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ABSTRACT: Polymer molecules at solid or fluid interfaces have an enormous spectrum of
applications in a wide variety of technologies as lubricants, adhesion modifiers, and pro-
tective surface coatings. Because polymer brushes have great potential to be used in such
applications, there is a need to determine their structure and efficiency in reduced spaces.
Using neutron reflectivity, we have directly quantified the density distribution of opposing
polymer brushes under confinement in good solvent conditions under confinement. Our
measurements show that the density profile in the overlap region between opposing
polymer brushes flattens, consistent with predictions from molecular-dynamics simula-
tions. In addition, a significant increase in the density at the anchoring surfaces due to the
collapse of the brush layers was observed. This collapse of the brushes in restricted
geometries suggests that high-density brushes do not interpenetrate significantly under
good solvent conditions. © 2004 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 42:
3290–3301, 2004
Keywords: confinement; diblocks; good solvent; neutron reflectivity; thin films; poly-
styrene

INTRODUCTION

Polymer molecules at solid or fluid interfaces
have an enormous spectrum of applications in a
wide variety of technologies. For example, they
provide a mechanism for imparting colloid stabi-
lization, they are used as protective coatings (in-
cluding the mechanical protection of solids

against friction and wear), they govern the inter-
actions of biological cell surfaces, and through
judicious design they are used to modulate dis-
persion properties (e.g., rheology) under a variety
of processing conditions.1 Therefore, knowledge of
the conformations that adsorbed or terminally
anchored chain molecules adopt when subjected
to confinement and/or solvent flow is essential for
predicting the interaction forces, tribological, and
rheological properties in thin-film technologies.2

In this work, we focus on the behavior of
diblock copolymer chains in a selective solvent, in
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which one end of the polymer block anchors the
chain to the surface and the other block extends
away from the interface into the solution. As
shown schematically in Figure 1, when two op-
posing brushes are brought into contact, two pro-
cesses may occur simultaneously: interpenetra-
tion and compression. Depending on the outcome,
the adhesion, lubrication, or shear behavior be-
tween the surfaces may be greatly altered. As a
result, the ability to predict the structure of poly-
meric surface coatings under confinement and/or
shear is essential for their rational design. Exper-
imentally, information regarding the structure of
grafted polymer layers has been deduced from
force measurements with equipment such as sur-
face force instruments3–7 and various scanning
probe microscopy techniques.8–12 Such force pro-
file and topography measurements have provided
important information, but extracting the poly-
mer structure is difficult from such measure-
ments. In many cases, our understanding and
interpretation of experimental data have evolved
from theoretical studies based on scaling argu-
ments,13–17 mean-field theories,18–24 and com-
puter simulations.25–28

At the molecular level, neutron reflectivity
experiments have been very successful in pro-
viding detailed density distribution profiles of
polymeric materials at single interfaces (depth
profiling); the structure of adsorbed diblock
polymers in good, theta, and poor solvents has
been investigated as a function of the grafting
density.29 –39 [Neutron reflectometry is a sur-
face-sensitive scattering method that takes ad-

vantage of the wave properties of the neutron
probe near the condition of perfect reflection
from the sample. The reflection of neutrons
from a thin film at a surface provides the ability
to characterize the thin-film structure with sub-
nanometer-level resolution, enabling the thick-
ness, roughness, uniformity, and density profile
of the layers normal to a surface to be deter-
mined. The major advantages of neutron scat-
tering techniques (e.g., in comparison with X-
ray techniques) are (1) that they are free of
radiation damage, (2) that by the application of
contrast matching procedures parts of stratified
films may be highlighted or screened out, and
(3) that neutrons can penetrate thick substrates
to probe the structure of buried interfaces. All
three of these features are important for the
study of confined polymer layers.] Although
depth profiling measurements away from an
interface have been highly successful, probing
the structure that tethered polymer layers
adopt under confinement has proven more elu-
sive. The difficulty lies in the need of ultraflat
surfaces of a suitably large surface area for
neutron scattering measurements. These sur-
faces must be closely opposed to separations
below a few hundred nanometers and must be
kept aligned and parallel throughout the dura-
tion of the measurement to confine the film of
interest uniformly. Early work by Cosgrove and
coworkers40,41 paved the way for the apparatus
that we have developed. In their design, large,
optically polished quartz flats were forced to
closely approach with a hydraulic ram, and in-
tersurface separations of about 100 nm were
attained. However, data interpretation proved
difficult because a constant surface separation
could not be maintained during the course of an
experiment.

