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ABSTRACT: We employ a novel scanning angle reflectometer to study both the kinetics of block copolymer
adsorption and the structure of the adsorbed layer. The apparatus measures the intensity of parallel polarized
light reflected from a glass—solution interface at and around the Brewster angle. We study the deposition
of highly asymmetric styrene/ethylene oxide (S/EO) block copolymers from cyclopentane. When the surface
is challenged with a concentrated or moderately dilute polymer solution, a very fast initial chain deposition
is observed. This layer is always far from equilibrium, relaxing slowly over periods of days. Stable layers
are prepared by using the concentration step procedure: the initial coverage at extremely low polymer solution
concentration allows for individual chain relaxations; subsequent increases in polymer solution concentration
result in stable, thicker, polymer layers within 1 h. Such layers are in semiquantitative agreement with those
calculated from the self-consistent-field theory due to Scheutjens and Fleer. The computations suggest that
at very low concentrations both types of segments can adsorb, while at higher concentrations the EO units
displace the PS segments and the characteristic profile of the highly extended “grafted” PS tails is present.
Analysis of the adsorption kinetics shows transport of chains through the brush layer to be relatively fast
while chain rearrangements in the adsorbed layer are prohibitively slow. At a coverage on the order of 10
mg/m? a phase transition in the polymer layer is observed. This new layer has a more compact, less extended

structure.

Introduction

Block copolymers have much in common with short-
chainsurfactants. Inaselective solvent they self-assemble
above a given concentration (cmc) to form well-defined
micellar structures. Due to the cooperative nature of the
many repeat units, they are often extremely surface active.
If one of the blocks has a segmental adsorption energy
comparable to kT, the surface will be covered by a thick
polymer layer, even below the cme. This property makes
block copolymers very useful for applications where, for
example, colloidal particles need to be stabilized against
flocculation or where surfaces are modified to influence
adhesion properties.!

Macromolecular and normal surfactants typically differ
in length by an order of magnitude. The larger size of the
copolymers makes them amenable to optical interrogation.
Dynamic light scattering provides the hydrodynamic
radius of the single chains as well as information about
the hydrodynamic radius distribution and shape of the
micelles.? Static light scattering provides the radius of
gyration, the number of chains in a micelle, and the second
virial coefficient for the micellar solution.® Polymer
adsorption can also be studied by optical techniques. El-
lipsometry provides a measure of the adsorbed amount
and thickness of the polymer layer45 and can be applied
to kinetic studies.® The surface plasmon technique has
been used to study the kinetics of block copolymer
adsorption in terms of adsorbed amounts.” In our group,
a technique to study block copolymer adsorption using
multiple total internal reflections has been developed?®®
wherein adsorption-induced phase shift of the light is
measured interferometrically. With this apparatus we
studied the initial deposition process of the PS/PEO block
copolymer. Since measurements could not be extended
to long times, we sought the alternative experiment
described in this paper.
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Weintroduce a new optical technique, dynamic scanning
angle reflectometry, to study the adsorption of block
copolymers from a gently flowing solution. The principle
of scanning angle reflectometry has been known for some
time,* and a prototype of the apparatus was developed by
Déjardin and co-workers for the study of protein ad-
sorption.1%-12 The technique relies on the fact that when
(in our case visible) light, polarized parailel to the interface,
arrives at a sharp, Fresnel, interface at the Brewster angle,
no light is reflected; it is entirely refracted. When the
interface is not ideally sharp but, for example, covered by
an adsorbate, a small amount of light is reflected. Since
the relative change in intensity of the reflected light at the
Brewster angle is large, its measurement can be very
gensitive to adsorption. Measurement of the reflected
light, I(a), at and around the Brewster angle, ap, provides
a reciprocal space picture of the polymer density distri-
bution at the interface. While a unique transformation
of I{a) into a density profile is not possible, one can test
the ability of a theory tofit reflectivity data. Alternatively,
one can show that direct inversion of the reflectivity curves
can give zero, first, and signal permitting, second moments
of the refractive index profile.

Detailed theories for block copolymers at interfaces have
recently been developed. Most of the models focus on
scaling relations'3-18 to predict, for example, the depen-
dence of the layer thickness on the molecular composition.
Scaling theories provide limiting behavior for a variety of
problems; however, numerical constants of proportionality
are often omitted. Whilescaling theories predict the shape
of the segment density distribution useful for comparison
between systems, detailed quantitative predictions of the
density profiles of block copolymer layers are obtained
only by computational methods. There have been Monte
Carlo simulations of grafted polymer layers mimicking
the tail region of an infinitely strong anchored copolymer
layer.!® A full analysis of the equilibrium behavior of ad-
sorbed block copolymer adsorption from micellar solutions
is, currently, only available via mean-field and lattice
approximations.2021 A self-consistent-field theory along
these lines, developed by Scheutjens and Fleer,2%-% has
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been applied to a large variety of inhomogeneous polymer
systems. In particular, segment distributions are com-
puted. In contrast to short-chain surfactants, where
packing restrictions complicate the structures and require
more molecular detail,2® polymer solutions are well mod-
eled with a first-order Markov approximation. Inavariety
of polymer adsorption problems, the mean-field theory
has reproduced small-angle neutron-scattering data.?
Model calculations for copolymer systems were presented
recently,20:2! however, thus far no attempts to test these
lattice results have been reported.

To summarize, there are experimental as well as
theoretical advantages tostudying block copolymers rather
thansurfactant systems, especially since block copolymers
having very narrow size distributions and a wide variety
of block lengths have become available. As we often use
the correspondence with surfactant systems to rationalize
the behavior of block copolymers, it is now expected that
the study of block copolymers can return insights into the
complex behavior of surfactants.

The remainder of this paper is divided into the following
parts. We discuss scanning angle reflectometry. In the
experimental section we describe the experimental details,
some theoretical considerations regarding the reflection
of light at an ideal interface, and finally the scanning angle
reflectometer calibrations. Some aspects and definitions
for the self-consistent-field computations conclude the
preliminaries. Reflectivity data obtained from two block
copolymers differing in composition will be discussed,
followed by a discussion of the scanning angle reflecto-
metry results. The stable layers are compared to pre-
dictions of the self-consistent-field theory, and we conclude
with a summary of our observations. Reflection by
isotropic stratified planar layers is described in Appendix
A, and a closed set of equations to compute segment
distribution functions with the self-consistent-field theory
for polymer adsorption appears in Appendix B.

Scanning Angle Reflectometry

Ellipsometry is a well-established means to measure
polymer adsorption,?relying on the fact that light polarized
parallel (p) and perpendicular (s) to the plane of incidence
interacts differently with an inhomogeneous refractive
index profile. The reflected light intensity is measured
for each polarization; from these two data points two
parameters can be determined, usually the mean layer
thickness and average refractive index.* Often, ellipsom-
etry is performed at a fixed angle where computations of
the average thickness and adsorbed amount are available.’
The surface must have a very high refractive index in order
to maximize the signal; thus, in practice ellipsometry is
often limited to metallic surfaces. The information
obtained by ellipsometry can be increased by scanning
multiple angles. Kim and co-workers recently reported
ellipsometric measurements providing the profile of ad-
sorbed homopolymers.2” Their angular range was in the
proximity of the critical angle, and only static information
for the polymer profile was reported.

