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ABSTRACT: Neutron reflectivity was used to characterize the structure of end-grafted deuterated poly-
(dimethylsiloxane) (d-PDMS) brushes on SiOx wafers exposed to liquid and supercritical carbon dioxide
(CO2). The solvent quality was tuned continuously over a large range from ideal gas conditions to a near-Θ
solvent by varying temperature and CO2 density. Two distinct regions were seen in the segment density
profile as a function of distance from the surface: (i) an inner concentrated region near the substrate
where the segment density is high due to the strong attractive short- and long-ranged interactions between
the d-PDMS and the SiOx substrate and the attractive intra- and interchain interactions and (ii) an
outer solvated region that is dilute in polymer due to solvation by CO2. In the outer solvated region, the
well-defined block profile at the worst solvent conditions changes to a more parabolic profile with improving
solvent quality. The thickness and volume fraction profiles for the outer solvated region change much
more with solvent quality than has been seen in previous studies with incompressible solvents, due to
the high asymmetry in the intermolecular interactions as well as the large compressibility and free volume
differences between the polymer segments and the solvent.

Introduction
Liquid and supercritical carbon dioxide (CO2) have

emerged as alternatives to toxic organic solvents.1 Not
only is CO2 essentially nontoxic, but it is abundant,
inexpensive, and nonflammable. Furthermore, the criti-
cal temperature of CO2, 31.1 °C, is not far from room
temperature, and its solvent quality can be tuned
markedly with small variations in pressure and tem-
perature. The tunable solvation properties of CO2 offer
many potential advantages in the synthesis, processing,
and separation of colloidal dispersions, such as water-
in-CO2 emulsions and microemulsions,2,3 polymer la-
texes,4 and dispersions of inorganic metals and metal
oxides.5 Since CO2 has no dipole moment and has a low
polarizability per volume (i.e., weak van der Waals
interactions), many nonvolatile compounds are insoluble
in CO2. A significant challenge in the design of CO2-
based stabilizers is to provide sufficient solvation by CO2
such that steric repulsive forces overcome attractive van
der Waals forces between surfaces. It has been found
that polymers with low surface tension, and hence low
cohesive energy density, are most effective as CO2
stabilizers. “CO2-philic” stabilizers include fluoroacry-
lates, fluoroethers, siloxanes, poly(propylene oxide)s,
polycarbonate copolymers, acetylated sugars, and some
hydrocarbons.6-12 McClain et al.13 showed with small-
angle neutron scattering (SANS) that poly(1,1-dihydro-
perfluorooctyl acrylate) (PFOA) has a positive second
virial coefficient (A2) in CO2 at 65 °C and 340 bar,
whereas Chillura-Martino et al.14 found a negative A2

for PDMS at the same conditions. However, Melnichen-
ko et al.15 showed that CO2 is a good solvent for PDMS
at higher CO2 densities.

One of the most clearly defined methods for stabilizing
dispersions is to terminally attach polymers onto the
surfaces of the particles.16 Surfaces containing dense
end-grafted polymers will repel each other in a suf-
ficiently good solvent when the stabilizing layers are
thick enough to screen the attractive van der Waals
forces between the particle cores. If the monomer
density becomes sufficiently large in an end-grafted
polymer layer, the polymer chains will stretch away
from the surface and form a polymer brush. Chains
immersed in a good solvent will have the tendency to
maximize energetically favorable contacts with the
solvent molecules and avoid contacts with neighboring
chains. Therefore, the equilibrium brush structure and
height will be determined by a balance between the
interactions that promote stretching and the associated
loss of chain conformational entropy.17

The structures of polymer brushes exposed to incom-
pressible liquid solvents have been investigated with
scaling analysis,18 self-consistent field theory (SCF),19,20

simulation,21,22 and experiment.23-25 There is a gen-
eral consensus that the concentration profile is para-
bolic for a brush on a noninteracting surface in a good
solvent. When the chains are grafted to a repulsive or
noninteracting surface, there exists a depletion of seg-
ments near the grafting surface. Simulation and ex-
perimental studies often show an exponential decay in
the concentration profile near the brush/solvent inter-
face.

