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ABSTRACT: We have studied the adsorption of poly(styrene-b-2-vinylpyridine) block copolymers from a
selective solvent onto a flat solid substrate, resulting in the formation of laterally ordered microdomains.
We address the question whether the lateral domain structure is due to adsorption of entire micelles
from the solution. Dynamic light scattering, atomic force microscopy, surface plasmon spectroscopy, and
transmission electron microscopy were used to characterize the polymer solution, the adsorption process,
and the resulting polymer layer, respectively. A quantitative comparison of the results obtained with
different techniques strongly indicates direct adsorption of whole micelles onto a brush formed from free
copolymer chains. Furthermore, the adsorption process is found to depend strongly on the velocity at

which the samples are withdrawn from the solution.

I. Introduction

The microdomain structure in thin films of diblock
copolymers has been extensively studied in recent years.
In the melt, one generally observes accumulation of one
of the blocks at each boundary surface of the film, since
the reduction in interfacial energy related to this
accumulation will lower the overall free energy of the
system.! For thin films of symmetric diblock copoly-
mers, the formation of surface-induced, highly ordered
multilayers of microdomains is now well established.?
With asymmetric diblock copolymers, the situation is
somewhat more complex and experimental data are
rare. However, at least close to the boundary surfaces,
preferential accumulation of one of the blocks has also
been observed.3* In the presence of laterally homoge-
neous boundary surfaces, the surface effects generally
lead to a laterally homogeneous distribution of polymer,
and the formation of ordered lateral structures in
thermodynamic equilibrium is difficult to obtain. Only
recently, Spatz et al.> demonstrated a laterally ordered
equilibrium microdomain structure in an ultrathin film
of a symmetric P(S-b-2VP) diblock copolymer on a mica
surface. For lateral microphase separation to occur it
proved essential that the film thickness was kept much
smaller than the thickness of a complete lamella.

While laterally ordered microdomain structures in
thin polymer films are only rarely found in the thermal
equilibrium of the melt, different routes can be taken
to obtain such structures far from the melt equilibrium
situation. It has been shown that under suitable
conditions, the adsorption of diblock copolymers from a
selective solvent followed by rapid solvent extraction can
lead to highly ordered lateral microdomains.6~11 Atomic
force microscopy (AFM) and transmission electron mi-
croscopy (TEM) have been used to show that the
individual structures consist of a core of the insoluble
block surrounded by a highly stretched corona of the
soluble block. Such structures, an example of which is
shown in Figure 1, are produced via a quite simple
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Figure 1. AFM image showing the topography of a P(S-b-
2VP) micelle film on a mica surface, prepared from a 3 mg/
mL solution of a symmetric diblock copolymer (MwpsyMweve)
= 84K/91K) in toluene. The gray scale indicates the height of
the micellar structure ranging from 0 (black) to 30 nm (white).

experimental route, i.e., by dipping a smooth, clean
substrate into the polymer solution and letting it dry.

While the formation of such structures has been
established by various authors and has been used to
create, e.g., ordered arrays of metal nanoparticles,® the
details of the formation process are still under conten-
tion. This holds in particular for the formation of lateral
microdomains in pure diblock copolymers, i.e., without
further stabilization of polymeric micelles through ionic
complexation in solution. Although the adsorption
process has never been looked at in detail, most of the
experimental studies assume that the surface structures
result from the adsorption of entire micelles, which
collapse onto the substrate surface after solvent evapo-
ration.8 Li et al. on the other hand recently suggested
that the observed structures are due to a particular
equilibrium structure of a concentrated copolymer solu-
tion near an attractive wall.!! In the present paper, we
concentrate on the adsorption process for P(S-b-2VP)
diblock copolymers from toluene solution onto mica
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surfaces and try to distinguish between the two possible
scenarios. We shall give strong experimental evidence
for the adsorption of entire micelles.