Déjardin and co-workers based their experiment on the
fact that the intensity of p-polarized light reflected near
the Brewster angle is very sensitive to details of the
molecules at the interface.!®12 This method is not limited
to metallic surfaces but can be employed at a dielectric
interface where the refractive index is typically less than
2. Rotating the sample cell and translating the photo-
multiplier allowed Déjardin and co-workers to measure
the relative intensity of reflected light, Ry(a), for various
angles «, ranging about 0.5° around the Brewster angle,
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Table I
Polymer Characteristics
sample i.d. M, M,/M, PEO,wt% N(EOQO) N(S)
P170/1730 1.8710% 1.10 4 170 1730
P83/3470 3.65 105 1.14 1 83 3470

ap. These measurements revealed detailed information
on the orientation of protein molecules adsorbed on silica
from an aqueous solution. Recording a full Fresnel curve
required 50 min, limiting their ability to monitor kinetics.
Some kinetic information, obtained by recording the re-
flectivity at a fixed angle, provided adsorption rates;
however, the loss of angular information left the adsorption
mechanism unknown.

Block copolymer solutions form very thick adsorption
layers,89 and the intensity of the reflected light is several
orders of magnitude higher than that in the protein study
mentioned above. We are therefore able to replace the
photomultiplier by a photodiode array. A cylindrical lens
focuses the laser beam at the surface, providing a range
of angles spanning the Brewster angle. In this configu-
ration the scanning angle reflectometer can be used to
measure time-resolved R(a), providing the adsorption
kinetics and revealing information about the adsorption
mechanism.

Experimental Section

(A) Materials. We purchased poly(ethylene oxide)/poly-
styrene from Polymer Laboratories, Inc. Both polymers (referred
to by the number of repeat units) are very asymmetric with
monomer ratios of 1:10 and 1:40 EQ/S for P170/1730 and P83/
3470, respectively. InTable I we list the relevant properties. We
purchased cyclopentane, refractive index 1.404, and heptane,
refractive index 1.388, from Aldrich Chemical Co. The cyclo-
pentane was 95% pure (5% linear pentane and 30 ppm water).
The refractive index increment (dn/dc) for P170/1730 is 0.183
mL/g3° a value very similar to that of homopolymer PS and
P83/3470 because of the low ethylene oxide content.

We determine polymer concentrations downto 10-°g/mL spec-
trophotometrically by monitoring styrene absorption at 260 nm
on a HP8452A diode array spectrophotometer. Some of the
solutions in these experiments were below 105 g/mL; conse-
quently, their exact concentrations are not known. Dilute-
solution concentrations can be estimated from initial adsorption
rates as described below. Losses of polymer due to adsorption
on the container walls become significant at very low concen-
trations. Since both copolymers have a relatively small EO
sequence, their cmc is moderately high; the cmc for P170/1730
is near 10 g/mL,?® while for the P83/3470, no micelles are
detected by dynamic light scattering up to 102 g/mL.

(B) Scanning Angle Reflectometer. We show a schematic
of the scanning angle reflectometer in Figure 1. The light source
is a 3-mW linearly polarized He—Ne laser with a wavelength of
632.8 nm. The laser is positioned with its polarization direction
parallel to the plane of incidence. A Glan-Thompson polarizer
filters the small s component from the laser output. Viaapinhole,
introduced to block reflections, the light passes through a pl-
anocylindrical lens with a focal length of 25.4 mm. The focal
point is in the prism but not necessarily at the reflection surface.
In operation, most of the light is transmitted at the interface and
travels into the flow cell to be described below. The reflected
light exits the prism and passes through a second polarizer to
eliminate any s-polarized light before the intensity is measured
by a Reticon photodiode array (RL01288S). The distance from
the cylindrical lens (via the prism) to the photodiode array, about
20 c¢m, provides an angular range of 0.8°. Details of the angular
calibration will be discussed below. The scanning angle reflec-
tometer is in a light-tight box to prevent interference from room
light.

(C)Prismand Flow Cell. The prism provides the adsorption
substrate. We have chosen a Schott Glass Technologies, Inc.,
high refractive index glass, n, = 1.9077 (LaSFN18), to enhance
the measurement sensitivity. Cyclopentane hasarefractive index
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Figure 1. Layout of the scanning angle reflectometer. The key
elements of the apparatus are a parallel polarized He-Ne light
source, a planocylindrical lens, a glass prism serving as the
substrate for adsorption mounted on a flow cell, and a photo-
diode array detector.

of n. = 1.404, and therefore the Brewster angle defined as ap =
arctan (n./n,) is 36.37°. The prism dimensions, chosen such
that light enters and leaves the prism nearly normal to the glass-
air interface to minimize reflections, are 4 cm by 0.5 cm by 1.47
cm high. Three faces of the prism are optically smooth. The
prism is mounted on a Teflon flow cell with dimensions 2.5 by
0.5by 0.1 cm. At the bottom of the flow cell, a neutral density
filter, ND3, mounted at a small angle with respect to the incoming
beam, deflects reflections away from the photodiode array. The
prism is mounted on top of the flow cell by a Delrin cover with
an O-ring. We pump the solution at a constant rate, 7.7 mL/
min, through the Teflon flow cell with a Fluid Metering, Inc.,
pump with a FMI pulse dampening system providing a shear
rate of approximately 150 s™!. The room temperature was kept
at 23 £ 0.5 °C, and the solutions were kept in a water bath at
23 £ 0.1 °C. Temperature variations should not significantly
influence the measurements provided the solution temperature
remains above or near the 6 temperature of PS in cyclopentane,
about 19.5-21.5°.2%

(D) Data Acquisition and Processing. We began each
experiment by cleaning the prism thoroughly with analytical-
grade acetone and lens paper until the prism was clean to the
eye. Subsequently we subjected the prism to a low-frequency
argon plasma cleaner (Harrick Scientific Corp.) for about 20 min.
The cleanliness of the substrate, easily examined with the
apparatus, was found to be of a consistent quality, although over
a period of months a slow increase in surface roughness took
place. After mounting the prism and filling the flow system with
pure cyclopentane, we found the Brewster angle by visual
observation and from the photodiode array signal displayed on
an HP54200A digital oscilloscope. A symmetric intensity dis-
tribution was proof of alignment.