Recently, we have designed and built an appa-
ratus so that single-crystal substrates of silicon,
quartz, or sapphire with areas of up to tens of
square centimeters can be kept parallel at con-
trolled and well-defined separations from milli-
meters to less than 1000 Å.42 Preliminary results
for the structure of high- density polystyrene–
poly(2-vinylpyridine) (PS–P2VP) diblocks con-
fined between sapphire substrates are reported.
These studies demonstrate that this experimen-
tal technique provides a new method for measur-
ing the density distribution of grafted polymer
brush layers under confined geometries.

Figure 1. Geometry of the neutron reflectivity mea-
surements and two structural rearrangements of poly-
mer brush layers in contact: brush compression and
brush interpenetration. The confinement of two oppos-
ing brush layers is likely to be a combination of com-
pression and interpenetration.
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EXPERIMENTAL

Polymer Brush Layers

We have focused our initial studies on characteriz-
ing the structure of high-density polymer brushes
formed by the spin coating of 50:50 PS–P2VP
diblocks [molecular weight � 122,000, polydisper-
sity � 1.1, poly(2-vinylpyridine) (P2VP) fraction
� 0.51].39,43 The P2VP portion of the diblock was
hydrogenated [hydrogenated poly(2-vinylpyridine)
(hP2VP)], whereas the polystyrene (PS) portion
could be either hydrogenated [hydrogenated poly-
styrene (hPS)] or deuterated to take advantage of
contrast labeling. Only results with hPS–P2VP lay-
ers are reported here. Following the procedure de-
veloped by Levicky,43 we prepared uniform polymer
thin films by spin coating at 2000 rpm for 30 s on
dry, ultraclean sapphire substrates in a clean room
environment. The sapphire substrates were pre-
cleaned in acetone and isopropyl alcohol, dried, and
then cleaned for 10–20 min in 70:30 sulfuric acid/
hydrogen peroxide at 100 °C. Afterwards, the sub-
strates were cooled to less than 50 °C before being
rinsed with copious deionized water (18 M� cm)
and dried with clean nitrogen. The spin-coating so-
lution was 0.6 mg/mL PS–P2VP in toluene. The
polymer was dissolved in solution with continuous
stirring and was prepared at least 24 h in advance.
Just before use, the solution was filtered a mini-
mum of three times through 0.45-�m poly(tetrafluo-
roethylene) filters. The spin-coated polymer layers
prepared in this manner were about 200 Å thick, as
determined by ellipsometry, and only films with
zero or few holes were used. After the spin coating,
the polymer thin films were annealed in vacuo at
180 °C for 24 h. The substrates were then cooled to
room temperature before their removal from the
vacuum oven.43 The glass-transition temperature
for both polymers was just over 100 °C.44 P2VP
preferred to wet the sapphire (oxide) surface,
whereas PS segregated to the air interface. After
the annealing, an equilibrium alignment of lamel-
lae parallel to the substrate was expected, as shown
schematically in Figure 2(A), because of preferen-
tial surface wetting and the incompatibility of the
PS and P2VP blocks.

A characteristic reflectivity profile for a single,
annealed PS–P2VP layer on sapphire in the dry
state is shown in Figure 2(B). Simple boxes of
constant thickness and scattering length density
(SLD) were used to model the PS and P2VP
portions of the thin-film polymer bilayer. The in-
terfaces were smeared with an error function.