The paper is organized as follows. After a short
Experimental Section, we try to analyze the different
stages of structure formation. The micellar solution is
characterized by dynamic light scattering in order to
obtain the critical micelle concentration, the hydrody-
namic radius of the micelles, and their aggregation
number. The latter two numbers are compared to the
results of AFM measurements performed after solvent
extraction. The adsorption process is followed in situ
via surface plasmon spectroscopy in solution and after
solvent extraction in order to find at what stage of the
adsorption process the surface structure is formed.
Thereafter, adsorption from mixtures of pure polymer
micelles and CoCl,-labeled polymer micelles are inves-
tigated. The results strongly indicate that entire mi-
celles are adsorbed. Finally, we investigate the role of
the velocity at which the samples are withdrawn from
solution. The results are then discussed in view of the
earlier work quoted above.

Il. Experimental Section

In our study, a symmetric and an asymmetric poly(styrene)—
poly(2-vinylpyridine) (P(S-b-2VP)) block copolymer have been
used. The materials have been polymerized via anionic
polymerization.'? The molecular weights were My es)/Mweve)
= 84K/91K for the symmetric and Mwpsy/Mwpvr) = 20K/120K
for the asymmetric block copolymer corresponding to indices
of polymerization of Nps/Npvp = 800/870 and Nps/Npyp = 190/
1145, respectively. Both polymers were dissolved in toluene,
which acts as a selective solvent for PS. The selectivity of the
solvent gives rise to the formation of micelles in such a
solution, if the concentration exceeds a certain critical micelle
concentration (cmc). As substrates, freshly cleaved sheets of
mica have been used. For the TEM studies, TEM copper grids
coated with thin films of carbon were used.

For the adsorption experiments, all substrates were dipped
into the polymer solution for about 20 s, withdrawn from
solution, and dried in air at room temperature. Details of this
procedure have been reported elsewhere.® The velocity at
which the samples were taken out of the solution was
controlled by a motor and could be varied between 0.3 and 3.5
mm/s. The polymer concentration was varied between 0.001
and 12 mg/mL.

To obtain the surface topography after drying, the samples
were imaged with a commercial atomic force microscope both
in contact mode and in tapping mode. Care was taken not to
destroy the polymer microstructures during imaging. Some
of the samples were imaged with transmission electron
microscopy by using a Zeiss EM 900 microscope operated at
50 kV.

To characterize the properties of the solution prior to
polymer adsorption, dynamic light scattering was used. The
solution was illuminated at A = 488 nm (Spectra 2025 Ar*-
ion laser) in a cuevette kept at a constant temperature of 294
K. The autocorrelation function was recorded at different
scattering angles. From the first moment of the correlation
function, the translational diffusion coefficient is calculated,
which in turn yields the hydrodynamic radius of the aggregates
in solution via the Einstein—Stokes relation.

In order to follow the adsorption of polymer in situ, the
resonance angle for excitation of surface plasmons at the
interface between a thin metal film and the polymer solution
was determined. A flint glass prism coated with a 53-nm-thick
layer of silver was placed in a cuevette. From the outside,
two p-polarized laser beams at A = 632.8 nm (HeNe laser) were
coupled into the prism such that they were totally reflected
from the silver film. Both beams were convergent and thus
covered a range of angles of incidence. Depending on the
boundary conditions at the silver film, which are determined
by the refractive index of the surrounding medium, surface
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plasma oscillations can be excited only under a particular angle
of incidence. If such a resonant plasmon excitation occurs,
energy is transferred from the laser beam to the plasmon and
the reflection from the silver film is attenuated under that
resonance angle. We aligned both laser beams such that their
center angle of incidence corresponds to the resonance angle
for a surface plasmon excitation in the silver film without
polymer coverage in air and toluene, respectively. The extinc-
tion of the beams was monitored with movable photo diodes.
Thus a shift in the resonance angle upon adsorption of the
polymer is conveniently measured. From the shift of the
resonance angle, the amount of adsorbed polymer can be
calculated.