There has been recent progress in probing polymer
brushes in solvents with techniques such as ellipsom-
etry,26 SANS,27 and neutron reflectivity.23-25,28,29 Neu-
tron reflectivity (NR) is a particularly useful technique
for probing polymer brushes because it is nondestruc-
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tive, with a depth resolution of ∼1 nm.30,31 Furthermore,
contrast can be manipulated easily by using isotopic
labeling.30,31 In general, experimentally determined
brush structures in conventional liquid solvents have
shown good agreement with predictions from theory19,20

and simulations.21,22 For example, NR results by Karim
et al. for the swelling and density profiles of end-grafted
polystyrene brushes in cyclohexane and toluene at
various solvent qualities were in good agreement with
SCF predictions.23

While advances have been made in understanding
brushes exposed to incompressible solvents, few studies
have investigated the behavior of polymer brushes in
supercritical solvents, where the solvent quality is a
strong function of solvent density. Peck and Johnston32

combined SCF theory with lattice fluid theory (LFSCF),
to include effects of compressibility, to model the
structure and interactions between short terminally
attached chains in a supercritical solvent. Meredith and
Johnston33 used LFSCF to examine the structure of high
molecular weight adsorbed copolymers and end-grafted
stabilizers as a function of solvent quality in a super-
critical fluid. They concluded that as the solvent density
is lowered, adsorbed and end-grafted chains collapse as
the solvent gains entropy by expanding away from the
chains and into bulk solution. Furthermore, they pre-
dicted that flocculation of two coated surfaces occurs at
the upper critical solution density (UCSD) of the sta-
bilizer in bulk solvent. The results were corroborated
by Monte Carlo simulations for the structure and
interactions of end-grafted chains in a compressible
solvent34 as well as in stability studies of poly(2-
ethylhexyl acrylate) emulsions in supercritical CO2.35

Other experimental studies on stabilizer structure in
supercritical fluids have focused on the formation and
structure of block copolymer and surfactant mi-
celles.3,36-38 Measurements of the interfacial structure
of chemically end-grafted brushes in supercritical sol-
vents have not been reported previously, despite their
importance in numerous applications.

The primary objective of this work is to tune the
solvent quality of a supercritical fluid with temperature
and pressure to manipulate the chain extension and
segment density profile of an end-grafted homopolymer
brush. Deuterated poly(dimethylsiloxane) (d-PDMS)
was end-grafted onto silicon wafers to form dense
brushes. In-situ neutron reflectivity experiments were
used to measure the thickness and volume fraction
profiles of the brushes as a function of temperature and
CO2 density (or solvent quality). The range in solvent
quality is enormous from nonsolvent conditions to a
near-Θ solvent, as the density of CO2 ranges from ∼0
to 0.92 g/cm3. As a function of solvent quality, we
demonstrate that hydrogen bonding and Hamaker
forces between the substrate and chains along with
attractive intra- and interchain interactions that act to
collapse the chains compete with the solvation forces
that act to stretch the chains, leading to two distinct
regimes in the brush concentration profile. The major
differences in the brush profiles relative to those in
incompressible solvents are explained in terms of the
large asymmetry in the intermolecular forces, the
compressibility of the solvent, and the long-range Ha-
maker forces between the surface and chains. The
results are compared with previous theory32,33 and
simulation34 of brushes in compressible solvents with
emphasis on the brush structure at densities near the

previously determined UCSD39 and Θ density15,40 (FΘ)
for the free polymer in solution.

Experimental Section
Materials. d-PDMS (Mw ) 16 000, Mw/Mn ) 1.28) with a

monofunctional silanol end group was purchased from Polymer
Source. The d-PDMS films were spin-coated onto silicon (100)
wafers (Wafer World) from heptane solutions.

Sample Preparation. The wafers were cut into 2 in. × 2
in. squares and were initially cleaned41 by soaking in a 50:50
(w/w) hydrochloric acid/methanol (EM Science) solution for 30
min. The wafers were then rinsed with excess deionized water
(NANOpure II, Barnstead) and dried with nitrogen gas (Air
Products, >99.9999%). The wafers were then soaked in 95%
sulfuric acid (Mallinckrodt, analytical grade) for 30 min and
subsequently rinsed with deionized water and dried with
nitrogen gas.

