorable
event.17 As a consequence, the adsorption of micelles is
expected to follow different behavior than that of
individual coils, which usually show negligible resis-
tance to adsorption and tend to adsorb more quickly
than their supply rate to the surface.

A third type of adsorption behavior has also been
experimentally observed, where despite evidence that
micelles do not adsorb, the adsorption rate is still faster
than that suggested by the free chain concentration
alone. For instance, Bijsterbosch et al.18 reported sig-
nificant adsorption of poly(dimethylsiloxane-b-2-ethyl-
2-oxazoline) to titanium dioxide despite an extremely
small value for the cmc and no apparent affinity of the
soluble block to the surface. Munch et al.19,20 found that
the rate of adsorption of poly(ethylene oxide-b-styrene)
micelles to sapphire in cyclopentane depends weakly on
the overall micelle concentration even though the coro-
nal block, polystyrene, does not adsorb to the surface.
An explanation of such anomalous behavior has been
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offered by Johner and Joanny, who argue that the
adsorption rate could perhaps be influenced by micelle
relaxation near the interface.10 In the early stages of
adsorption, the region next to the adsorbing surface is
depleted of free chains breaking the local equilibrium
between free chains and micelles. If, to reestablish the
local equilibrium, micelles in this zone relax and release
individual chains, which themselves can adsorb, the
formation of the adsorbed layer may be accelerated and
governed by this relaxation rate. These relaxation rates,
however, are not well-known for diblock copolymer
micelles, and it is uncertain whether this phenomenon
explains the above observations.

In this paper, we delineate how diblock copolymers
can initially populate an empty surface. Ellipsometry
is used to study the adsorption kinetics of poly(tert-
butylstyrene-b-sodium styrenesulfonate) (PtBS-b-NaPSS)
from aqueous solutions to both hydrophilic SiO2 and
hydrophobic OTS surfaces. NaPSS shows an affinity to
both surfaces; however, the affinity to OTS surfaces is
greater, presumably due to the strong hydrophobic
interaction between the carbon-carbon polymer back-
bone and the hydrocarbon OTS surface.21 The PtBS-b-
NaPSS copolymers are highly asymmetric, with the
hydrophobic poly(tert-butylstyrene) block only compris-
ing 3% of the molecular weight. The solutions are
characterized by extremely low critical micelle concen-
trations (<10-3 mg/mL) and form so-called “hairy”
micelles characterized by radii of gyration that are much
larger than the constituent chains. For comparison
purposes, the adsorption behavior of NaPSS homopoly-
mer is also studied.

Materials and Methods
Materials. Diblock copolymers of PtBS and NaPSS were

produced by sulfonation of a precursor diblock of PtBS and
polystyrene (PS), which was prepared by anionic polymeriza-
tion. The material was selectively sulfonated by the method
of Valint and Block to yield approximately 90% sulfonation.22-24

The sulfonic acid groups were neutralized using sodium
methoxide to generate the final diblock copolymers. To ensure
water solubility, the copolymers were made highly asymmetric
with a small hydrophobic PtBS block relative to a large NaPSS
block. The molecular characteristics of the polymers are shown
in Table 1. NaPSS homopolymer of molecular weight 87 000
was purchased from Polysciences and used as received. Opti-
cally clear solutions were obtained by dissolving the polymer
in Milli-Q water at a known concentration (100-500 ppm) and
stirring for 2-4 weeks. At approximately 1 week prior to the
experiment, the solutions were diluted to the desired concen-
tration, and the appropriate amount of sodium chloride was
added. At this time, the solutions were gently stirred at 90 °C
for 3 days followed by 4 days at room temperature to ensure
equilibrium and reproducibility of the solution. Immediately
before the experiment, the solutions were filtered through a
0.45 µm polycarbonate filter.