The measurement was started by flowing a polymer solution
through the system. Atregularintervals the signal, continuously
monitored on the oscilloscope, was stored on a HP 9000/310
computer. During the first 5 min we monitored the profile at
15-s intervals; we lengthened the interval as the processes on the
interface slowed. Note that only the intensity of the reflected
light relative to the incident light is important. Since the intensity
of the laser beam is inhomogeneous (it has an imperfect Gaus-
sian distribution), the laser profile was recorded after each
experiment in the same experimental geometry. To do this, the
solution was removed from the flow cell so that an interface
between polymer-coated glass and air remained. Inthisgeometry
the critical angle is superseded, and all light reflects from the
interface. This light,attenuated by a neutral density filter, ND3,
provided Ig(a). The relative intensity of the reflected light was
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Figure 2. Reflection coefficient, r,,,, as a function of incident
angle, a,. The glass has a refractive index ny = 1.907 73 and the
solution has a refractive index n; = 1.404. The relevant part of
the curve is expanded in the insets.

calculated by R,'(a) = I(a) /Is(e) and digitally postprocessed to
Ry(a). Inthisprocess we correct for the introduction of the ND3
neutral density filter. In addition, a smaller but significant
correction is needed to account for the slight phase shift upon
total reflection of the laser light, which causes a reduction in
intensity of the reflected light upon passing through the second
polarizer. The total attenuation factor, K, was found by
comparing the theoretical Fresnel curve, R,TFC (), to the re-
flectivity curve, Ry (a) with pure cyclopentane in the flow cell:

S R,"(@) - R () de
K - 'min - {1)
-~ R,"%a) da

The correction factor K, assumed to be independent of angle
(Rp(a) = KRp'(a) for all &), accounts for losses in the optical
components and the nonideality of the detection system. Further
data processing, for example, the conversion from channel number
toangle of incidence, was performed ona SUN 3/260 workstation.

(E) Reflectivity of a Step Profile in Refractive Index.
There is considerable literature on the computation of reflec-
tivity from an interface.# In Appendix A we summarize the
method due to Abelés employing 2 X 2 matrices to compute the
reflectivity of a multilayered refractive index profile. This
method is well-suited to converting the calculated segment volume
fraction profiles obtained from the self-consistent-field theory
into a reflectivity curve. Here we focus on the simplest case of
a single stratified layer with thickness d; and refractive index n,
in order to give a qualitative picture of the way the reflectivity
changes when the interface is modified. Let ng and ny be the
refractive indices of the glass and solvent, respectively. The
Fresnel reflection?

tan (o, - o,

P B —————— (2)
¥ tan (a, + o)

of parallel polarized light interacting at each interface between
two media z and 2’ depends on the angles of incidence, «,, and
refraction, «,, with respect to the interface normal. In Figure,
2 we illustrate the dependence of r., on the angle «,. The film
phase thickness*

B, =2r (%)n1 cos a; (3)

depends on the wavelength of the light, A, and its path length
through the layer. Now the intensity of the reflected parallel
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Figure3. Intensity of the reflected light as a function of incident
angle for a theoretical single-step refraction index profile: ng =
1.907 73, n; = 1.404 (a) at constant refractive index n; = 1.5 for
(1) d; = 0 nm, (2) d; = 10 nm, (3) d; = 20 nm, (4) d; = 30 nm,
and (5) d; = 40 nm and (b) for a constant thickness d; = 40 nm
for (1) n, = 1.404, (2) n, = 1.425, (3) ny = 1.45, (4) n, = 1.475,
and (5) n, = 1.5. The points mark the apparent Brewster angles.

polarized light relative to that of the incident beam becomes*

a1 + ry 29‘.5(231]
R “
1+ ro,re”

an expression reducing R, = ro; for a film of zero thickness. In
this case, when ap — a; equals 90°, the reflected light intensity
is zero. This condition defines the Brewster angle. Around this
angle we have a nonzero reflected light intensity.

When a layer is present, Déjardin and co-workers showed!!
that, to first approximation, the intensity at the initial Brewster
angle is proportional to Ry(ag) ~ ((n; — n2)d1)? Realizing that
the product (n, - ng)d, is proportional to the adsorbed amount,
we see that the method is very sensitive to the number of chains
attheinterface. Ingeneral, anincreasein intensity of the reflected
light at the Brewster angle is accompanied by a shift of the
minimum to a higher or lower apparent Brewster angle, ap'. This
shift generally depends on the adsorbed amount and the refractive
index profile of the molecules at the interface. InFigure 3a,bwe
illustrate the evolution of the Fresnel curve when, at constant
refractive index, the layer thickness is changed and when d, is
fixed and n, is modified. This figure shows that an angular shift
in the Fresnel curve is indicative of a thickening layer, while an
increase in layer refractive index intensity is manifest primarily
in increasing intensity.

It must be noted that an ideal Fresnel curve, where the intensity
at the Brewster angle is identically zero, only occurs when the
interface is represented by a step function in refractive index.
Due to surface roughness and impurities, there will always be a
finite interfacial width and consequently the reflected light
intensity at the Brewster angle is finite.

(F)Calibration. We calibrate our angular resolution (around
ap) by flowing solvents with known refractive index through the
system. We follow a pure cyclopentane solution with a mixture
of 50 vol % cyclopentane and 50 vol % heptane. The measured
refractive index difference between the two solutions, 0.0083, is
within the experimental error of the known refractive indices.
The distance between the minima in the reflectivity curves (see
Figure 4) is 19 channel numbers providing arange for the scanning
angle reflectometer photodiode array of 0.8 + 0.03°. When the
Brewster angle (36.4) is exactly at the center of the curve, an
angular range from 36.0 to 36.8° is monitored.

Self-Consistent-Field Theory

Without repeating the details of the equilibrium com-
putations for chain molecules in inhomogeneous systems,
the ideas and definitions used in the model will be
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Figure 4. Intensity of the reflected light as a function of channel
number for (a) pure cyclopentane and (b) a 50 vol % mixture of
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index 1.9077.
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Figure 5. Two-dimensional representation of the lattice in the
self-consistent-field computations. The solid wall is indicated
(2 <1),and lattice layers are numbered z =1, ..., M. A copolymer
molecule is shown with a molecular composition AsBis (A = closed
spheres, B = open spheres). Solvent molecules are indicated by
filled squares. The polymer volume fraction at layer 2 is ¢;(2)
= 3/5 because ¢a(2) = %/g and ¢5(2) = /s

presented here to provide basic insight. We refer to the
original papers on this subject?*-?* for a more complete
discussion.

In order to count the possible conformations of chain
molecules, a lattice is created, as illustrated in two
dimensions in Figure 5, where a single block copolymer is
near asolid surface and surrounded by solvent monomers. .
Several approximations made in the theory are directly
coupled to the use of such a lattice. One consequence of
the lattice is that each site must be filled by either a chain
segment or a solvent molecule with all species similar in
size. Parallel to the surface we define planar layers
numbered z = 1, ..., M, each having L lattice sites. A
mean-field approximation enables the computation of
segmental volume fractions, ¢x(z,s), in each layer 2, for
eachsegment s = 1, ..., ry of chain type k. Obviously, when
the chain length is unity, r, = 1, the molecule & is a
monomer. A polymer molecule can have more than one
type of segment along its chain; when grouped in blocks
these segments correspond to block copolymers. Segment
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Table I1

Parameters for the SCF Computations*
lattice type hexagonal
no. of segments in statistical unit 5
length of a statistical segment = lattice size 1.2 nm*
dn/de (0.183 mL/g
dc/d¢ 1.675 g/mL*
XWS 1.25*
XWE 3.15*
XCE 14
XC8 0.45
XSE 0.5
P170/1730 E3S340
P83/3470 E17Sss0

¢ An asterisk indicates that the parameter was adjusted to some
extent to fit the theory with the experiments.

types are indicated by sub indices x = A, B, C, ..., etc. The
layer M is far enough from the surface so that the density
profiles have relaxed to the bulk densities of each
component (indicated by a super index b). When the
density profiles are known, the excess chains of type k
adsorbed per surface lattice site can be calculated from

r M

AEDIPICRCOETR) (5)
s=1 z=1

thus providing the adsorption isotherm 6;(¢r?). A closed
set of equations to calculate the volume fraction of any
segment s in a layer 2z is presented in Appendix B. In
addition to the molecular architecture, the theory requires
interaction parameters in the form of Flory-Huggins x
parameters and Silberberg xw parameters, accounting for
segment-segment interactions and segment-wall inter-
actions, respectively (the usual notation for the Silber-
berg adsorption energy is xs; here we retain the subscript
S for styrene units). Our choice of parameters for the
present system is discussed below.