Table 1 lists the calculated bulk SLDs for each
material used in these studies. Box model fitting
parameters corresponding to the SLD profile in

Figure 2. (A) Schematic representation of the spin-
coated and annealed PS–P2VP layer and (B) reflectiv-
ity profile of a single PS–P2VP layer on a sapphire
substrate. The solid curve is a fit to the data based on
(C) the SLD profile.
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Figure 2(C) are given in Table 2. From the SLD
profile, a well-segregated PS–P2VP layer with a
bilayer structure is evident. In addition, the fitted
roughness of the sapphire substrate was 3 Å,
which was consistent with interferograms of the
substrates after polishing.

Previously, the structure of 50:50 PS–P2VP
layers on silicon substrates was characterized by
Levicky et al.,39 and this motivated our own in-
vestigations of this system. In these earlier stud-
ies, the PS portion of the layer was solvated with
a preferential solvent, toluene or cyclohexane,
whereas the P2VP portion anchored the solvated
PS chains to the substrate. In general, the cross-
over from a polymer mushroom regime to a brush
regime takes place when the area available per
tethered chain (�) is smaller than the area that an
unperturbed coil would adopt (�* � Rg

2, where Rg
is the radius of gyration). As the area available
per chain decreases (� � �*), the lateral crowding
of the chains increases. The chains can alleviate
this crowding by stretching out and diluting
themselves in the solvent. The height (h) of the
polymer brush is determined by the balance of the
osmotic pressure and the entropic cost of stretch-

ing the chains.2,16,17 Because high-molecular-
weight 50:50 diblocks were spin-coated onto the
substrates, very high-density PS brushes were
obtainable. Under these strong, lateral overlap
conditions (� � 1/20�*), the polymer brush ex-
tended h � 700 Å and had a volume fraction of
� � 25% at the surface. In terms of structure, the
polymer brush exhibited a parabolic profile with a
flattening of the concentration profile with in-
creasing lateral chain overlap. These results were
similar to predictions for strongly stretched
brushes based on scaling and self-consistent
mean-field theory, in which the flattening of the
profile (exponent of 3) underlined the importance
of higher order interactions and self-avoidance
constraints in polymer/solvent systems.39 In the
studies conducted here, similar high-density
brushes were formed. To investigate the effect of
confinement and compression on the structure of
these high-density brushes, we prepared symmet-
ric PS–P2VP polymer layers. The layers on each
substrate were assumed to be mirror images of
each other and were fixed to have the same SLD,
thickness, and functional form.

Table 1. Physical Parameters and SLDs of the Bulk Materials

Material Chemical Formula
Density
(g/cm3)

SLD
(�10�6 Å�2)

Sapphire Al2O3 4 5.8
P2VP OCH2CH(C5H4N)O 1.11 1.89
PS OCH2CH(C6H5)O 1.05 1.41
Toluene-d C6D5CD3 0.94 5.66

Table 2. Parameters Used To Fit the Reflectivity Profiles in Figures 2–4

Solvent Gap
PS

Thickness
hPS SLD

(�10�6 Å�2)
P2VP

Thickness
hP2VP SLD
(�10�6 Å�2)

Gap
Spacinga

SLD
Gap �2

Single surface 75 Å 1.4 100 Å 1.8 NA 2.4
(The polymer layers are symmetric; only layer 1 is reported)

Air 78 Å 1.4 104 Å 1.8 1100 Å 0 2.6
Toluene-d Parabola Starting SLD Ending SLD
Large gap 200 4.2 5.1 70 1.8 1075 5.1 2.5
Small gap 150 3.7 4.6 70 1.8 850 4.6 2.8

a The gap spacing between the substrates has an incoherent smear of 70 Å to account for the waviness of the substrates.
Although the surfaces are parallel, over an area (cm2) there is a small variation in the long-range flatness of the substrates (�/25).
As a result, this variation of 70 Å in substrate separation over the entire region of the beam footprint adds incoherently and must
be accounted for in the modeling of the reflectivity profile. The gap-spacing waviness is less than that of the isolated substrates
because of conformal deformations.