Silicon surfaces for adsorption were prepared in the follow-
ing way. (100)-oriented, double-sided polished, test grade
silicon wafers (Virginia Semiconductor) were cut into pieces
of appropriate size (∼1 cm2) and cleaned by a two-step process.
First, they were dipped into a freshly made 70:30 (v/v) sulfuric
acid/hydrogen peroxide solution for 10-15 min followed by
rinsing under Milli-Q water for 3-5 min. To remove any

remaining contaminants, the wafers were exposed to a UV
cleaning chamber between 5 and 10 min. The UV light source
was a low-pressure mercury quartz lamp. This treatment
yields a hydrophilic, contaminate-free surface with a native
oxide (SiO2) layer of 14-15 Å thick, as checked by ellipsometry.
Water will completely wet the treated surface. If the treatment
produced a finite contact angle with water, the cleaning
process was repeated. These cleaned surfaces were used within
10 min of preparation.

To prepare the hydrophobic surfaces, octadecylsilane (OTS)
films were made by immersing the substrates in 10-3 mol/L
solutions of octadecyltrichlorosilane in toluene for 1-2 h.
Octadecyltrichlorosilane (Aldrich, 95%) and toluene (Sigma-
Aldrich, HPLC grade, 99.8%) were commercially available and
used as received. The coating solutions were used for no more
than 1-2 days, after which they were discarded and new
solutions made. The film-covered substrates were then re-
moved from the solution and baked at 110 °C for 1 h to remove
any excess water and drive complete hydrolysis of the OTS
layer. If the OTS deposition was successful, the toluene
solution will dewet the surface and bead off as the substrate
is removed. Following the baking step, the substrates were
sonicated in HPLC grade chloroform to remove any loose OTS.

Ellipsometry showed the final film thickness was on the
order of 20-22 Å (the contour length of a single molecule is
26 Å); therefore, the surface coverage is on the order of 80%.
Typical advancing angles were 110°-115° and receding angles
were 100°-105°. Receding angles of less than 95° indicated a
poorly formed layer, and in the rare occasions when this
occurred, these substrates were discarded.

Ellipsometery Measurements. All adsorption experi-
ments were conducted with a Beaglehole picometer ellipsom-
eter, which uses a He-Ne laser light source (λ ) 632.8 nm),
has an angular resolution of 1/100, and is based on phase
modulation technique of Jasperson and Schnatterley.25 The
ellipsometer directly measures the real and imaginary com-
ponents of the ellipsometric ratio26

where Re(F) ) tan Ψ cos ∆ and Im(F) ) tan Ψ sin ∆. rp and rs

are the complex overall reflection coefficients of the p and s
polarizations, respectively. The angles Ψ and ∆ correspond to
the ratio of attenuation of the p and s polarizations and the
phase change between the p and s polarizations, respectively.

At the beginning of the experiment, either a freshly cleaned
silicon substrate or an OTS/silicon substrate was inserted into
a specially built cylindrical solution cell. The cell was then
filled with polymer-free solution at the desired salt concentra-
tion. The angle of incidence was set at the Brewster angle
(∼71°) for the water/silicon interface. At this angle, ∆ ) 90°
and Im(F) e 0.005. If Im(F) remained constant over the next
15 min, the polymer solution was introduced through the cell
inlet. The adsorbed amount Γ (mass/area) was then determined
using the following analysis27

where λ ) 632.8 nm, nsolvent ) 1.33, nsubstrate ) 3.88, and dn/dc
) 0.168 mL/g. The refractive index increment dn/dc for the
copolymers was measured with a standard Abbe refractome-
ter.28 The dn/dc values of both the NaPSS homopolymer and

Table 1. Polymer Molecular Characteristics

sample Mw NaPSS Mw PtBS Mw/Mn % sulfonationa NNaPSS
b NPtBS

b

NaPSS444 87 000 1.1 90 444
PtBS15-b-NaPSS438 86 000 2400 1.05 89 438 15
PtBS26-b-NaPSS413 83 000 4100 1.03 89 413 26

a Sulfonation degree is calculated from the elemental analysis analysis data on sulfur. b Weight-average degree of polymerization.

F )
rp

rs
) tan Ψei∆ (1)
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the NaPSS/PtBS diblock copolymers were approximately the
same due to the relatively small size of the PtBS blocks.