Prior to coating the d-PDMS, the native oxides on the silicon
wafers were characterized with a spectroscopic ellipsometer
(J.A. Woollam). The native oxide was between 1.2 and 1.5 nm
thick for all of the samples. Thick d-PDMS films were spun
onto the wafers using a photoresist spinner (Headway Re-
search, Inc.). The concentration of the d-PDMS/heptane solu-
tion and the spinning speed were adjusted to control the film
thickness. The coated wafers were annealed under vacuum at
125 °C for 5 days to graft the d-PDMS according to the reaction
shown in Figure 1. After annealing, the d-PDMS-coated wafers
were rinsed with excess amounts of pure heptane to remove
any nonattached polymer. The thickness of the end-grafted
d-PDMS brushes was measured with the ellipsometer (assum-
ing nd-PDMS ) 1.42). To ensure that all the d-PDMS chains
were attached to the substrate, samples were soaked in
heptane for an additional 2 h, dried with nitrogen gas, and
placed under vacuum overnight at room temperature. No
significant change in the brush thickness was seen after this
additional soaking.

Neutron Reflectivity. The NR experiments were per-
formed on the SURF time-of-flight reflectometer at ISIS-
Rutherford Appleton Laboratory, UK. The experiments were
performed in a stainless steel high-pressure NR cell that has
been described elsewhere.42,43 The cell was heated with car-
tridge heaters, and CO2 was charged to the cell using a
computer-controlled syringe pump (ISCO Products Inc.).

The principles of NR have been detailed elsewhere.30 The
NR profiles were obtained as a function of the neutron
momentum transfer normal to the substrate:

where λ is the neutron wavelength and θ is the grazing angle
of incident. k was varied between 0.004 and 0.087 Å-1 for all
the experiments. The experiments were performed at temper-
atures of 25 and 65 °C and at CO2 fluid pressures up to 200
atm. Figure 2 shows the state of the pure CO2 with respect to
the pressure/temperature regimes used in this study. For each
temperature, NR profiles were initially collected at atmo-
spheric pressure and then in ascending pressure steps. The
time for collecting the NR profiles was between 40 and 70 min
at each pressure. After each pressure change, NR profiles were
collected after waiting approximately 15 min. The modification
of the neutron spectrum due to the presence of high-pressure
windows and the CO2 was taken into account when calculating
the reflectivity. Spectroscopic ellipsometry measurements on

Figure 1. Grafting reaction. R ) Si(CD3)3.

k ) (2π
λ ) sin(θ) (1)
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the d-PDMS brush showed that the thickness of the brush,
after exposure to the same CO2 pressures and temperatures
as in the NR experiments, was the same within experimental
error to the initial brush thickness. This result suggests that
the chain extension is reversible and not trapped in a
metastable state.

NR is sensitive to variations in the neutron scattering length
densities (NSLD) normal to the substrate. To fit the data, a
multilayered model was constructed consisting of silicon
substrate, native oxide (SiOx), and d-PDMS brush layers as
well as a CO2 atmosphere. The pure component NSLD for each
layer was calculated from the following equation30

where bi is the sum of the neutron scattering lengths of the
atoms comprising component i, Fi is the mass density of
component i, NAv is Avogadro’s number, and Mwi is the
molecular weight of component i. Literature values were used
for the bi’s.44 The d-PDMS brush was broken down into two
regions consisting of an inner polymer-concentrated region
near the substrate and an outer solvated region. The polymer
volume fraction for the concentrated region was assumed to
be constant as a function of distance from the grafting plane
and was modeled using a step function. The outer solvated
region was discretized into 100 layers of equal thickness in
which the polymer volume fraction varied with distance, z,
from the grafting plane. Thus, the complete model for the
PDMS brush is

where φCR is the polymer volume fraction in the inner
concentrated region, hCR is the thickness of the inner concen-
trated region, φ0 is the polymer volume fraction at the interface
between the concentrated region and the solvated region, h is
the thickness of the outer solvated region of the brush, and ht

is the total thickness of the brush. The thicknesses of the
concentrated and solvated regions were summed to get the
total brush thickness at each condition.

The profiles were fit using a multilayer recursion method
to calculate the total reflectance and reflectivity for the model
as described in detail elsewhere.30 The main fit parameters
are the φ0, h, and R in eq 3 for the solvated region, the hCR

and NSLD of the polymer-concentrated region, the interfacial
roughness (described using an error function representation30),
and ∆k/k. The best fit to each reflectivity profile was deter-
mined by varying the fit parameters in order to minimize the
ø2 error function.

Results
Brush Characterization at Ambient Pressure.

The initial dry thickness of the brushes without CO2
was determined with both NR and spectroscopic ellip-
sometry. NR gave a dry thickness of 10.5 nm for the
brush used in the 25 °C experiment and 9.4 nm for the
brush used in the 65 °C experiment. Ellipsometry gave
a dry thickness of 10.4 and 9.6 nm for the brushes used
in the 25 and 65 °C experiments, respectively.