All interfaces have been smeared by 1–4 Å with an error function to account for the roughness of the interfacial layers, with one
exception. The interfacial roughness was 15 Å between the P2VP and PS layers.
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Neutron Confinement and Shear Cell

A schematic of the apparatus is shown in Fig-
ure 3.42 The frame and interior components of the
neutron confinement cell (NCC) were constructed
from 304 and 316 stainless steel. All inlets, out-
lets, and openings were sealed with Teflon gas-
kets or o-rings, and this enabled the liquid vapor
pressure to be maintained and prevented contam-
ination from entering the chamber. Single-crystal
sapphire windows (1 mm thick) acted as beam
ports for the incident and reflected neutron
beams.

The heart of the device was the substrates used
to confine the complex fluid of interest. Theoreti-
cally, the minimum gap obtainable with the de-
vice was solely a function of the smoothness (wav-
iness) of the substrates used. In other words, the

gap separation was equivalent to the separation
between the two substrates. In these experi-
ments, 50-mm-diameter, 15-mm-thick, single-
crystal sapphire substrates with a nominal sur-
face waviness of less than �/25 over the inner 90%
of the surface were used. The outer 10% of each
substrate was rounded off to ensure that there
would be no edge asperities.

Another critical concern is that these sub-
strates had to be kept in a parallel alignment at a
constant gap separation for the duration of the
reflectivity measurement (2–12 h). Otherwise,
contributions from different substrate separa-
tions would tend to smear out the reflectivity
profile.40,41 In our apparatus, the substrates were
mounted into recesses within the steel housing
(upper surface) and in the shearing mount (lower

Figure 3. Cross section of the NCC. The neutron beam passed perpendicularly to the
view shown. The apparatus was constructed of 304 and 316 stainless steel, and all
inlets and outlets were sealed by Teflon o-rings or gaskets. A hydraulic ram could be
used to apply high loads, which were calibrated by the measurement of the compression
of Belleville washers of variable spring constants. The upper quartz substrate mounted
into the top of the outer housing. The lower substrate mounted on a mechanical slider
and could be translated (sheared) with respect to the upper surface with a mechanical
motor drive assembly.
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surface). The steel surfaces upon which the sub-
strates rested were machined to a lapped toler-
ance of less than 10 �in. A Teflon gasket material
of Durlon 9000 was placed along the bottom and
sides of the substrate recesses to distribute the
applied load evenly across the substrate surface.
The flexibility of the gasket material and the com-
pliance of the substrate materials enabled the
surfaces to conform and self-align. As we show
later, very small gap separations were obtained
with this construction. The assembled device fit
on top of a piston ram, which could be used to
apply large normal loads to the substrates
through a series of variable-spring-constant Bel-
leville washers. Through the measurement of the
deflection of the Belleville washers, the applied
load could be accurately determined. A locking
collar enabled the applied load to be maintained if
the device was removed from the piston ram as-
sembly.

Neutron Reflectivity Measurements

The neutron measurements were made on the
SPEAR reflectometer at the Manuel Lujan Jr.
Neutron Scattering Center at the Los Alamos
National Laboratory. The range of the neutron
wavelengths was � � 1–16 Å. The measured
perpendicular scattering vector [Q � (4� sin
�)/�] range was 0.008 to about 0.06 Å�1, where
� is the angle of the incident neutron beam and
reflectivities (R) with reasonable statistics
could be obtained up to approximately 10�6.
Typical counting times were 3– 8 h, depending
on the beam footprint area. The reflected neu-
trons were counted with an Ordela 1202N lin-
ear-position-sensitive 3He detector. The data
were reduced and plotted as RQ4 versus Q (this
compensated for a sharp Q decrease of the re-
flectivity due to Fresnel’s law). The error bars
on the data represent the statistical errors in
the measurements (standard deviation); the un-
certainty in the Q resolution (�Q/Q) was nearly
constant over this scattering vector range, with
a value of approximately 3%.45 The neutron
reflectivities for various polymer profiles were
calculated with the MIRROR program devel-
oped by one of us (W. A. Hamilton), which is
based on the iterative, dynamical method.46