111. Results

111.1. Atomic Force Microscopy. Figure 1 shows
an AFM image revealing the topography of a P(S-b-2VP)
film adsorbed onto a mica surface from a solution at a
concentration of 3 mg/mL at room temperature. Ad-
ditional TEM studies show that the topography corre-
sponds to a microdomain structure with isolated PVP
cores located in the center of the protrusions. The PVP
cores are embedded into a PS matrix. While the
resulting structures have been discussed in detail in
earlier publications,®0 here we utilize the AFM image
for a quantitative estimate of the aggregation number
of the individual microdomains.

For the symmetric copolymer (Nps/Npyp = 800/870)
we find an average nearest neighbor distance between
the protrusions of 82 + 5 nm with a typical height of
15 + 2 nm.23 We model the aggregates as spherical caps
of height 15 nm and diameter 82 nm, resulting in a
volume of 4.1 x 10717 cm3 per microdomain. Assuming
an average bulk density of 1.1 g/cm?3, an aggregation
number of p = 155 chains per microdomain is found.
For the asymmetric copolymer, a similar calculation
yields p = 358.

It is instructive to quantitatively estimate the uncer-
tainty of these numbers. In the spherical cap ap-
proximation, the experimental errors stated above for
the diameter and the height of the microdomains result
in a 28% error for the determination of their volume.
In addition, the density of the thin polymer film may
well deviate from the bulk density of the same material.
Lacking any data on this effect, we may estimate a 10%
uncertainty of the density. This rather conservative
assumption leads to p = 155 + 48 chains per micro-
domain for the symmetric block copolymer. For the
asymmetric copolymer, one finds p = 358 + 107.

111.2. Dynamic Light Scattering. In asecond step,
we will now discuss the properties of the block copoly-
mer solution. In order to determine the critical micelle
concentration and to measure the size of the micelles,
we have performed dynamic light scattering on solutions
of both block copolymers at various concentrations. This
technique yields the diffusion coefficient Do of the
polymer aggregates in the solution, and thus via the
Stokes—Einstein relation

R = Ko T 1
6D, @)

the hydrodynamic radius R of the aggregates, with %
being the viscosity of the solvent. The results are shown
in Figure 2 for the symmetric copolymer. We find that
the radii of the polymer aggregates rise sharply for both
polymers at a concentration of about 0.03 mg/mL, which
we identify as the critical micelle concentration (cmc)
of the solutions. This value is in fair agreement with
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Figure 2. Radius of P(S-b-2VP) (Mw(ps)/Mw(pvp) = 84K/91K)
aggregates in toluene, as determined by means of dynamic
light scattering. The inset shows a typical intensity autocor-
relation function g,(r) recorded at a scattering angle of 70°.

PS-Corona

Figure 3. Model of micelles with a PVP core and a PS corona
in a selective solvent in the Daoud—Cotton blob model.*%!! R
denotes the radius of the micelle, Rc the radius of the core,
and &(r) the size of a blob.

the results reported by Tassin et al. for similar sys-
tems.'* Above the cmc, we find a hydrodynamic radius
of 48 4+ 8 nm for the symmetric block copolymer. Within
the experimental uncertainties, the hydrodynamic ra-
dius is found to be independent of polymer concentra-
tion.

Above the cmc, the number of chains per micelle p
can be estimated from the radius R of the micelles. For
this aim, a simple model for the micelle is used.
Following the notion of Marques et al.,15 the micelle is
regarded as a spherical molten core of the insoluble PVP
block, surrounded by a swollen PS corona. The radius
of the core Rc is given by

3 13
Re= (EpNPVP) a (2)

with a being a statistical segment length of PVP. A
corona of PS chains is grafted to this core with the
junction points of the block copolymers located at the
core surface as sketched in Figure 3. Having p polymer
chains in each micelle, the junction points have a
normalized surface density o on the surface of the PVP
core,