The end-grafted polymers were characterized with
several parameters as given in Table 1. For d-PDMS,
the mass of polymer per unit area, Γ, can be calculated
using eq 4

where Fd-PDMS is the density of pure d-PDMS and γ is
defined as

The distance between grafting points, D (in Å), is

Furthermore, the graft density, Ω, and the overlap
concentration, σ*, can be calculated as follows:

where a is the size of a d-PDMS monomer (∼5 Å),45 σ is
the number of chains per unit area, and Rg is the
unperturbed radius of gyration for d-PDMS (∼3.4 nm).15

The end-grafted d-PDMS in this study is clearly in the
brush regime, i.e., σ* . 1, due to excluded-volume
interactions. Further evidence of the brush regime is
given by the large values of h0/D and h0/Rg, where h0
is the dry thickness of the brush.

Neutron Reflectivity in CO2. The experimental NR
profiles for the d-PDMS brushes exposed to CO2 at
different pressures are shown in Figure 3. Qualitatively,
it is evident from the reduction in the separation
distance of successive minima that the effective thick-
ness of the PDMS at the surface is increasing, which
means that the d-PDMS chains are extending into the
CO2 as the pressure is increased. The NSLD profiles
corresponding to the best fits of the NR profiles are
shown in Figure 4. Initially, the polymer volume fraction
profiles of the d-PDMS brushes were modeled as a
function of distance from the grafting plane by eq 3b,

Figure 2. Pressure-temperature phase diagram for pure
CO2. (s) is the liquid-vapor saturation curve, and the (v)
represent the pressure/temperature paths used in this study.

NSLDi ) b
ν

)
biFiNAv

Mwi
(2)

φ(z) ) φCR 0 e z e hCR (3a)

φ(z) ) φ0(1 - (z - hCR

h )2)R

hCR < z e ht (3b)

Table 1. Characterization Parameters for d-PDMS
Brushes

characterization
parameters 25 °C 65 °C

h0 (nm) 10.5 9.4
Γ (mg/m2) 10.0 9.2
D (nm) 1.63 1.70
σ (chains/nm2) 0.376 0.346
σ* ) σπRg

2 13.7 12.6
Ω ) (a/D)2 9.41 × 10-2 8.65 × 10-2

h0/D 6.44 5.53
h0/Rg 3.09 2.76

Γ [mg/m2] ) 0.1γ [Å]Fd-PDMS [g/cm3] (4)

γ ) ∫0

ht
φ(z) dz (5)

D ) (6.023Γ
Mw

)-1/2
(6)

Ω ) (aD)2
(7)

σ* ) σπRg
2 (8)
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where φ0 was the volume fraction of d-PDMS at the
grafting plane (z ) 0) and h was the thickness of the
brush. The use of this model is motivated by previous
experiments23 and SCF calculations.19,20 For infinitely
long chains, SCF calculations predict that R ) 1 for a
good solvent and R ) 1/2 for a Θ solvent.19,20,23 Equation
3b alone, however, did not give sufficiently good fits to
the data at higher CO2 pressures.

The above observation is not surprising as it is well-
known that PDMS adsorbs strongly to SiOx surfaces.46-50

Furthermore, CO2 is worse than a Θ solvent at the
pressures studied.15 Interactions between monomer
segments of PDMS are stronger than those between a
monomer and CO2. On the basis of each of these factors,
one would expect a larger PDMS segmental density near
the substrate. Good fits were achieved at all of the
conditions with the inclusion of a polymer-concentrated
layer in the model (eq 3a). Figure 5 shows reflectivity
profiles generated using three different NSLD profiles
with an equivalent brush thickness at 65 °C and 137
atm along with the experimental data at this condition.
The profile with the polymer-concentrated region (solid
line) gives a superior fit to the experimental data over
the entire k range relative to the other profiles.

Chain Extension. The total thickness of the d-
PDMS brushes as a function of CO2 pressure at both

25 and 65 °C is shown in Figure 6. The total brush
thickness is determined by summing the thicknesses of
the concentrated and solvated regions, which are de-
termined from the detailed theoretical fit to the reflec-
tivity profiles. The d-PDMS chains extend over 100%
from their initial thickness at both temperatures.
Increasing CO2 pressure leads to higher CO2 densities,
better solvent qualities, and thus greater extension.