The fits included an additional parameter to
normalize the calculated reflectivity to the data.

RESULTS AND DISCUSSION

Dry Polymer Films and Incoherent Averaging

In Figure 4, the neutron reflectivity profile and
fitted SLD profile obtained from opposing spin-
coated polymer layers in the dry, nonsolvated
state are shown. The high-frequency Keissig
fringes at low Q values clearly indicate that the
gap spacing between the substrates is quite
small: D � (2�)/Fringe spacing � 1200 Å.30 How-
ever, the relatively low visibility of the fringes
indicates there is some variation in the separa-
tion across the gap. As the beam footprint is about
1.5 cm2, this is not unexpected. To account for
variations in the intersubstrate separation, we
have incoherently averaged the calculated model
reflectivity over a Gaussian distribution of gap
thicknesses. Parameters for the SLD model are
provided in Table 2, and the fitted SLDs match
the theoretical values well. The fitted thickness of
the PS–P2VP lamellae of approximately 180 Å
matches well ellipsometry measurements con-
ducted just after the spin coating of the layers and
the results on a single substrate (Fig. 2). In
Figure 4(A,B), the same SLD model has been used
to generate the solid curve fits to the reflectivity
profile. In Figure 4(A), the gap spacing between
the substrates is 1180 Å. In Figure 4(B), the same
gap spacing and SLD model have been used, but
the visibility of the fringes has been reduced by
the incoherent averaging of the gap spacing with
a Gaussian standard deviation of 70 Å over the
sampled area. A root-mean-square variation of
70 Å in the gap spacing is consistent with the
measured flatness of the crystal substrates (peak-
to-valley variation � �/25, where � is 6328 Å);
conformal alignment and compression should re-
duce variations in the gap spacing when the two
substrates are closely opposed. Still, macroscopic
regions of the sampled area will have small dif-
ferences in gap spacing, and these will add inde-
pendently to the total reflected signal. Con-
versely, treating this variation coherently as a
convolution of the SLD profile with a Gaussian
smearing function is not appropriate because it
would not reduce the visibility of the fringes but
rather lead to a reduction in the reflectivity by the
Nevot–Croce factor of exp[�Q2�2], where � is the
standard deviation of the smearing function.47

The process of incoherent averaging to account
for sample variation over macroscopic distances
is, of course, similar to incoherent averaging over
the uncertainty in the scattering vector, by which
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the effect of finite angular and wavelength reso-
lutions on a reflectivity measurement are taken
into account. Relaxing the resolution of the in-

strument by about 0.002 Å�1 (added in quadra-
ture to the standard instrument resolution),
which one might tentatively ascribe to a bending
of the opposing crystal surfaces, also blurs out the
high-frequency fringes, producing fits of similar
apparent quality. However, in the case of resolu-
tion averaging, one is correcting for an uncer-
tainty in scale affecting all the dimensional pa-
rameters in an SLD profile. Although the flatness
of the crystals would lead us to expect an incoher-
ent variation of approximately 100 Å or approxi-
mately 10% in the gap widths here as required by
the fits, there is no justification to similarly vary
other parameters, such as the surface roughness,
polymer layer thickness, and interface width. For
example, the fitted SLD profile indicates that the
spin-coated layers are quite flat, as expected for
such depositions. Likewise, the interfacial rough-
ness between the PS and P2VP portions of the
polymer thin film was 14 Å in the dry state, and
the film and substrate roughnesses were 4 Å or
less.