Once the segment density distributions are obtained,
the refractive index profile is determined from the
measured refractive index increment, dn/dc, for the
polymer solution along with the quantity dc/d¢. In
principle, this last ratio is also experimentally accessible,
but it will be treated as an adjustable parameter in this
paper. Thismakesdrn/d¢ somewhat adjustable, bypassing
the uncertainty from applying dn/dc, measured in dilute
solution, to extreme volume fractions. We compute the
Fresnel curve from the refractive index profile and compare
it directly to experimental data. The effect dc/d¢ hason
the computed Fresnel curve is similar to the effect of
changing n; at constant d; in Figure 3b.

Results

Adsorption of PS Homopolymers. We found pre-
viously that PS homopolymer did not adsorb onto glass
or sapphire from the Aldrich cyclopentane solution at 23
°C.89 There is, however, evidence that PS can adsorb
from cyclopentane onto mica® and from cyclohexane onto
silica.3! We predict the density profile for 106 MW PS at
a concentration of 10°¢ g/mL from the self-consistent-
field theory; the parameters used in the computations are
givenin Table Il and will be discussed below in more detail.
In Figure 6 we show the density profile and the corre-
sponding reflectivity curve. It is evident from Figure 6,
and from experimental reflectivity curves shown below,
that the predicted change in reflectivity upon adsorption
of PS is too small to observe with our reflectometer.

This negative result prompted us to measure the contact
angle of water on the glass substrate with a Ramé-Hart,
Inc., contact angle goniometer Model 100. Immediately
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Figure 6. Reflected light intensity as a function of incident
angle. The solid curve is the Fresnel interface ny = 1.9077 and
n; = 1.404; the broken line is the prediction made from self-
consistent-field computations for a 108 MW, 2000-segment,
polystyrene solution at ¢® = 104. The parameters in the SCF
calculations are givenin Table II. Intheinset the volume fraction
of the adsorbed chains is given as a function of layer number.

after cleaning, the contact angle of the glass substrate was
18°. Subsequent exposure to a cyclopentane solution for
4 days increased the contact angle to 45°. Soaking the
substrate for over 24 h in a solution of 4 X 105 PS (Mw/M,
= 1.06) at a concentration of 10~ g/mL increased the
contact angle to 70°. This indicates that PS can change
the macroscopic surface properties and suggests its possible
adsorption.

Adsorption of PS-PEO Block Copolymers. We
showed previously®® that the adsorption of P170/1730 is
transport limited in the concentration regime 10-5-10-3
g/mL at shearrates up to 32s™!. Inthese experiments the
adsorption process was monitored for about 60 min; longer
observations were precluded by drift in the optical in-
terferometer. Now, with the reflectivity approach we can
monitor the adsorption process over periods of days. In
Figure 7a we show the intensity of the reflected light at
the Brewster angle over a period of 10 h. The results are
qualitatively in line with the previous experiments. The
solution at 3.5 X 10~¢ g/mL initially adsorbs more swiftly
than the ~10% g/mL solution, and both curves begin to
level off after approximately 1 h. Even the fact that the
lower concentration reaches a higher plateau value than
the higher concentration was observed before.®® We
prcposed that the lower adsorbed amount at higher
concentration was due to the fact that, above the cmc,
around 10 g/mL, micelles adsorb in a random fashion
effectively reducing the adsorbed amounts.8® This ar-
gument assumes that the relaxation time for disintegration
of the micelles is much slower than the arrival time of the
polymer chains and slower than the total time of the
experiment. In solution, the micelles composed of P170/
1730 respond to changes in polymer concentration by
changing their size within hours,2supporting the argument
that rearrangement of adsorbed polymeric micelles re-
quires more than 1 h. We expect that over longer periods
of time the two curves shown in Figure 7a will come
together or cross. In Figure 7b we show the evolution of
the signal over a 3-day period. Surprisingly, the signal
decays gradually, indicating that the fast initial deposition
of the copolymer layer produced a nonequilibrium co-
polymer film. This observation might be important in
surface force experiments on the same system where the
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Figure 8. Intensity of the reflected light at a constant angle (36.35°) as a function of time. (a) The open circles are a P83/3470, 108
g/mL solution concentration applied to the bare surface. The open squares are a P83/3470, <10® g/mL solution concentration

increased to 1078 ¢
P170/1730, 1.25 X 10 g/mL solution.

adsorption process was found to be extremely fast as well.32

InFigure 7c we replot the reflectivity data onalog (time/
second) scale. The data given in Figure 7a,b have
comparable positions for the maximum in the curve;
however, its magnitude depends strongly on the polymer
solution concentration. We include in Figure 7c the
evolution of a 1.25 X 10™* g/mL polymer solution. We
note that this concentration is between the other two,
providing the first indication that an adsorbed amount is
not monotonic with polymer concentration. The maxi-
mum in intensity for this solution occurs only after about
3 days, and the subsequent decay continues for 2 weeks!
I\inla will return to this change in behavior around 104 g/mL

elow.

Clearly there are several regimes in the adsorption
process. At short times the deposition is transport
limited,®? subsequently, we find a transition to a regime
where changes in the adsorbed layer proceed logarithmi-
cally, independent of the polymer concentration. This
indicates that arrival of polymer chains at the surface is
no longer rate limiting. The transition occurs when the
layer is already highly populated with chains. A loga-

/mL at ¢t = 140 h. (b) The same as in Figure 8a on a log (time/seconds) scale. The points indicated by X are a

rithmically slow adsorption process has been predicted
recently by Johner and Joanny®? and has been measured
by Tassin et al.” We will discuss this point below. After
the overshoot, the decay is logarithmically slow as well,
suggesting that conformational changes in the layer and
possibly chain desorption are rate-limiting processes.
The P83/3470 block copolymer behaves similarly as
shown in Figure 8a,b for a ~107 g/mL solution; again a
fast initial rise is followed by a slow relaxation. In Figure
9a we show the typical evolution of the reflectivity curves
for this case. In the first few minutes we see a shift in the
apparent Brewster angle while later the curves move to
higher intensity; after several days the Brewster angle
retreats to lower angles. The Fresnel profiles in the first
few minutes are somewhat between the limiting cases
shown in Figure 3 but tend to follow Figure 3b more than
Figure 3a, indicating that, in the initial deposition process,
the arrival of chains is so rapid that individual chains
have no time to find a more compact conformation before
neighboring chains arrive at the interface. Atlongertimes
the decrease in reflected light intensity is accompanied by
a shift of the apparent Brewster angle, indicating a
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Figure 9. Intensity of the reflected light as a function of incident angle. (a) P83/3470 polymer solution at 10-° g/mL at (1)t = 0,
(2) t = 1 min, (3) t = 2 min, (4) t = 3 min, (5) t = 25 min, (6) t = 9 h, (7) t = 5 days. (b) P83/3470 polymer solution at <10 g/mL
at (1)t =0, (2) t = 4 min, (3) t = 25 min, (4) ¢ = 225 min, (5) t = 8 h, (6) t = 5 days, (7) t = 9 days.

reduction of the thickness of the polymer layer; however,
chain desorption cannot be excluded. While this may help
us to understand overall relaxations in these polymer films,
it does not explain the lower adsorbed amounts observed
at higher concentration.