The chain extension at 25 °C is greater than at 65 °C
as shown in Figure 6. At a given pressure, the density
of CO2 at 25 °C is markedly higher than at 65 °C,
resulting in better solvent quality. However, if the chain
extension is plotted vs solvent density as in Figure 7, a
different trend is observed. These data indicate that at
a given CO2 density the relative chain extension at 65
°C is higher than at 25 °C.

Figure 7 also shows the UCSD for the CO2/PDMS (Mn
) 10 000 g/mol) system at 25 °C (0.908 g/mL) and 65
°C (0.793 g/mL)39 as well as FΘ (i.e., the UCSD for
infinite molecular weight) at 50 °C (0.972 g/mL) and 65
°C (0.950 g/mL).15,40 In Figures 6 and 7, we see that the
chains at 65 °C extend into the solvent with an increase
in pressure and density. Despite this improvement in
solvent quality, the solvent conditions remain in the
poor solvent regime at all densities examined. For
example, in Figure 7, the highest density examined at
65 °C is lower than both FΘ and the UCSD. The poor
solvent regime is also consistent with the fitted R values
(eq 3) which vary between 0.2 and 0.3 at the highest
densities, whereas SCF theory predicts that R ) 1/2 for
infinitely long chains in a Θ solvent.

In Figures 6 and 7, we see similar trends in the chain
extension at both 25 and 65 °C for pressures and

Figure 3. (a) Neutron reflectivity profiles for d-PDMS in CO2
at 25 °C. For clarity, the profiles are offset by various orders
of magnitude. Starting from the bottom and moving upward,
the profiles correspond to CO2 pressures of 1.0, 35.2, 123.7,
164.0, and 197.7 atm. (O) are experimental profiles and (s)
are best-fit profiles. (b) Neutron reflectivity profiles at 65 °C.
Starting from the bottom and moving upward, the profiles
correspond to CO2 pressures of 1.0, 70.5, 96.3, 137.1, and 191.5
atm.

Figure 4. (a) NSLD profiles for d-PDMS in CO2 at 25 °C. (b)
NSLD profiles at 65 °C.
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densities below the UCSD. However, the highest densi-
ties examined at 25 °C are above the UCSD and very
near FΘ. Interestingly, the thickness of the brush at 25
°C begins to increase more sharply in this high-density
region. On the basis of the work of Melnichenko et
al.,15,40 the highest densities examined at 25 °C are near
but still below FΘ, and hence the CO2 is still in the poor-
solvent regime. This is also consistent with our fitted R
values at 25 °C, which reach a value ∼0.4 at the highest
densities examined.

Interfacial Structure. An interesting feature in the
NSLD profiles is the presence of a distinct region of

concentrated polymer near the oxide surface. As seen
in Figure 4, the NSLD profiles at the lowest pressures
are concentrated in polymer throughout the thickness
of the brush due to minimal solvation. When the CO2
pressure is increased at both temperatures, the outer
region of the brush becomes solvated and begins to
extend into the CO2 whereas the brush remains con-
centrated in polymer near the oxide surface. At the
highest pressures, the contrast between the NSLD of
the outer solvated region and the concentrated region
becomes greater and the regions become more distin-
guishable. At the lowest pressures, there still appears
to be a concentrated region, but the contrast between
the concentrated region and the outer region of the
brush is much smaller. This smaller contrast is due to
the fact that at the lowest pressures the solvent densi-
ties are so low that the brush is essentially exposed to
a nonsolvent. Therefore, the brush resides in a collapsed
state due to insufficient solvation, resulting in a high
monomer concentration throughout the thickness of the
brush.

Figure 8 shows the breakdown of the total brush
thickness into individual components consisting of the
thickness of the outer solvated region and the thickness
of the inner concentrated region. Interestingly, we see

Figure 5. (a) R*k4 vs k. (O) are experimental data at 65 °C
and 137.1 atm; (s) is the best-fit. The lines are generated from
the respective NSLD profiles in (b). (b) NSLD profiles.

Figure 6. Total d-PDMS brush thickness vs CO2 pressure.
(b) are at 25 °C and (9) are at 65 °C.

Figure 7. Percent change in brush thickness vs CO2 density.
(b) are at 25 °C and (9) are at 65 °C. From left to right the
vertical lines represent the (- - -) UCSD at 65 °C, (- - -) UCSD
at 25 °C, (- - -) FΘ at 65 °C, and (- - -) FΘ at 50 °C.