We also note that a uniform contribution to the
resolution cannot be caused by an uncertainty in
angle due to rippling or bending on a time-of-
flight instrument such as SPEAR because at a
constant reflection angle it would lead to a con-
stant proportional uncertainty in the scattering
vector (�Q/Q � ��/�). Furthermore, the scattering
vector uncertainty of 0.002 Å�1 on SPEAR at a
nominal wavelength of 10 Å would require bend-
ing of the crystal surfaces by approximately
2 mrad (�0.1°). This would produce a noticeable
broadening of the specularly reflected beam
across the position-sensitive detector, but no
broadening of this order (which is about an order
of magnitude greater than the instrument’s an-
gular resolution) has been observed.45

In summary, on the basis of the SLD profile in
the dry case, well-segregated layers are formed
and the bilayer structure is maintained in the
NCC with the substrates closely opposed. The

Figure 4. (A) Reflectivity profile for opposing spin-
coated PS–P2VP layers. The small Q interference
peaks in the profile result from constructive interfer-
ence between the substrates and their overall separa-
tion. The higher Q peaks are due to the polymer layers.
The solid curve is a fit to the data based on (C) the SLD
profile. The fitting parameters are provided in Table 2.
(B) Reflectivity profile generated by the incoherent av-
eraging of the calculated model reflectivity over a 70-Å
Gaussian distribution of gap thicknesses.
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total amount of the polymer deposited on each
substrate was 	 � 19.7 mg/m2. A variation of 70 Å
in the gap spacing added incoherently accounts

for the decreased fringe visibility in the measured
reflectivity profile. Subsequently, deuterated tol-
uene (toluene-d), a good solvent for the PS portion
of the diblock, was wicked between the sub-
strates; while maintaining the small intersub-
strate separation.

Solvated Polymer Brushes

Under good solvent conditions, the size of a chain
scales with Rg � N0.6, where N is the number of
monomers in the chain. The P2VP portions of the
diblock chains are anchored to the surface either
by direct substrate interactions or through collec-
tive interactions with adjacent P2VP chains. Tol-
uene is a nonsolvent for P2VP, and as shown
later, there is no evidence of toluene-d penetra-
tion into the inner 70 Å of the P2VP film.3,39

Assuming there is no net attraction of the PS
monomers to the substrate or anchoring P2VP
layer, we find that h for the PS brush scales as
h � �1/3N.2,16,17 The results from the dry polymer
layers in air enabled the amount of polymer to be
accurately determined (	 � 19.7 mg/m2 and
� � 1/18�*). Under good solvent conditions, the
PS brush should extend about h � 600 Å from the
P2VP anchoring layer in the absence of confine-

Figure 5. (A) Reflectivity profile after the wicking of
toluene-d between the polymer-coated substrates
shown in Figure 4. The solid curve is a fit to the data
based on (B) the SLD profile. A parabolic profile for the
PS portion of the brush at the P2VP interface has been
used in the model fitting. The high-density polymer
brushes (� � 1/18�*) are compressed and significantly
overlap in comparison with the profile of an uncon-
strained brush at a single interface (the dashed curves
have been adapted from Levicky et al.39). The specifics
of the physical model used to fit the data are provided
in Table 2, and (C) the corresponding volume fraction
profile of the PS portion of the brush away from the
P2VP anchor layer (Z � 0) is shown here. Two impor-
tant features are evident. First, the polymer brush
layers are significantly confined, and this causes the
density of the overlap region to increase and flatten, as
predicted from mean-field theory and simula-
tions.24,25,27 Second, the polymer brush layers are com-
pressed, and this results in a large increase in the
brush density close to the P2VP–substrate surface.
This increase in the density at the surface implies that
the brushes do not interpenetrate to a significant ex-
tent. For comparison, the dashed curve in part B is the
fit to the reflectivity data based on a flattened brush
density profile (�2 � 4.4).24,25,27

DENSITY PROFILE OF CONFINED POLYMER BRUSHES 3297



ment. Representative curves for the density pro-
file of a single, unconfined brush are shown in
subsequent figures for comparison.