We address this question by decreasing the initial
deposition rate so that the chains may have a chance to
find equilibrium conformations before subsequent chains
arrive at the interface. We begin with a very low
concentration, <10%g/mL, of P83/3470 as shown in Figure
8a. Since the initial deposition is transport limited, we
can deduce the concentration, about 5 X 108 g/mL, from
the initial slope.8® The adsorption plateau was reached
within 3 days and retained for another 3 days. Thisstable
plateau also confirms that the slow relaxation described
above is not an artifact of the apparatus. We then
increased the solution concentration to 10 g/mL, a
concentration similar to that discussed above, and followed
its adsorption for 3 days more. The layer again remained
constant after reaching its new plateau value within 1 h.
We believe that the layers prepared in this way are relaxed
and can be compared to theoretical curves. The final
signals for the 10-% g/mL solution, found by the stepwise
addition and by the direct adsorption to the bare surface,
are in good agreement, supporting this conclusion.

In Figure 8b we present the reflected light intensity on
a logarithmic time scale. The two solutions in Figure 8a
are compared with the 1.25 X 104 g/mL solution of P170/
1730 (also presented in Figure 7c). The logarithmic
adsorption occurs only in the fast deposition experiments.
There is no logarithmic growth for the 5 X 108 g/mL
solution, indicating that the adsorption is transport
limited. The molecular weight dependence in the loga-
rithmic regime is surprisingly small.

It is illustrative to examine the evolution of the reflec-
tivity curves when the molecules have time to relax their
surface conformations prior to the arrival of additional
chains, In Figure 9b we show that in this case the re-
flectivity curves follow the trend shown in Figure 3a; the
layer thickens at nearly constant refractive index. This
contrasts with the fast adsorption processes discussed
above. We deduce from this adsorption mechanism that
when the chains have time to relax, both the EO and the
S units have contacts with the surface. The mechanism
suggested by Figure 9b does not support a picture in which
only EO segments have a favorable adsorption affinity. In
this case, the layers should be thick at low coverage (on
the order of twice the radius of gyration of the molecule)!*
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Figure 10. Intensity of the reflected light at a constant incident
angle (36.35°) as a function of time: (a) P83/3470, (b) P170/
1730. The arrows indicate when the solution conditions are
changed. (a) (1) ~5X%10%g/mL,(2) ~10-%g/mL,(3) 10“g/mL,
(4)9x 10*g/mL. (b) (1) <10¢g/mL, (2) ~4 X 10¢g/mL, (3)
2% 10%g/mL, (4) 2 X 10 g/mL, (5) saturation with water, (6)
2 X 107 g/mL.

because the S tails have only one way to go, toward the
solution.

Now that we have a method to create reproducible ad-
sorbed layers we can study the coverage at high concen-
tration in more detail. In Figure 10 we show two
experiments conducted by a stepwise increase in the
concentration of P170/1730 and P83/3470 polymers.
Arrows indicate the points in time where the solutions
were changed. In both experiments the initial concen-
trations were slightly too high, causing a small overshoot.
Subsequent increases in concentration, however, produced
stable layers. Inthe dilute regime, we find that the layers
become thicker with increasing concentration; however,
above a particular concentration, the signal decreases.

This observation suggests a most remarkable phenom-
ena occurring at high chain-packing densities. The lower
adsorption for the higher concentration must be considered
a truly equilibrium event that we believe represents a
surface phase transition. When the polymer concentration
was lowered to pretransition values, the signal did not
increase over a 2-day time scale, indicating that a hysteresis
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Figure 11. Intensity of the reflected light as a function of incident angle just before (open circles) and after (closed circles) the
transition concentration, for the experiments shown in Figure 10: (a) P83/3470, (b) P170/1730.
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Figure 12. (a) Collection of experimental data and theoretical predictions. The intensity of the reflected light is shown against the
angle of incidence. Experiments (symbols) are taken from plateau values in Figure 10. Parameters for the SCF calculations are given
in Table II. (1) Experiment: t = 0, bare surface. Theory: Fresnel interface. (2) Experiment: P83/3470, ¢ = 10-¢ g/mL. Theory:
E17Ses0, ¢° = 4 X 10-%, (3) Experiment: P83/3470,¢ =5 X 10 g/mL. Theory: Ei;Ses, ¢° = 3 X 10-7. (4) Experiment: P83/3470,
¢=5X10*g/mL. Theory: E;;Ses0, ¢* =5 X 10 (5) Experiment: P170/1730,c = 5 X 10° g/mL. Theory: EgSs, ¢* =5 X 1075,
(b) Theoretical reflectivity curves for different choices of the model parameters. The continuous lines are xwg = 3.15 and xws = 1.25:
(1) E17Ses0, #* = 5 X 1074, (2) E17Ses0, ¢* = 3 X107, (8) E17Ses0, #° = 4 X 1078, (4) E3,Sag0, ¢* = 5 X 1075, The dashed curves are for
xwe = 2.5 and xws = 0: (1) E17Ses0, ¢° = 6 X 1078, (2) E;7Ses0, ¢* = 4 X 1077, (3) E17Sgsp, ¢#* = 5 X 1074, (4) E34Sa40, ¢* = 5 X 1075,

is present. In an attempt to test the stability of this
transition, we added a small amount of water to saturate
the cyclopentane solution. A small increase in signal was
observed as the layer adjusted to the higher water
background; however, it never recovered to its pretran-
sition value, suggesting that this layer is resistent to
changes in water content. In Figure 11a,b we collect the
reflectivity curves just before and after the transition for
both polymers. The fact that, in both cases, we observe
a decrease in magnitude and in apparent Brewster angle,
indicates that the layers are less extended into solution
after the transition. Although the total adsorbed amount
may have changed slightly, the altered layer is more
compact near the surface. This is consistent with a
transition from a homogeneous layer into inhomogeneous
micellar-type structures on the surface where both eth-
ylene oxide and styrene are in contact with the interface.
We will discuss this interesting phenomena further below.

We note that adsorbed micelles are observed in the initial
rise of the adsorption isotherm34 for small surfactants. In
the surfactant case, the hydrocarbon tails drive the seif-
assembly near the surface while here the smaller part of
the chains self-assemble; thus, the transition observed in
our experiments is not related to that in surfactants.