Dynamic Light Scattering. Dynamic light scattering
experiments were performed with a commercial goniomer and
correlator purchased from Brookhaven Instruments. A He-
Ne laser at a wavelength of 632 nm was used as the light
source. All autocorrelation functions gq(t) were measured at
0.3 M NaCl over both a range of scattering angles (60°, 90°,
120°) and polymer concentration (100-1000 ppm). Data
analysis was performed by the CONTIN Laplace transform
method, which characterizes the distribution of relaxation
times in the experimental time correlation window. The free
particle diffusion coefficient and corresponding hydrodynamic
radius of each sample exhibited very little angular dependence,
and thus only the hydrodynamic radii at 90° are reported.

Results and Discussion

Figure 1 compares the adsorption of the NaPSS444
homopolymer and the PtBS15-b-NaPSS438 copolymer
from a 0.3 M NaCl solution to a hydrophilic SiO2 surface
at a concentration of 87 ppm (87 mg/L). The molecular
weight of the NaPSS block in both cases is approxi-
mately the same to illustrate the effect of the insoluble
PtBS block on the adsorption kinetics. Surprisingly, the
adsorption rate of the homopolymer is faster than the
copolymer. The homopolymer reaches a plateau value
of approximately 0.4 mg/m2 in 3 h, whereas the copoly-
mer only reaches 0.1 mg/m2 in the same time. Even after
10 h, the copolymer layer has only achieved 1/2 the
surface coverage of the homopolymer layer.

It may be somewhat unexpected that NaPSS would
adsorb to SiO2. At neutral pH, SiO2 carries a slight
negative charge that should repel like charged NaPSS
chains. However, the hydrophobic nature of the NaPSS
backbone combined with the high ionic strength at
which adsorption was conducted must be sufficient to
overcome any significant charge repulsion. Nonetheless,
it is assumed that NaPSS only weakly attaches to SiO2.
This is somewhat supported by the plateau surface
coverage at long times, approximately 0.43 mg/m2,
which closely corresponds to value at which the ad-
sorbed chains begin to physically overlap. The hydro-
dynamic radius of NaPSS444 at 0.3 M NaCl was deter-
mined to be 66 Å based on DLS measurements. For
chains of sufficiently high molecular weight M in a good
solvent, the ratio of the radius of gyration Rg to the
hydrodynamic radius Rh is Rg/Rh ) 1.6.29 Therefore, the
overlap surface coverage is predicted to be M/πRg

2 ) 0.4
mg/m2. In the formation process of the adsorbed layer,

macromolecules find and adsorb to empty sites, driven
by nonelectrostatic interactions. However, because of the
opposing effect of electrostatic repulsive forces between
the surface and polymer segments as well as the
segments themselves, it is expected that the adsorbed
polymers tend to maintain a configuration close to their
solution coil size.30 As the layer reaches the condition
where the neighboring chains begin to overlap, unbound
polymer chains can no longer find empty space, and
further adsorption is strongly quenched. On the other
hand, if the monomer-surface interaction is sufficiently
strong, considerable distortion of the adsorbed coil can
occur, and adsorbed amounts much higher than the
overlap surface coverage can result.31

Figure 2 shows the adsorption of the same two
samples, NaPSS444 and PtBS15-b-NaPSS438, but this
time to the hydrophobic OTS surface. Again, as with
the hydrophilic surface, the trend is somewhat surpris-
ing in that the homopolymer layer is formed more
quickly, at least initially, than the copolymer layer. On
the other hand, the surface coverage of the copolymer
layer eventually surpasses the surface coverage of the
homopolymer at long times. After 24 h, the homopoly-
mer layer reaches a plateau value near 1 mg/m2, which
is a reflection of the stronger affinity between NaPSS
and the hydrophobic surface. This observation is con-
sistent with a recent study of the adsorption of NaPSS
to hydrophobic interfaces.32 The copolymer layer attains
the same value of 1 mg/m2 in 10 h and continues to grow
logarithmically slowly. After 48 h, the adsorbed amount
of the copolymer nears 1.4 mg/m2.