2

_ _bpa
()’ =
4nRc? ©)

with an average distance d = ac~12 between them.
Polymer layers grafted to a sphere have been studied
by Daoud et al.,1%17 originally for star-shaped polymers,
later by Bug et al.18 for micelles of polymeric surfactants,
and eventually for block copolymer micelles by Marques
et al.’> They introduced the notion of polymer blobs
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which describe the local polymer distribution in the
corona. Each of the blobs is characterized by a diameter
&(r), which increases with the distance r from the center
of the micelle

&) = F%Cr (@)

In the corona, the PS is in a good solvent, and
therefore its distribution is governed by excluded-
volume statistics. Thus a blob of size &(r) contains

o) = () ®

monomers, and the local monomer concentration c(r) is
given by

6g(r) 6 53 -4/3 23 _-5/3
c(r) = =—-n°r a 6
() CTRSNEE p (6)

Integration over the entire corona volume yields the
total number of PS monomers:

Npsp = fRFi4nrzc(r) dr 7)

Hence we find for the micellar radius

R = 31284_1/3ﬂ2/3p1/3NPS + 35/9(4n)_5/9p5/9NPVP5/9

3/5

(8)

With the dynamic light scattering data shown above and
the known degrees of polymerization, we find an ag-
gregation number p = 113 for the symmetric block
copolymer. This number is in fair agreement with the
aggregation number estimated from the size of the
microdomains imaged with AFM. In addition, the
hydrodynamic radius R = 48 £ 8 nm observed in
solution is in good agreement with the radius R =41 +
3 nm as determined with AFM for the adsorbed ag-
gregates.

For the asymmetric copolymer the situation is similar.
However, the aggregation number determined from
the light scattering data turns out to be somewhat too
large as compared to the estimate revealed from the
AFM experiments. We note that for the PVP-rich
asymmetric copolymer the hydrodynamic radius strongly
depends on the exponent used in eq 2 to describe the
chain conformation in the PVP core. If, instead of an
entirely molten core, some penetration of the solvent
into the core is assumed, a slightly higher exponent is
expected. However, changing the exponent from 1/3 to
say 0.36 already leads to a significant reduction in the
aggregation number and removes the discrepancy be-
tween the light scattering and AFM data. We have
checked the swelling behavior of PVP in toluene quali-
tatively by measuring the thickness change of a thin
PVP film after exposure to toluene vapor. Indeed, the
film thickness was found to increase slightly, supporting
the above argument. We note that the numbers deter-
mined in the present study are consistent with aggre-
gation numbers estimated for other block copolymer
systems.19-21

A critical inspection of the errors involved in deter-
mining the aggregation numbers both by AFM and by
light scattering shows that care has to be taken before
drawing an ultimate conclusion from the experimental
evidence discussed so far. For the present, we only note



4948 Meiners et al.

a
p-polarized \ \ (2)
laser beams \ \
7 polymer
solution

Ag-coated

prism
~ \/, photo diodes
7 with pinhole
R apertures
100 T T T T T T

= L, o o i
§ 80 hC% s, .-. djcﬂ'-‘jcp
> ‘e o I DuD
G 60 nk S P
7 F . i o E 1
g ‘o DD o o
= 40f .« O s i
ko] e o o d
) % R o
o %, o 8
O 20r Somme® Dﬂmmnﬂﬂnd: 1
=
[}
—

60,5 610 615 620 625 63,0
angle (°)

Figure 4. (a) Experimental setup for the surface plasmon

resonance measurement. (b) Plasmon resonance curves in pure

toluene (@) and in a 3 mg/mL solution of P(S-b-2VP) (Mwps)/
Mwevey = 20K/120K) in toluene (O).

that the experimental data are in agreement with the
notion of entire micelles adsorbing onto the substrates
without any surface induced rearrangement of chains.
We shall present more direct evidence for the notion of
entire micelle adsorption in section 111.4 of this paper.