Figure 8. Thickness of solvated and concentrated regions of
d-PDMS brush vs CO2 density. (b) represent the outer solvated
region of the brush at 25 °C, (O) represent the polymer-
concentrated region at 25 °C, (9) represent the solvated region
of the brush at 65 °C, and (0) represent the polymer-
concentrated region at 65 °C.
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that the thickness of the outer solvated region follows
the same trend as the total brush thickness, whereas
the thickness of the concentrated region initially de-
creases with increasing density and then becomes
relatively constant. Another interesting feature is that
the concentrated region at 25 °C is ∼25% thicker than
at 65 °C.

The NSLD profiles in Figure 4 can be converted
readily to volume fraction profiles. In general, the
mixture NSLD for a binary d-PDMS/CO2 system is

where (NSLD)mix(z) is the mixture NSLD at a distance
z from the grafting plane, (NSLD)d-PDMS, and (NSLD)CO2

are the pure component NSLD’s for d-PDMS and CO2,
respectively, and φ(z)d-PDMS is the volume fraction of
d-PDMS at a distance z from the grafting plane.
Typically, the pure component NSLD value for an
incompressible solvent is taken as the NSLD value of
the solvent at the temperature where the scan is taken.
Our system is more complicated since it is well-known
that the molar volume of CO2 within the polymer can
be much different than the molar volume of the bulk
CO2 at the system temperature and pressure. Therefore,
the (NSLD)CO2 at each temperature and pressure is
calculated such that the resulting volume fraction
profile gives the same grafted amount of polymer (see
eq 4) as the solvent-less case. This approach ensures
conservation of mass. The volume fraction profiles are
shown in Figure 9 for both temperatures.

The volume fraction profiles indicate very concen-
trated brushes at the lowest CO2 pressures. As the CO2

pressure and thus density are increased, the polymer
volume fraction profiles for the outer regions of the
brush become diluted and take a more parabolic shape
at both temperatures. In addition, we observe a region
near the substrate that remains concentrated in poly-
mer at all of the pressures. At 25 °C, this concentrated
region has a d-PDMS volume fraction between 0.90 and
0.95, whereas at 65 °C the concentrated region has a
d-PDMS volume fraction between 0.78 and 0.90. In
addition, a small depletion in the polymer volume
fraction is observed very near the substrate at both
temperatures. This depletion is likely due to entropic
repulsion at the substrate and/or roughness at the
polymer/substrate interface. The volume fraction pro-
files also show that the outer solvated regions of the
brushes generally have a lower volume fraction at
25 °C than at 65 °C. This increased dilution is due to
the markedly higher CO2 densities and hence better
solvent qualities at 25 °C.

The CO2 molar volumes corresponding to the calcu-
lated pure component (NSLD)CO2’s used in constructing
the volume fraction profiles are plotted vs the bulk CO2
molar volume in Figure 10. The CO2 molar volumes are
calculated from the pure component (NSLD)CO2 by
solving eq 2 for MwCO2/FCO2. The calculated pure com-
ponent (NSLD)CO2’s correspond to liquidlike CO2 molar
volumes even when the bulk CO2 molar volumes are
much larger. The CO2 contracts as it dissolves in the
polymer brush.

Discussion

The lower critical solution temperature (LCST) type
phase separation between polymers and supercritical
fluid CO2 is driven by an increase in entropy. Analog-
ously, in a compressible CO2 solvent, entropy is gained
when CO2 expands away from the grafted chains into
the bulk to increase its volume.33 The driving force for
this expansion becomes smaller as the bulk CO2 density
increases, e.g., above the UCSD. Furthermore, the
energy of interaction between monomer and CO2 in-
creases and becomes closer to that between two mono-
mers as the CO2 density increases. Therefore, at high
CO2 density the d-PDMS brush is more solvated, with
a lower segment volume fraction in the outer solvated
region, and extends further into CO2. At CO2 densities
below the UCSD, the entropic gains for the CO2 expan-
sion away from the chains and into the lower density

Figure 9. (a) Volume fraction profiles for d-PDMS brush at
25 °C. (b) Volume fraction profiles at 65 °C.

(NLSD)mix(z) ) φ(z)d-PDMS(NSLD)d-PDMS +
(1 - φ(z)d-PDMS)(NSLD)CO2

(9)

Figure 10. CO2 molar volume corresponding to the calculated
pure component (NSLD)CO2 used in constructing the volume
fraction profiles vs bulk CO2 molar volume. (b) are at 25 °C
and (9) are at 65 °C. The lines highlight the trends in the data.
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bulk solvent become more important, resulting in chain
collapse. Here there is insufficient solvation to screen
the attractive intra- and interchain interactions.