In the start of the adsorption experiment, when the
surface is still relatively bare, the upper limit for the
adsorption kinetics is set by the diffusion-limited trans-
port of the adsorbing species to the surface, as described
by10

where Γ is the adsorbed amount, D is the diffusion
coefficient, and Cb is the concentration of the adsorbing
species. This equation is valid only in the absence of
convection and assumes that each impinging species
sticks to the surface. Dynamic light scattering of
NaPSS444 homopolymer at 0.3 M NaCl yields a diffusion
coefficient D of 3.4 × 10-7 cm2/s. Superimposing the
predicted initial adsorption rate from eq 3 in Figure 2

Figure 1. Comparison of the adsorption behavior of NaPSS444
(b) and PtBS15-b-NaPSS438 (0) to a hydrophilic SiO2 surface.
Both polymers were adsorbed at a concentration of 87 ppm
and 0.3 M NaCl.

Figure 2. Log-log plot comparing the adsorption behavior
of NaPSS444 (O) and PtBS15-NaPSS438 (0) to a hydrophobic
OTS surface. Both polymers were adsorbed at a concentration
of 1 ppm and 0.3 M NaCl.

Γ(t) ) x4Dt
π

Cb (3)
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shows that the initial adsorption kinetics of the homo-
polymer to the OTS surface is well described by the
diffusion-limited transport mechanism with square-root-
time kinetics. The copolymer, on the other hand, ini-
tially adsorbs almost 10 times more slowly than the
homopolymer and shows an approximately linear time
dependence, which is the characteristic signature of
“reaction-limited” adsorption. Previous studies have
shown that the critical micelle concentration of PtBS-
b-NaPSS copolymers is well below 1 ppm.33,34 Therefore,
the diminished rate of diblock copolymer adsorption
must be attributed to micelle formation.

At first, it may be assumed that the copolymer layer
forms more slowly than the homopolymer layer due to
the slower diffusion rates associated with micelles. The
measured diffusion coefficient of a PtBS15-b-NaPSS438
micelle is 1 × 10-8 cm2/s, indicating that single chains
diffuse 3 times as quickly as the corresponding micelles.
According to eq 3, therefore, the micelles should adsorb
1.7 times more slowly than free chains. However, the
difference in the diffusion rates alone is not a satisfac-
tory explanation of the reduced adsorption rate of the
micellar solution. Instead, the limiting step must some-
how be related to the hindered ability of a micelle to
adsorb. The next two subsections will study in detail
micelle adsorption to both the hydrophilic SiO2 and
hydrophobic OTS surfaces.

Adsorption to SiO2. Figure 3 shows the adsorption
of PtBS15-b-NaPSS438 adsorbed at 9 and 87 ppm to SiO2,
an order of magnitude increase in the adsorbing con-
centration. Interestingly, over this range, the adsorption
rate is independent of the overall polymer concentration.
This observation suggests that micelles do not adsorb
to SiO2. Since both of these polymer concentrations are
above the critical micelle concentration, an increase in
polymer concentration only leads to the formation of
more micelles, and the free chain concentration remains
approximately constant. The adsorption kinetics in the
first 10 000 s (∼3 h) yields a square-root time depen-
dence (as shown by the solid line). Therefore, fitting the
data to eq 3 and using a diffusion coefficient of D ) 3.4
× 10-7 cm2/s, the adsorbing concentration Cb that gives
the best fit is approximately 0.2 ppm, which is in
agreement with the expected critical micelle concentra-
tion.33

Since the adsorption of free chains locally breaks the
equilibrium between free chains and micelles, micelles

next to the interface may relax and release chains that
may themselves adsorb. If the micelles relax more
quickly than the time needed to reach a saturated layer,
then the adsorption kinetics should cross over to a linear
time dependence and follow a faster rate of formation
than expected on the basis of the critical micelle
concentration alone.10 Furthermore, in the relaxation
driven adsorption regime, there would be a rate depen-
dence on the overall micelle concentration. Since neither
of these characteristics is observed in the data, it can
be concluded that micelle relaxation does not occur on
a time scale fast enough to influence the adsorption
rates.