I11.3. Surface Plasmon Spectroscopy. We now
turn to the direct adsorption of the polymer chains when
the substrate is immersed into the solution. AFM
images of the adsorbate films on polar substrates such
as mica already indicate that there is a laterally
homogeneous polymer film adsorbed underneath the
micelles.® It has been demonstrated that for polymer
concentrations around the cmc only few isolated protru-
sions on an otherwise homogeneous polymer film are
found after adsorption. The thickness of the film
between the protrusions was determined to be about 4
nm. Thus it was conjectured that this thin film is a
collapsed copolymer brush formed by the adsorption of
free chains. The PVP block acts as an anchor, while
the PS blocks are swollen in the solvent. On solvent
extraction, the brush collapses. It was assumed that
at higher copolymer concentrations, additional copoly-
mer is adsorbed on top of this brush surface. This
notion was confirmed by various other experiments.81!

In order to get experimental access to the adsorption
process itself, we have measured the amount of polymer
adsorbed in solution and in air by means of surface
plasmon spectroscopy.?! Although this method does not
provide any lateral information, it is well suited for an
in-situ measurement of the thickness of block copolymer
layers in solution. In principle, our measurement
closely follows the method described by Tassin et al.,14
although we used a somewhat simpler experimental
setup (Figure 4a). Since the excitation of surface
plasmons in a total internal reflection setup requires a
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Table 1. Adsorbed Brush in Solution. Calculated
Thickness of the Collapsed PVP Layer dpyp, the Swollen
PS Brush dps, and the Resulting Shift of the Surface
Plasmon Resonance Angle A¢caicd, Compared to the
Measured Shift in the Resonance Angle Agexpt

Mw(psy/Mwrve) dpve, NM dps, NM Adcaicd Aexpti
84K/91K 1.2 78.5 0.35° 0.30°
20K/120K 1.9 19.5 0.22° 0.25°

metal coated surface, we first had to assure that the
microdomain structures formed on mica could be repro-
duced on thin silver films as well. This is indeed the
case. As a matter of fact, we could image the Ag-coated
flint glass prisms used for the surface plasmon mea-
surements by AFM after solvent extraction and found
microdomain structures closely resembling the data
shown in Figure 1.

We first determined the surface plasmon resonance
angle of the silver film in air. Then the cuevette was
filled with toluene, and the resonance angle in this
environment was measured. Subsequently, some con-
centrated block copolymer solution is added to the
toluene. Within a few seconds, the resonance angle was
found to shift toward larger values indicating some
copolymer adsorption at the silver surface. After equi-
librium was reached, the polymer solution was quickly
removed from the cuevette with a pipette. After the
adsorbate film had dried, the resonance angle was
measured again. Finally, the prism was removed from
the cuevette and the adsorbate film on the silver surface
was imaged with a stand-alone AFM.?2 In all instances,
micellar surface structures as previously discussed were
found.

As an example, Figure 4b shows surface plasmon
resonances in toluene before and after addition of the
copolymer. Addition of the copolymer leads to a shift
of the resonance angles of A® = 0.35° and A® = 0.22°
for the symmetric and the asymmetric copolymers,
respectively. We can compare the measured values with
calculated ones, assuming different adsorption sce-
narios. Assuming that only a polymer brush is adsorbed
in solution, one can model the adsorbed layer as a
bilayer consisting of a dense PVP layer adsorbed at the
silver film and a swollen PS layer on top. We may use
the AFM results quoted above and calculate the surface
density of chains o from the thickness of the homoge-
neous polymer layer adsorbed at low polymer concen-
trations.?® From this number, the thickness dps of the
swollen PS layer can be calculated according to Hadzi-
ioannou et al.:23

dps = Npsao™ )