The reflectivity profile for confined PS brushes in
toluene is shown in Figure 5. At low Q values,
high-frequency Keissig fringes are still clearly visi-
ble in the solvated reflectivity profile and indicate
that small gap spacing is maintained under solva-
tion. From the Keissig fringe spacing, the intersub-
strate separation is still about D � 1000 Å. As the
two P2VP anchoring potions of the diblock take up
almost 200 Å of the total spacing, the remaining
D � 800 Å is available for two opposing PS brushes
[D � (4/3)h]. The brushes are therefore compressed,
and their profile is no longer expected to be that of
a simple parabolic or flattened parabolic profile as
observed at a single surface.

Molecular-dynamics simulations and lattice-
model, self-consistent mean-field theories predict
that opposing brush profiles will flatten in the
overlap region, becoming more uniform as the
brushes are compressed, and that significant in-
terdigitation will occur.24,25,27 Conversely, if no
interdigitation occurs, the brush density profile
approaches that derived by the compression of
both brushes by an impenetrable wall at their
midpoint.22 In modeling these data, we investi-
gated both possibilities. We started with a thin
layer to represent the P2VP at each surface, as
toluene was not expected to penetrate signifi-
cantly into the anchor P2VP layer. A parabola
was used to represent the PS brush characterized
by a thickness, a starting SLD near the hydroge-
nated P2VP–PS brush interface, and an ending
SLD constrained to have the same SLD as the gap
region. For moderate compressions, the parabolic
profile of each brush was predicted to be largely
conserved.25 The gap region was held to a con-
stant SLD, and the gap SLD was allowed to vary
from that of pure toluene-d corresponding to the
collapse of the brushes to a mixture of PS and
toluene-d to account for compression and inter-
penetration of the brushes. The fitted parameters
based on this simple model, which fits the mea-
sured reflectivity profile quite well (�2 � 2.5), are
provided in Table 2 and shown in Figure 5(A)
(solid curve). The interfacial region between the
P2VP and PS brushes was modeled with an error
function (20 Å). As indicated by the constant SLD
for the P2VP anchor layer, toluene-d did not pen-
etrate the inner 70 Å of the 100-Å-thick P2VP
layer. A mixed toluene-d–P2VP–PS interfacial re-
gion therefore extends from this 70-Å layer. For
comparison, we also attempted to fit the data with

a flattened profile between the P2VP anchor lay-
ers. The flattened profile did not fit the data
nearly as well (�2 � 4.4) and required the inter-
facial region between the P2VP and PS portions of
the brush to be smeared by 50 Å [dashed curve in
Fig. 5(A)].

In Figure 5(C), the volume fraction profile for
the solvated polymer brushes based on the model
SLD profile is shown; Z � 0 corresponds to the
portion of the brush extending away from the
70-Å P2VP anchor layer. As the SLDs of PS and
P2VP were quite close in value, the volume frac-
tion profile for the brush (�PS) was calculated
with the following equation, SLDfitted � �PS-
(SLDPS) 
 (1 � �PS)SLDtoluene-d, and the values
for the bulk materials in Table 1. An important
check of the physical reasonableness of the model
fit was verified by the conservation of mass: the
amount of the polymer in the solvated case
matched to �2% that found in the dry case, in-
cluding the solvated portion of the P2VP anchor
layer. For comparison, the free, uncompressed,
symmetric profile of a PS brush at an interface is
shown, based on calculations for the dry polymer
layers. There is significant compression of the
opposing PS brushes under confinement. At the
most simplistic level, the volume fraction profile
for overlapping brushes might be expected to be
given by the summation of the two uncompressed
single-layer profiles. This is not the case.
Although the density of the overlapping brush
layers is uniform in the center, as predicted from
molecular dynamics and mean-field theo-
ries,24,25,27 there is also a surprisingly significant
increase in the concentration of PS at the PS–
P2VP interface. This increase in the PS density
strongly suggests that the PS brushes compress
with confinement and that little interdigitation of
the opposing brushes occurs. Indeed, there is sur-
prisingly good agreement between this volume
fraction profile and that calculated under the as-
sumption that the two brushes compress and do
not interpenetrate.22