Adsorption to OTS. Adsorption of the copolymer to
the hydrophobic surface displays qualitatively different
behavior than to the hydrophilic surface. A two-step
adsorption process is clearly seen, wherein the adsorp-
tion is initially linear in time followed by a monotoni-
cally decreasing power law. Figure 4 shows the adsorp-
tion of PtBS15-PSS438 to OTS at 0.3 M NaCl over a
concentration range of 5-87 ppm. Two trends emerge
from the data. First, the initial rate is highly dependent
on the overall concentration, which is distinct from
adsorption to the hydrophilic SiO2 surface, where mi-
celles are excluded from adsorbing. Second, the rate of
adsorption to OTS is much faster than to SiO2. At the
end of 3 h, the adsorption to OTS for the 87 ppm sample
nears 2.0 mg/m2, a 10-fold-increase over adsorption to
SiO2. Clearly, micelles must now be participating in the
adsorption process.

To demonstrate the fact that the entire polymer
population is contributing to the growth of the layer on
the OTS surface, the initial rate (dΓ/dt) of the PtBS15-
b-NaPSS438 copolymers is plotted against their adsorb-
ing concentration in Figure 5, which shows a linear
dependence. For comparison purposes, the initial rate
of NaPSS444 homopolymer and a PtBS15-b-NaPSS438
copolymer under the same conditions is also shown. In
each case, the homopolymer initially adsorbs the fastest.
Somewhat surprising is the 5-fold reduction in the
initial adsorption rate of the PtBS26-b-NaPSS413 micelles
in comparison to PtBS15-b-NaPSS438, where the in-
soluble PtBS blocks differ by almost a factor of 2. Figure
6 clarifies the adsorption behavior by showing the initial
rate of each sample polymer sample at a concentration
of 87 ppm vs its respective diffusion coefficient. Since
the critical micelle concentration is much lower than the
adsorbing concentration of 87 ppm, the diffusion coef-
ficients of the micelles were used for the copolymer
samples. It can readily be seen that the diffusion rate

Figure 3. Adsorption of PtBS15-b-NaPSS438 at 0.3 M NaCl to
a hydrophilic SiO2 surface. The two curves show a 10-fold
change in the adsorbing concentration. The solid line is fit to
eq 3 showing a t1/2 dependence, with a diffusion rate of 3.4 ×
10-7 cm2/s and an effective adsorbing concentration of 0.2 ppm
according to eq 3.

Figure 4. Adsorption of PtBS15-b-NaPSS438 to OTS at 0.3 M
NaCl as a function of the overall polymer concentration.
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alone is not a suitable predictor of the adsorption rate
of the copolymer micelles. If the initial adsorption was
controlled by the diffusion time for an adsorbing species
to reach the surface, the initial rate should vary as the
square root of the diffusion coefficient.

Because of the confinement of chains in the corona of
a micelle, it is assumed that the chains in a micelle are
less accessible to a surface than a free, unaggregated
chain. Therefore, a constrained structure such as a
micelle may be less likely to adsorb compared to a free
chain. It is assumed that this free energy penalty is
mostly due to compression and distortion of the corona.
It has been suggested that the deformation penalty has
the form10

where d is the distance of the micelle from the surface,
R is the radius of the corona, and p is the aggregation
number. Compression of the corona with an aggregation
number as low as 5 requires roughly 11kT of energy,
which would seem to preclude the adsorption of micelles
in the absence of any other driving forces. However, the
hydrophobic surface may also lower the energy barrier
sufficiently so that the micelles can adsorb. Particular
driving forces could now stem from a strong PSS-

surface interaction and a sufficiently long-ranged hydro-
phobic attraction between the micellar core and the
surface. If the deformation penalty dominates the
adsorption, then the initial rate should be expected to
follow

On the basis of these arguments, the differences in the
rates of PtBS15-b-NaPSS438 and PtBS26-b-NaPSS413 are
most likely dictated by the deformation resistance of the
corona. Since the aggregation number is expected to
scale as NA

4/5, the aggregation number of the PtBS26
micelle is expected to be approximately 11/2 times the
aggregation number of the PtBS15 micelle.10 Therefore,
there may be a delicate, yet complex, balance between
the deformation of the micellar corona and the number
of contacts its arms can make with the surface, the
balance of which determines the rate at which the
micelle can overcome the potential barrier associated
with adsorption and therefore the rate of the initial
adsorption event. If the attractive potential cannot
overcome the deformation energy, then the micelle
cannot adsorb, as seen with the SiO2 surfaces.