Assuming that the PVP block forms a molten layer
on the surface, with the swollen PS layer on top of it,
the boundary conditions for the surface plasmon excita-
tion in the polymer solution can be modeled. Equation
9 results in brush thicknesses of 78.5 and 21.5 nm for
the symmetric and asymmetric copolymers, respectively.
With the refractive indices n = 1.57 for PVP and n =
1.50 for the swollen PS layer, one can calculate the
expected shift in the surface plasmon resonance angle.
We note that for the PS layer, an average refractive
index was used assuming a PS volume fraction of 0.1
in the brush. The results of these calculations are
shown in Table 1 together with the experimental
numbers and in fact suggest that only a brush is
adsorbed. More importantly, these numbers are not
consistent with the notion of micelles bound either to
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Table 2. Shift of the Plasmon Resonance Angle from a
Dry P(S-b-2VP) Adsorbate Film Ag¢expu and Inferred
Thickness of the Film dps-b-2vp)

Mwpsy/Mw(eve) Adexpti dps—b-2vp), NM
84K/91K 2.2° 25
20K/120K 3.1° 29

the substrate or to the brush in this early stage of the
adsorption process. This holds in particular for the
asymmetric polymer: here the plasmon resonance data
only allow for some 20 nm of swollen polymer, the
micelles in solution, however, are of about 90 nm in
diameter.

The surface plasmon data obtained at air after the
polymer film has dried show that the film is thicker than
the collapsed 4-nm brush. Modeling the polymer film
as a homogeneous film with an average refractive index
of 1.56, we find a thickness of 25 nm for the symmetric
and 29 nm for the asymmetric block copolymer (Table
2). These findings are in agreement with subsequent
AFM measurements on the adsorbate films, which show
the typical micellar structure. Thus the adsorption
process happens in two steps: First, the underlayer
brush is adsorbed, then, when the substrate is removed
from the solution, additional material is deposited on
top of the brush.

I11.4. Transmission Electron Microscopy. Given
the results discussed above, there is strong evidence for
the adsorption of entire micelles onto the block copoly-
mer brush rather than a surface-driven rearrangement
of chains after free chain adsorption. Aiming toward
direct experimental evidence for micelle adsorption from
solution, we made use of the relatively high stability of
the micelles in solution, as opposed to the high mobility
of free chains. Two micellar solutions of P(S-b-2VP)
with Mwes/Mwpve) = 84K/91K at a concentration of 1.5
mg/mL were prepared in toluene. To one of these
solutions, 0.5 mg/mL CoCl, was added. Transition
metal salts are known to form intrachain complexes
with isotactic poly(2-vinylpyridine), while interchain
complexes as known for atactic poly(4-vinylpyridine) are
considered impossible for steric reasons.?* Therefore,
in contrast to what would be expected for poly(4-
vinylpyridine), the stability of the micelles is only
insignificantly affected by complex formation.?® The
resulting solution should consist of CoCl,-labeled P(S-
b-2VP) micelles and free chains. This solution was
subsequently mixed with the unlabeled polymer solu-
tion. Carbon-coated TEM grids where then dipped into
the mixture of the two solutions at different times after
mixing.

Since both the micelles and the free chains have a
high mobility in the solution, labeled and unlabeled
micelles and free chains mix quickly. In contrast, an
exchange of polymer chains between different micelles
is expected to take place on a much larger time scale.
Hence, at short times after mixing, micelles are still
either labeled or unlabeled, depending on which solution
they stem from. At later times, the exchange of polymer
chains between the micelles becomes effective, and
eventually all micelles will exhibit roughly equal amounts
of transition metal salt. Regarding the adsorption
process, two scenarios can now be distinguished: If
entire micelles are adsorbed, we expect a random
mixture of labeled and unlabeled micelles on the surface
for samples dipped into the mixed solution at early
times after mixing. Samples dipped sufficiently late
after mixing should then be homogeneously labeled with
CoCl,. If on the other hand a complex rearrangement
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of chains were responsible for the observed micellar
structure at the surface, the resulting structure should
be homogeneously labeled even at early times after the
mixing.