The Fresnel curves for the various plateau values found
in Figure 10 are presented in Figure 12a. There is a
significant difference in the reflectivity curves for the two
polymers, their shape also depending on the polymer
concentration. Since the curves represent stable surface
layers, theoretical modeling is opportune.

Discussion

Comparison with Self-Consistent-Field Com-
putations. Inorderto compare experimental results with
theoretical predictions from the self-consistent-field the-
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ory, we must choose appropriate sizes for statistical
segments as well as each segment-segment and segment-
surface interaction energy parameter. InTable Il weshow
the values for all the parameters; those indicated by an
asterisk are chosen to fit theory to experiment but held
constant for both polymers. These values are therefore
determined by our experiments. The most important
parameters are discussed below.

To satisfy the underlying assumption of a first-order
Markov approximation used in the chain statistics (see
Appendix B), one needs large statistical units; however,
the assumption that all segment types and solvent
molecules are of equal size, each filling a lattice site,
requires small statistical segments. We choose five real
segments to represent a statistical segment, irrespective
of the monomer type. The length of a statistical segment
implies the spacing between the layers; here we choose 1.2
nm, in accord with molecular sizes. Inreference to Figure
3a, variation of this length scale has the effect of changing
d; at constant n;. The use of statistical segments directly
effects the values for the various interaction parameters.

In the computations we neglect the presence of water
in the system. We know, however, that water has a
significant effect on the block copolymer micellization
process?® and will undoubtedly effect the adsorption
behavior. We trust that most of these effects can be
included in the energy parameters. Although all param-
eters are in principle measurable, until they become
available we necessarily make educated choices treating
them, in some sense, as adjustable parameters.

First, we must define energy parameters for segment—
segment and segment-solvent interactions. Fortunately,
the P170/1730 polymer has been well characterized in our
laboratory. The estimated cmc, 104 g/mL,%%2 pinpoints
the value for xcg = 1.4 (C = cyclopentane, E = ethylene
oxide). Since cyclopentaneis a near-0 solvent for styrene,
we choose the value xcs = 0.45 (S = styrene). Finally, the
interaction between S and EO must be characterized.
Because few of these contacts occur, it is not a very critical
parameter and is set to xsg = 0.5. By definition all Flory-
Huggins interaction parameters between similar segments
are zero.

Second, we must account for interactions between
segments and the surface via Silberberg’s definition; i.e.,
apositive value indicates that the exchange of an adsorbed
solvent molecule with a segment is energetically favorable.
The xwg = 3.15 is close to our previous estimate8? and of
the proper magnitude for ethylene oxide/SiOH bonds;
xws = 1.25 is very close to the interaction parameter for
styrene onsilica in, for example, cyclohexane,’! and again,
by definition, xwc = 0. Comparison between experiment
and theory can, at best, be semiquantitative due to the
number of unknown parameters. In comparing with
experimental data, we focus on such aspects as the position
of the apparent Brewster angle, the correct curvature, and
the proper trends upon dilution.

In Figure 12a we show how well the theory predicts the
large difference between the two types of polymer. Italso
captures the fact that the P83/3470 curves change
dramatically upon dilution. Before predicted density
profiles are looked at, it is interesting to investigate the
sensitivity of predicted reflectivity curves to changes in
model parameters. We focus on the apparent Brewster
angle for P83/3470, which shifts to lower angle for lower
coverages. When xws = 0 and xwg = 1.5, we found a
reasonable fit at higher coverage, but upon dilution the
apparent Brewster angle did not decrease sufficiently, as
shown in Figure 12b. With these parameters styrene has
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Figure 13. Segment density profiles predicted by the self-
consistent-field theory. (a) The continuous curve is the profile
corresponding to the theoretical reflectivity curve shown Figure
12a.4 (E17Sgs0, ¢® = 5 X 107%); the broken curve corresponds to
Figure 12a.5 (E17S340, ¢* =5 X 1075). (b) The broken curve is the
profile corresponding to 12a.2 (E;7Ses0, ¢® = 4 X 10%). The
coxit)inuous curve corresponds to Figure 12a.4 (E;7Sgs0, ¢° = 5 X
1074).

no affinity for the surface and consequently lowering the
coverage reduces the chain density near the surface at
constant layer thickness. The parameters from Table II
better represent the data, and these density profiles will
be given below.

In Figure 13 we show the predicted density profiles
corresponding to the reflectivity curves in Figure 12a first,
in Figure 13a comparing P83/3470 with P170/1730. As
expected, virtually all the EO units are next to the surface,
and with P170/1730 this first layer is almost completely
filled, indicating saturating adsorbed amounts. On the
other hand, the P83/3470 polymer retains PS segments
in contact with the surface. The excess adsorbed amount
for P83/3470, 14.16 equivalent monolayers, is slightly
higher than the 13.03 for P170/1730. This corresponds
to about 10 times the adsorbed amount typically found
for homopolymer adsorption. The conversion factor from
equivalent monolayers to milligrams per meters squared
is approximately 1. The longer tail of the P83/3470
molecule extends about 50% farther into the bulk, thus
diminishing the density away from the surface. Both
molecules show the profile characteristic of the tails “fixed”
to the surface by one end.’® In Figure 13b we show the
density profiles at a lower equilibrium concentration. As
expected from the discussion above, we find the tails not
to extend as far into solution while the density of styrene
next to the wall increases due to the fact that at a lower
coverage there are fewer ethylene oxide segments near the
surface.

Finally, in Figure 14 we present the adsorption isotherms
with the parameters given in Table II up to the CMC for
P170/1730 and up to the maximum for the P83/3470; no
micelles are found for this copolymer. Both isotherms



Macromolecules, Vol. 24, No. 3, 1991

15.0 LS ' B L ' LR B I § —| LB I LER BB I L) B
125 ?
S -

o C b // i
C < ° 3
10.0 - / alo
: // X
75F / .
C / ]
5.0 /I ]
C / ]
u / ]
25 / .
| - 4
0 l-I ] l | I - l Lo L i |4L Lt 1 l L1 1 1 L i i1 ]
50 40 30 -20 -0 0

log(¢°)

Figure 14. Excess adsorbed amount in equivalent monolayers
is plotted against the logarithm of the equilibrium volume
fraction. (a) P83/3470sample: (—) theory; (O) experiment. (b)
P170/1730 sample: (- - -) theory; (®) experiment.

have a “foot” at very low equilibrium concentration. The
large number of styrene segments in both copolymer chains
produces a high affinity adsorption isotherm (the initial
rise in the isotherm is not indicated). In this regime, the
density profile is very similar to that of an adsorbed ho-
mopolymer. In the next regime the adsorbed amount
increases linearly with log ¢b as EQ segments displace S
segments from the surface. At very low concentration
this process is already complete for the P170/1730
molecule, while for P83/3470 it continues over the entire
isotherm. Since they are expressed as excess quantities
(see eq 5) both isotherms will go to 0 at a ¢ = 1 (not
indicated in Figure 14); this is why P83/3470 has a
maximum at high concentration. In Figure 14 we indicate
a few experimental points for both polymers. Although
the range for the measurable isotherm is small, the
available data follow the predictions; for P170/1730
increasing the solution concentration alters the adsorbed
amount only slightly, while for P83/3470 a significant
increase in adsorbed amount is evident.