Effect of Cosolvents. The micelles formed by the
PtBS-b-PSS copolymers used in this study show no signs
of relaxation, or the release of free chains, in the
depletion zone next to the adsorbing surface, as previ-
ously discussed. This is consistent with a previous
investigation by van Stam et al., who observed that poly-
(tert-butylstyrene-b-sodium methacrylate) diblock co-
polymers with approximately the same molecular weight
range did not have measurable exchange kinetics at
room temperature.35 Adding dioxane in a 1:1 molar
cosolvent/polymer ratio, however, drastically enhanced
the mobility of the hydrophobic core and allowed the
micelles to release individual chains with time constants
on the order of minutes. It is expected that micelle
relaxation only accelerates the adsorption process in the
early stages of layer formation, when the potential
barrier due to the adsorbed layer is still not yet relevant.
Since the characteristic times for PtBS15-PSS438 to fully
populate either the hydrophilic SiO2 or the hydrophobic
OTS surface are on the order of minutes to hours, it is
anticipated that dioxane could be used to tune the initial
rate of layer formation and growth.

Figure 7 shows the adsorption of PtBS15-b-NaPSS438
to the SiO2 surface with the addition of 10 dioxane
molecules per polymer chain. For comparison, the
adsorption kinetics of the NaPSS444 homopolymer is also
shown. Because of the weak affinity between PSS and
SiO2, PSS438-PtBS15 micelles are excluded from the
adsorption process, and the adsorption rate is governed
by the free chain concentration. The effect of dioxane
can be readily seen. The adsorption rate of the copoly-
mer is enhanced by an order of magnitude over that of
the copolymer solution without dioxane and approaches
the rate of NaPSS444 adsorption. After 3 h, the copoly-
mer and the homopolymer have produced surface cover-
ages that are almost identical. Running the experiment
for longer times produces a copolymer layer that reaches
≈0.35 mg/m2, slightly less than the homopolymer sur-
face coverage at its plateau value. No evidence was seen
that suggests that the copolymer/dioxane solution, with
its initial enhanced adsorption rate, eventually sur-
passes the surface coverage of the homopolymer layer.

Figure 5. Initial adsorption rates of NaPSS444 (O), PtBS15-
b-NaPSS438 (0), and PtBS22-b-NaPSS413 (4) onto OTS as a
function of polymer concentration at 0.3 M NaCl. The initial
rate is a linear function of polymer concentration.

Figure 6. Log-log plot showing the initial adsorption rate
of the NaPSS444 coils, PtBS15-b-NaPSS438 micelles, and PtBS26-
b-NaPSS413 micelles vs the respective diffusion coefficient. All
adsorptions were conducted at 87 ppm and 0.3 M NaCl to OTS
surfaces. Also plotted is a trend line that corresponds to D1/2,
which would be expected if the adsorption rate were limited
by the supply rate of the adsorbing species to the surface.

U(d) ) kTp3/2( d
Rcorona

) (4)

dΓ
dt

|0 ∝ exp(-Umax/kT)Cb (5)
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Even though micelle relaxation may accelerate the
initial adsorption rate of a micellar solution, when the
adsorbed layer becomes dense enough, the potential
barrier for the adsorption of new chains is high and
passage through this barrier becomes the rate-limiting
step. In this regime, it is expected that the free chain
concentration next to the surface should be close to the
cmc, and therefore adsorption will be independent of
micelle relaxation. Because of the extremely low cmc of
the current system and absence of micelle adsorption
to SiO2, it is doubtful that PtBS15-b-NaPSS438 can
adsorb beyond the surface coverage of the NaPSS
homopolymer on realistic time scales.