Figure 5 shows the result of this experiment. On the
sample dipped immediately after the two solutions were
mixed, only some strongly labeled microdomains are
visible (Figure 5a). On a sample dipped 2 min after
mixing, however, we see a densely packed microdomain
pattern in which some of the PVP domains appear with
a strong contrast, while others appear weaker (Figure
5b). Eventually, after about 10 min, all micelles are
visible with almost the same contrast (Figure 5c). This
finding is easily understood given the assumption that
entire micelles adsorb without further rearrangement
of chains. At early times, the micelles originating from
the unlabeled solution are not labeled at all and
therefore cannot be observed with TEM. Consequently,
only the micelles originating from the labeled solution
are visible and appear as randomly distributed, isolated
aggregates in Figure 5a. Some time after mixing the
intermicellar chain exchange has lead to at least some
labeling in the originally unlabeled micelles, which now
appear weakly labeled in Figure 5b. Now the densely
packed structure of the film is revealed. Sufficiently
long times after mixing, the system has equilibrated in
solution and all micelles are labeled to a similar extend.
These findings are a strong indication for the adsorption
of entire micelles onto the brush-coated substrate
surface.

111.5. Effect of Drawing Velocity. The experimen-
tal evidence discussed so far shows that only a homo-
geneous brush is absorbed in solution onto a polar
substrate, while an adsorbed layer of micelles is ob-
served after removing the samples from solution and
drying. Therefore, the question remains when exactly
the micelles are adsorbed during the dipping process.
To further clarify this issue, we have studied in some
detail the role of the velocity at which the samples are
removed from the micellar solution. It was found that
for a given polymer concentration in solution there
exists a typical withdrawing velocity v, at which an
ordered array of micelles is observed after solvent
evaporation. The result of this experiment is shown in
Figure 6, where the value of the velocity v is shown as
a function of polymer concentration in the solution. We
find that the velocity needed for adsorption of a micellar
layer increases as the polymer concentration is de-
creased.

The result shown in Figure 6 can be used to quanti-
tatively check the notion of micelle adsorption as the
relevant process of structure formation. Given that the
pulling speed is large enough for the solution to wet the
substrate at all, one can estimate the thickness of the
liquid film after pulling and prior to solvent evaporation.
Let y and # be the surface tension and the viscosity of
the solution, respectively. In the present situation yv/y
<< 1 and one finds for the thickness h of a film adsorbed
after pulling perpendicular to the surface of the solution
reservoir?s

(nV)ZIS
/ /
1 2,}/1 6

(r9)

h=0.94 {1 - 0.29(’;—")1’3} (10)

Here, p and g denote the density of the solution and
the constant of gravity, respectively. For a given
polymer concentration, we can use eq 10 to calculate
the velocity v necessary to obtain a film of thickness h
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(MwesyMwpeve) = 84K/91K). Sample (a) was drawn immediately after the solutions were mixed, (b) was drawn 2 min later, and

(c) was drawn 10 min after mixing.

pulling velocity (mm/s)

0 1 1 n 1
0 1 2 3 4 5 6 7 8 9

concentration (mg/ml)

Figure 6. Typical pulling velocity for the deposition of a closed
packed micellar film as a function of the concentration of the
block copolymer solution. (l) Mwesy/Mweve) = 20K/120K, (O)
MW(PS)/MW(PVP) = 84K/91K.

which contains enough polymer to form a closed packed
hexagonal lattice of micelles. We use the aggregation
numbers and hydrodynamic radii obtained in sections
111.1 and 111.2 to calculate the solution viscosity accord-
ing to the Einstein relation and obtain the solid line
shown in Figure 6 together with the experimental data.
Given that there is not an adjustable parameter in the
calculation, the agreement is quite striking. The fact
that the theoretical curve is shifted to somewhat higher
velocities can easily be attributed to the fact that the
micellar structures do not show perfect hexagonal
packing. Therefore, the number of micelles is always
smaller than theoretically assumed. In consequence, a
smaller velocity is needed during the adsorption experi-
ment.