Overshoot. The overshoot phenomenon, shown very
dramatically in the present system, is perhaps a fairly
general problem. Chainmolecules arriving at the interface
must assume new conformations, a rearrangement process
that can be very slow. Cohen Stuart et al. studied the
rearrangements of homopolymers by measuring their
hydrodynamic layer thickness in the Henry region of the
adsorption isotherm as a function of time after deposition.%
They observe that the hydrodynamic layer thickness is
initially on the order of the solution coil size, subsequently
collapsing to a flat conformation. The higher the con-
centration of polymers in the layer, the slower the
rearrangement.

In general, when the surface interactions are not too
strong, polymer adsorption equilibrium is within reach on
a relatively short time scale; however, in polyelectrolyte
systems for example strong interactions can make equi-
librium more difficult to reach. An outstanding problem
in polyelectrolyte adsorption is the discrepancy between
theoretic expectations of a very thin adsorbed layer,® with
the thick layers found in surface force®” or ellipsometry38
experiments. In light of the present discussion we can
explain this dilemma. In bulk solution, the charged poly-
electrolytes have very swollen conformations due to the
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repulsion between the segments. When the surface is of
opposite charge, polyelectrolytes are strongly attracted to
it. At moderate solution concentrations rearrangement
becomes much slower than the characteristic time for chain
arrival. Then, due to the semipermanent character of a
segment—surface bond, the layer relaxation becomes very
slow.

One must ask whether in the present system the slow
relaxation is caused by chain rearrangements or by des-
orption from the surface. Since the overshoot is coupled
to a very fast initial deposition, we believe that the initial
layer is far from equilibrium, preventing us from answering
the question with the SCF model. A maximum in ad-
sorbed amount is thus produced as the system relaxes. In
some cases the magnitude of the overshoot indicates the
necessity of chain desorption. When relaxed adsorbed
polymer layers are desired, the concentration step exper-
iment, suggested in this paper, can be generally applied.

Kinetics. It is clear that the present system shows
relaxation effects on very remarkable time scales; some of
these observed transients have not yet been discussed in
proper perspective. The fact that we must use extremely
dilute polymer solutions indicates the length of the relevant
relaxation time for chains arriving at a bare surface. Once
a stable layer is formed and the polymer solution con-
centration is increased, a hew plateau is reached quickly,
within 1 h. This is surprisingly fast because new chains
must diffuse through an already densely packed layer to
the surface. These changes in the adsorbed layer upon
variation of solution conditions show that, although the
chain packing is high, the layer must be considerably
mobile. The high mobility can also explain the rate at
which the polymer layer goes through its phase transition,
again on a 1-h time scale.

Having concluded that the diffusion process through
the brush layer is relatively fast, we exclude this from the
logarithmically slow adsorption phenomena found in
relation to the overshoot. Thefact that we find a negligible
molecular weight dependence in the logarithmic regime
supports this conclusion. We believe that the adsorbing
part of the block copolymer is responsible for the slow
kinetics. It is known that ethylene oxide can crystallize,?®
and although it is difficult to imagine a real crystal forming
near the surface, cooperative ordering effects can explain
the slow relaxations. One can also argue that, near the
surface, chains can be in a glassy state created by the locally
high segment density. This phenomenon supports the
slow relaxation process, but it cannot explain why some
rearrangements in the layer, for example, the ones related
to the phase transition, are relatively fast.

Surface Phase Transition. There is ample evidence
for a surface phase transition. In the concentration step
experiments the intensity of the reflected light at the Brew-
ster angle drops when the solution concentration exceeds
agivenvalue. Inaddition, there are significant differences
in the reflectivity curves below and above the transition
concentration, and there is a dramatic concentration
dependence in the fast deposition experiments at times
comparable to the beginning of the relaxation process in
the overshoot. The calculations shown above do not
predict a surface phase transition; the adsorbed amounts
increase with the bulk concentration. If the transition is
characterized by the creation of lateral inhomogeneities
in the layer, as suggested above, the calculations will not
show this due to the local mean-field approximation. We
believe the surface phase transition appears as presented
in Figure 15, Rather than being next to the surface, some
of the EO chain parts begin to group together, forming
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Figure 15. Block copolymers composed of 4 EO units and 25
S units adsorbed at the surface. (a) Prior to the phase transition,
almost all of the EO segments contact the surface; the styrene
chains protrude far into solution. (b) After the phase transition,
EO units are now grouped together in aggregates and S segments
are in contact with the contact with the surface and the S tails
do not extend as far into solution.

local structures that are micellar in nature. The tails
pointing toward the solution may have in fact more space
available from the local curvature. We hypothesize that,
at high chain densities, the EQ units gain considerable
energy when they self-associate rather than forming
favorable bonds with the surface. In other words, the EO
units may need a specific orientation to gain energy from
a surface contact, and if this orientation is not possible at
high densities, the energy balance is altered. This asso-
ciation and ordering argument may shift the balance of
surface forces toward the initiation of lateral inhomoge-
neities described above. Preliminary computations with
a two-dimensional version of the self-consistent-field
. theory, which can handle lateral inhomogeneities, show
that surface micelles are possible for these asymmetric
molecules when the adsorption energy for the two segment
types in the chain are of the same magnitude. In the
unlikely event that we have overestimated the difference
in adsorption affinities in our analysis, we do not need the
cooperative ordering argument used above to explain the
transition. We believe that the phase transition discussed
above is due to self-assembly of the copolymer chains and
will therefore occur only with amphiphilic molecules in a
selective solvent where a number of conditions such as a
proper balance between surface forces and the molecular
compositions are satisfied.

Conclusions and Summary

We have presented a dynamic scanning angle reflec-
tometer well suited for the study of block copolymer
adsorption for a number of reasons. First, the block
copolymer layers are very thick, and thus the intensity of
the reflected light is easily measurable with a photodiode
array. Second, the apparatus is very stable in time so that
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the slow adsorption, desorption, and rearrangement pro-
cesses can be followed. Third, the reflectivity curves show
considerable variation upon changes in surface coverage
and profile, and thus the apparatus gives insights in the
structure of the polymer layer and its evolution in time.

We found that under normal conditions highly asym-
metric copolymers with a small ethylene oxide and large
styrene blocks adsorb rapidly on a glass surface from a
cyclopentane solution; a high coverage is often reached
within hours. Under these conditions, however, a relax-
ation process is observed. The initial deposition rate of
chains onto the surface is faster than the time required for
a chain to find its optimal conformations. This leads, in
general, to thick layers, on the order of 75 nm, far from
equilibrium and a possible excess of chains on the surface.
The rearrangements or desorption of chains from this thick
polymer layer are very slow, occurring over periods of days
or weeks,

We propose a concentration step experiment to over-
come this problem. Inthisexperiment,anextremely dilute
polymer solution is brought in contact with the surface.
The overshoot and relaxation is now absent since the
deposition rate is very much reduced and the chains
rearrange upon arrival before subsequent molecules fill
the surface. After the adsorption of this solution is
completed, the concentration is increased stepwise to the
desired value. In this way stable adsorbed layers ap-
proaching equilibrium are prepared. This concentration
step strategy can be useful in other polymer adsorption
systems, such as polyelectrolytes, where nonequilibrium
segment density profiles are likely to form.