For the hydrophobic OTS surface, where it was found
that direct micelle adsorption is active and contributes
to rapid growth of the layer, the addition of dioxane to
PtBS15-b-NaPSS438 has a smaller effect on the initial
adsorption kinetics. Figure 8 shows the adsorption
kinetics for the PtBS15-b-NaPSS438 with the addition of
10 dioxane molecules per each polymer chain. Also
shown for comparison purposes are PtBS15-b-NaPSS438
without the addition of dioxane and NaPSS444, all at the
same adsorbing concentration. Again, as with the SiO2
surface, the presence of dioxane cosolvent initially
accelerates the initial rate of layer formation for PtBS15-
b-NaPSS438. This presumably stems from the relaxation
of micelles in the vicinity of the adsorbing surface due
to the depletion of free chains. The released chains

subsequently adsorb more quickly than the micelles
themselves and accelerate the adsorption rate, although
adsorption of the homopolymer remains twice as fast.
Even if the micelles were able to break up immediately
in the vicinity of the substrate, the adsorption rate
would still be limited by the supply rate of micelles to
the interface. Since micelles diffuse more slowly than
the individual chains, it is thus expected that more time
is always necessary for a micellar solution to initially
populate a barren surface than free, unassociated
chains.

Above the expected overlap surface coverage for
NaPSS coils, 0.4 mg/m2, there is a sharp decrease in
the rate of formation of the homopolymer layer, followed
by slow logarithmic growth until about 1 mg/m2. The
PtBS-b-NaPSS/dioxane mixture shows a much more
rounded transition to the slow growth regime; however,
the surface coverage in this regime is not significantly
different than the copolymer adsorption without added
dioxane. Even though a cosolvent may initially enhance
the rate of layer growth, it has little effect on the
adsorbed amount at longer times due to significant
micelle adsorption to the OTS surface in the first place.

Conclusions

We have examined how PtBS-b-NaPSS copolymers
can initially populate a barren surface in aqueous
environments. Two routes were observed: the adsorp-
tion of individual chains and the direct adsorption of
micelles. Free chain adsorption occurs rapidly and is
primarily limited by the supply rate to a strongly
attractive surface. Micelles, on the other hand, adsorb
more slowly than the associated diffusion rates would
suggest. In order for a micelle to adsorb, the corona must
deform, an energetically unfavorable event. The rate at
which micelles can contribute to the growing layer
should then be determined by a balance between the
compressibility of the corona and the strength of the
micelle-surface interaction. If the strength of the
micelle-corona interaction is sufficiently weak, as
observed for the hydrophilic SiO2 surface, micelle ad-
sorption is strongly hindered and growth of the adsorbed
layer results overwhelming from free chain adsorption.
In situations where a block copolymer has a vanishingly
small cmc, adsorption may not occur in a reasonable
time frame.

Layer growth can also be impacted by micelle relax-
ation through the expulsion of free chains in the vicinity
of the adsorbing substrate. If the characteristic relax-
ation time is much longer than the characteristic
adsorption time, micelle relaxation will have minimal
effect on the adsorption process. In the opposite limit,
however, micelle relaxation can dramatically enhance
rates of adsorption, at least initially. As the adsorbed
layer fills in, diffusion through a partially formed layer
eventually limits adsorption, and micelle relaxation
becomes less important.

More generally, these findings demonstrate that the
adsorption of block copolymers cannot be interpreted
without knowledge of the mechanisms of assembly. In
the case of very low cmcs, adsorption time scales may
extend over weeks, if not years, to approach equilibrium
surface coverage. On the other hand, if micelle adsorp-
tion is active and contributes significantly to the growth
of the adsorbed layer, the structure and homogeneity
of the layer may be affected more by the micellar
properties than by true equilibrium. In either case, the

Figure 7. Adsorption of NaPSS444 homopolymer (b) compared
to the adsorption of PtBS15-b-NaPSS438 with 0.02 wt % dioxane
(0) at 87 ppm and 0.3 M NaCl. Both are adsorbed to the
hydrophilic SiO2 surface.

Figure 8. Adsorption of PSS444 homopolymer (b) compared
to the adsorption of PtBS15-b-NaPSS438 with 0.02 wt % dioxane
(0) at 0.3 M and PtBS15-b-NaPSS438 without dioxane (4). All
are adsorbed at a concentration of 87 ppm and 0.3 M NaCl to
a hydrophobic OTS surface.
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effect of micellization must be fully understood in order
to properly anticipate the surface coverage achievable
within reasonable time frames.
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