Figure 6 shows the same system at greater
confinement and D � 850 Å intersubstrate sepa-
ration. For comparison, Figure 6(A) shows the
reflectivity profiles, plotted as R versus Q, for
both solvated cases. The change in the intersub-
strate gap spacing is clearly evident in the low-Q
Keissig fringes. A form of the SLD profile identi-
cal to that used for the larger separation of 1175
Å was used to fit this reflectivity data. Only the
SLD of the parabola used to model the PS brushes
and the gap SLD were allowed to vary to accom-
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modate the squeezing-out of toluene-d from be-
tween the substrates and changes in the density
profile of the more confined PS brushes. The
model SLD profile is shown in Figure 6(C). Again,
a flattened profile consistent with interdigitation
of the opposing brushes did not fit the data nearly
as well [Fig. 6(B), dashed curve, �2 � 4.3]. A
comparison of the volume fraction profiles for the

two different confinement levels are provided in
Figure 6(D). Again, a constant amount (�2%) of
polymer was obtained, as expected from the con-
servation of mass. The ability of our simple model
to fit both sets of data suggests that the model
represents the physical system reasonably well
[Fig. 6(B), solid curve]. Additional simulations to
better capture the real physical system will pro-

Figure 6. (A) Comparison of the reflectivity profiles for two different intersubstrate
separations and (B) the reflectivity profiles at greater confinement (D � 850 Å). The
solid curve is a fit to the data based on (C) the SLD profile. The dashed curve is a fit to
the data based on a flattened brush density profile (�2 � 4.3). Fitting parameters for the
solid curve are provided in Table 2, and (D) the corresponding volume fraction profile of
the PS portion of the brush for the intersubstrate separation is shown here and includes
the profile from Figure 5. (C) at the larger gap separation for comparison. Again, there
is significant confinement of the opposing polymer brush layers, which causes the
density of the overlap region to increase and flatten.24,25,27 At this greater level of
confinement, the density of the PS portion of the diblock further increases at the
P2VP–substrate surface.
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vide insight into the development of more accu-
rate representations of the structure polymer
brushes adapt under confinement and are cur-
rently being pursued.

CONCLUSIONS

We have used neutron reflectivity to determine
the density distribution of opposing polymer
brush layers as a function of confinement. The
resultant volume fraction profiles are consis-
tent with predictions from molecular-dynamics
simulations and mean-field theory, showing a
flattening in the overlap region. However, a sig-
nificant increase in the concentration at the
diblock interface is also evident, which has not
been previously suggested, and it indicates that
the compression of the brushes is more domi-
nant than interdigitation. The power of neutron
reflectivity measurements lies not only in the
ability to measure the structure of confined
polymer films directly but also in the ability to
specifically highlight one brush versus the other
with contrast variation. In these experiments,
the PS portions of the diblock were hydroge-
nated, whereas the toluene solvent was deuter-
ated. The difference in the SLD of the PS por-
tion in comparison with the toluene solvent en-
abled the structure of the symmetric PS layers
to be measured. In future experiments, asym-
metric brushes [in which one substrate has
hPS, the other has deuterated PS, and the SLD
of the solvent (toluene) is matched to one of the
brushes] will enable the profile of a single brush
under compression to be measured and the level
of compression versus interpenetration to be
more fully quantified.
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