The relative extension at 65 °C is greater than at
25 °C as shown in Figure 7. Attractive dipole-dipole
monomer-monomer interactions become less important
as temperature is increased at constant density whereas
solvation of monomer by CO2 due to van der Waals
interactions is relatively constant. This trend likely
explains the increase in the relative chain extension.
Similar behavior was observed by Luna-Barcenas et al.
using Monte Carlo simulations, where they found that
the mean-square end-to-end distance of a single chain
in a supercritical fluid also increased when raising
temperature at constant density.51 Temperature effects
on the attractive monomer-monomer interactions are
also the likely reason for smaller thickness and volume
fractions for the polymer-concentrated regions at the
higher temperature. In addition, temperature effects on
solvent quality have been observed in recent SANS
experiments on semidilute bulk PDMS/CO2 solutions.15,40

Melnichenko et al. reported that FΘ increased from 0.87
to 0.97 g/mL when the temperature was decreased from
80 to 50 °C.15,40 Thus, they find that the solvent quality
at a given CO2 density is better for higher temperatures.

We observe two distinct regions in the NSLD and
volume fraction profiles for the end-grafted brushes, as
shown schematically in Figure 11. First, there exists a
polymer-concentrated region near the oxide where the
d-PDMS volume fraction changes little with pressure
from 1 atm to the highest pressure studied near FΘ. CO2
penetrates this region very little. The second region
observed in our profiles is the outer solvated portion of
the brush, which is relatively dilute and extends pro-
gressively further out into the CO2 as the solvent quality
is improved. Furthermore, the volume fraction profiles
in this portion of the brush evolve from step-function
profiles at the lowest CO2 densities to more parabolic
profiles at the highest CO2 densities.

While most studies of chemically end-grafted brushes
are done on noninteracting or repulsive substrates,
there are a few examples of theoretical,52 simulation,22,53

and experimental23,25 studies that have examined the
structure of end-grafted brushes on interacting surfaces.
For example, Chakrabarti et al.53 used Monte Carlo
simulations to determine the volume fraction profiles
of end-grafted brushes on attractive substrates. They
studied the effect of both short-range (contact type) and
long-range attractive interactions. For the case of short-
range interactions in a good solvent, they found that
the monomer density profile decays monotonically in the
vicinity of the grafting plane, whereas far away from
the wall the profile was parabolic and similar to the
nonadsorbing case. For the case of long-range interac-
tions (attractive square-well potential) in a good solvent,
Chakrabarti et al. found a concentrated region of
polymer with a constant volume fraction throughout the

range of the attractive potential. Outside the potential
range, the profile had a parabolic decay similar to the
nonadsorbing case. Overall, their results show good
agreement with SCF calculations.52,53

Similar to simulations53 that include a long-range
attraction between the surface and the brush, our
results show two distinct regions in the brush volume
fraction profiles. Previous molecular dynamics22 and
experimental studies have also observed this behavior.25

Perahia et al.25 determined the volume fraction profiles
of weakly end-grafted polystyrene brushes on silicon in
equilibrium with a solution of unbound polymer. They
concluded that away from the grafting surface the brush
profile is determined solely by solvation forces, whereas
near the grafting surface the interaction of the polymer
with the surface strongly influences the profile.25 De-
spite the fact that our results also show two distinct
regions in brush structure, we will demonstrate some
significant differences in the details of our structure and
in the relevant intermolecular forces.

For our system, it is known that CO2 will adsorb onto
silica surfaces,54,55 but it has been reported that CO2
only weakly interacts with surface silanols.56 In con-
trast, it has been demonstrated that PDMS strongly
interacts with silica surfaces via mechanisms such as
those shown in Figure 12.46-48,50 There are two key ways
that PDMS could interact with SiOx surfaces. First, from
Table 1, there are ∼0.3-0.4 chains/nm2. A fully hy-
droxylated SiOx surface contains ∼4.6 silanols/nm2.57

Thus, d-PDMS is only bonded to ∼7-8% of the available
silanol groups, leaving many unreacted silanols to form
hydrogen bonds with the oxygen groups in the d-PDMS
backbone. Second, long-range Hamaker interactions
between the substrate and the brush also attract the
d-PDMS chains to the SiOx surface.