We were not able to increase the surface coverage of
P170/1730 above 13 mg/m? and of P83/3470 above 14
mg/m?2, Any attempt to increase the number of adsorbed
chains by increasing the solution concentration resulted
in a surface phase transition characterized, most likely,
by laterally inhomogeneous density profiles. We hypoth-
esize an ordering of the ethylene oxide chains causes a
change in the balance between surface interaction forces,
increasing the likelihood that styrene units are found near
the surface while the ethylene oxide units reside in localized
regions on or near thesurface. These micellelikestructures
cause the local density in the first 5~10 nm near the surface
toincrease and the total layer thickness to decrease because
the styrene segments can form more contacts with the
surface.

We model the adsorbed copolymer layers, below the
phase-transition concentration, with the self-consistent-
field theory of Scheutjens and Fleer. We convert predicted
segment density profiles into refractive index profiles and
reflectivity curves using the matrix method of Abelés.
Reasonable choices for the model parameters produce
semiquantitative agreement for the variation with both
molecular composition and adsorbed amounts. The
theoretical density profiles show ethylene oxide units in
a flat conformation near the wall, while the styrene units
protrude far into solution. From the model we learn than
styrene has a favorable interaction with the surface when
adsorbed from cyclopentane but that it is easily displaced
by ethylene oxide segments.

The adsorption kinetics suggest that diffusion of chains
through the brush layer is relatively fast, implying that
the chains within the layer are quite mobile. In experi-
ments where the chains are rapidly deposited on the
surface, subsequent logarithmically slow rearrangement
processes indicate a slow relaxation of the high density of
ethylene oxide near the surface. It is not likely that this
ethylene oxide layer is in a glassy state. We believe,
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however, that cooperative ordering effects of EOQ near the
surface contribute to the prohibitively long relaxation
times. We are currently investigating this in experiments
with amorphous diblock copolymers.
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Appendix A. Reflection of Polarized Light from
Stratified Isotropic Planar Layers!

Consider a stratified interface composed of many parallel
layersz = 1,...,, M each of thickness d, and with an isotropic
refractive index n,. Both for z < 1 and for z > M the
refractive index is homogeneous throughout. The trans-
mitted direction (to higher z) is indicated by a superscript
while reflected direction is indicated by a superscript
minus. An incident parallel polarized wave of light (the
superscript p is dropped) in the medium 0 generates a
reflected wave in 0 and a transmitted wave at M + 1. In
vector notation the total field at a plane z is

E*(2)
E(2)

A 2 X 2 scattering matrix S relates the field between the
planes at z and 2/, E(z) = SE(z’). The total scattering
matrix, i.e., the one relating the light wave in medium 0
and the light on the other side of the interface (z = M +

1), is thus
E'O7_[Su S ][E+<M+ 1) ]
E(0) ] - [321 Sos 0 (42)

The relative intensity of the reflected light is given by R
= S21/811- Thescattering matrix is composed of two types
of matrices called the interface matrix, I, and the layer
matrix, L. The first one handles the reflection and
refraction of the light passing through the step in refractive
index between two consecutive layers, while the second
matrix accounts for the phase shift of the light traveling
through the layer. Thus in this case

E(z) = (A1)

M
S= I011_‘[:["212(;:-0-1) (A3)

z=1

the interface matrix is a function of the interface Fresnel
reflection (see eq 2)

1 r,
Izz’ = [r ’ 122 ] (A4)
and the layer matrix is given by
_ eJﬁ: 0

where the film phase thickness, 3,, is given in the text (eq
3). Finally, the angle with respect to the normal is found
by applying Snell’slaw. These equations provide a means
to calculate the reflectivity for an arbitrary layered
refractive index profile.

Appendix B. Self-Consistent-Field Theory for
Polymer Adsorption20-24

The volume fraction of segment s of chain type & in
layer z (segment probability amplitude) is related to the
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product of the chain end distribution function computed
by starting at segment number 1, Gi(2,s/1), and the chain
end distribution function starting at segment number 7,
Gi(z,8/1), as

G(z,511) G (2,8|r)
8) =C, B1
¢k(2 s) k Gk(z,s) (B1)
where C is a normalization calculated from either the
bulk volume fraction of molecule k&

Co=0’/Th (B2)

or, when the number of molecules in the system, normalized
by the number of lattice sites in a layer, 8, = 3,3, #»(2,),
is known from

8
Cp=— (B3)

rkZGk(z,rﬂ)

In eq B1 the division of G(z,s) is performed to correct for
double counting of the overlapping segments of rank s. A
simple recurrence formula relates the chain end distri-
bution function, Gi(z,s|1), to that for a chain one segment
shorter as

G (z,5]1) = (G, (z,5-1|1)) G,(z,s) (B4)

A similar equation holds for the chain end distribution
functions started from the opposite end of the molecule.
The broken brackets in eq B4 indicate a weighted average
over three layers z — 1, z, and z + 1 for z > 1 and over two
layers for z = 1

(G(2)) = A,G(z - 1)(1-8,,) + \G(2) + \,Glz+ 1()35)

where A_1, Ao, and A; are a priori probabilities to move to
aprevious layer, to stay in the layer, or to step to a following
layer in the lattice, respectively. In a hexagonal lattice
these values are 0.25, 0.5, and 0.25, respectively. Note
that the use of eq B4 implies that the history of the chain
trajectory is only one segment long, corresponding to a
first-order Markov approximation. Since G(z,1|1) =
Gi(z,1), the problem is solved when the free segment
distribution functions, Gy(z,s) are known. If segments of
molecule k is of type x, we have Gir(2,s) = G«(2). It can
be shown that G,(z} is given by a Boltzmann equation

G,(z) = e @/AT (B6)

where u,(2)/kT is the local mean-field potential a segment
type x “feels” in layer 2. The general formula for this
potential

u,(2) =u'(z) + kT Zx,y(<d>y(z)) -¢,) - kTxw 8,
Y (B7)

includes a Lagrange parameter, u'(z), coupled to the
condition that all lattice sites must be filled, i.e., incom-
pressibility

D e@=1 (BS)

Physically u’(z) is a hard-core repulsion. Thesecond term
in eq B7 represents all possible segment-segment inter-
actions and is properly normalized with respect to the
interactions in the bulk. The broken brackets have the
same meaning as those in eq B5. The third term accounts
for the interaction of segment x with the surface, only in
effect of course when the segment x is in layer 1. The
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minus sign in front of the third tem of eq B7 is a
consequence of the Silberberg adsorption energy definition.

Theset of equationsis closed. Ineachlayertheunknown
Lagrange parameter u'(z) is coupled to eq B8, and for
each segment type in each layer, the unknown volume
fraction is coupled to a potential given in eq B7. Solving
these implicit equations for the volume fractions and for
the value of the Lagrange parameter in each layer is, in
general, only possible with use of numerical methods.*
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