We note that the experimental situation is somewhat
more complex than suggested by eq 10. If we lower the
pulling speed significantly below the values shown in
Figure 6, we observe a discontinuous transition into a
regime where no micelles are adsorbed at all. In
particular for high polymer concentrations, one can
reproducibly flip between the two regimes, i.e., the
micellar structure observed after a fast enough pull is
lost completely after reimmersing the sample and
drawing slowly. A subsequent dipping and withdrawing
at high enough velocity will then restore the original
structure. A possible explanation for this finding is that
at sufficiently low pulling velocities, there is enough
time for the micellar layer to be “squeezed out” of the
thin film wetting the substrate. Such a mechanism
resembles what was recently observed by Krichevsky
and Stavans,?” who studied the thinning of soap films
drawn from concentrated surfactant solutions. The
authors observed a stepwise thinning of the soap film
as a function of time after drawing. This effect is due

to a layered organization of micelles in the highly
confined geometry of the thin film. The experiments
discussed in the present paper may similarly constitute
a transition between a single layer and no layer of
micelles. Since the micellar structures are rapidly
frozen in after solvent evaporation, it is the velocity of
pulling rather than the time after pulling which deter-
mines the final structure of the film.

IV. Conclusions

Summarizing the experimental results discussed
above, a rather simple mechanism seems to be respon-
sible for the formation of the micellar structures ob-
served on surfaces dipped into a solution of diblock
copolymer in a selective solvent. The aggregation
numbers of micelles in solution as determined from
dynamic light scattering compared well with aggrega-
tion numbers estimated from AFM measurements after
solvent evaporation. This finding led to the assumption
that entire micelles are adsorbed onto the sample
surface. Adsorption experiments using mixtures of
labeled and pure micelles strongly corroborated this
assumption. Surface plasmon spectroscopy experiments
indicated that in solution a brush of copolymer is formed
on a polar substrate, while micelle adsorption happens
only after removal of the sample from the solution.
Experiments with varying drawing velocities confirmed
this notion.

We note that our conclusion is in some contradiction
to earlier work on the same polymers reported in ref
11. Within the estimated error, the AFM results on the
symmetric copolymer are in agreement with the ones
presented in ref 11, where the distance between protru-
sions was reported to be 100 nm, while the height was
estimated as 8 nm. Assuming a spherical cap, one finds
a volume of 3.1 x 10717 cmS3 per protrusion correspond-
ing to some 119 chains per microdomain. However, the
light scattering data shown in the present study strongly
disagree with an aggregation number as small as six
chains per micelle as reported by Li et al.’l Even a
conservative estimate of the errors involved in calculat-
ing the aggregation numbers seems to rule out such a
small number. It was, however, the difference between
the small aggregation number obtained from light
scattering and the larger aggregation number obtained
from AFM measurements that led the authors of ref 11
to the conclusion that the ordered morphologies cannot
be due to the adsorption of entire micelles. Aside from
this difference, however, the experimental evidence of
ref 11 can as well be understood assuming entire
micelles to be adsorbed during solvent evaporation. In
turn, we do not see how the results obtained on mixtures
of CoCl,-labeled and pure copolymer micelles (section
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111.4) could be explained assuming a complex chain
rearrangement near the surface during adsorption.

In conclusion, the experimental evidence presented
in this paper strongly suggests that the formation of
ordered two-dimensional structures observed after ad-
sorption of P(S-b-2VP) block copolymers from a selective
solvent can simply be explained by precipitation of
micelles from the solution. It remains to be shown that
the formation of wormlike micelles® observed at elevated
temperatures and increased polymer concentrations
follows a similar route. For this end, the dynamic light
scattering experiments need to be extended to higher
concentrations and elevated temperatures. This is the
subject of ongoing work and shall be presented in a
forthcoming publication.
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