To study the long-range van der Waals interaction,
the Hamaker constant (using Lifshitz theory)58 was
calculated for a PDMS sphere, with a radius corre-
sponding to the area/chain (see Table 1), interacting
with a silica surface. The van der Waals interaction
energy remains on the order of ∼kT and has a substan-
tial influence at distances of 3-4 nm away from the
substrate. Thus, the interfacial structure observed for
the d-PDMS brushes is governed by several different
interactions including strong hydrogen bonding with
surface silanols, long-range van der Waals attractive
interactions with the substrate, attractive intra- and
interchain interactions, and solvation of the chains by
CO2.

As seen for previous studies in incompressible sol-
vents,22,25,53 the solvated region of our brush becomes
more parabolic with improved solvent quality. Despite
this similarity, major differences are evident. In our
system, the solvent quality is varied over an enormous
range from an ideal gas (nonsolvent) to a near-Θ

Figure 11. Effect of CO2 density on chain extension and
interfacial structure. A polymer-concentrated region and a
solvated region are observed in the brush structure.

Figure 12. Interaction mechanisms for PDMS with SiOx
surface.
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solvent. At the lowest pressures, the brush is in a
concentrated, fully collapsed state. As the CO2 pressure
is initially increased, the concentrated region shrinks
markedly as CO2 pulls segments into the outer solvated
region. In contrast, the thickness of the concentrated
region changes very little with temperature in the
previous studies in incompressible solvents.

The volume fraction and thickness of our outer
solvated region also change much more with solvent
quality than for the previous studies. In previous studies
involving incompressible UCST-type solvents, it is
observed that the brush profiles are only weakly de-
pendent on temperature in the poor-solvent regime
while remaining significantly swollen with solvent rela-
tive to the fully collapsed state.23,29 The greater variation
for our compressible system results from the ability to
change pressure and temperature, independently, and
the larger adjustability of the solvent quality. In es-
sence, the solvent quality becomes much poorer for CO2
than for these liquid solvents, leading to greater col-
lapse. The balance of the effects of the various interac-
tions on the brush structure changes much more
dramatically due to the enormous change in solvent
quality, the presence of profound density differences
between the chain region and the surrounding solvent,
the presence of an LCST instead of an UCST, and a
strong long-ranged Hamaker interaction from the sur-
face. The LCST is manifested by the large volume
expansion from the region in the chains to the outer
bulk solvent. The long-range Hamaker interaction at-
tracts polymer chains from low-density regions away
from the substrate to higher density regions toward the
substrate. Thus, the chains do not remain as swollen
with solvent as in the case of the studies in incompress-
ible solvents. This ability to perturb the structure is
magnified by the large compressibility and free volume
for our system and by the high asymmetry in the
segment-substrate, segment-segment, and segment-
CO2 interactions. The high asymmetry arises from the
unusually low polarizability per volume for CO2, that
is, its weak solvent strength and van der Waals forces
relative to PDMS. At much higher CO2 densities, beyond
our experimental limit, this asymmetry will be reduced,
the compressibility will be lower, and the brush profile
may be expected to become closer to that observed in
incompressible solvents.

Experimental measurements of the structure of end-
grafted brushes in highly compressible solvents have
not been reported previously. However, Monte Carlo
simulations and LFSCF theory have been used to
explore the structure and interactions of end-grafted
polymers in supercritical fluids.32-34 Qualitatively, the
behavior of the chain extension in this study, as a
function of solvent density, is in rough agreement with
theory and simulation. In contrast, whereas the shapes
of the profiles change markedly with density in Figure
9, they change little in the simulations over the range
of bulk solvent densities studied. Simulations generally
found that the segment density profiles were parabolic
with an exponential tail, even at densities in the poor-
solvent regime.34 These differences in the chain distri-
butions are likely due to the shorter chains, use of a
noninteracting surface, and the smaller σ* values used
in the simulations.

The understanding of brush conformation in this
study provides insight into colloid flocculation in com-
pressible solvents. Many previous studies of the poly-

meric stabilization of colloidal dispersions in conven-
tional liquid solvents have suggested that colloids will
flocculate at the Θ temperature.16 In supercritical fluids,
the relationship between the density where flocculation
occurs, the critical flocculation density (CFD), and the
FΘ is somewhat uncertain. For example, various simula-
tion and theoretical studies in supercritical fluids
predict that surfaces and colloids with adsorbed and
grafted stabilizers will flocculate at the UCSD for the
bulk stabilizer/solvent system.33,59 The UCSD is the
critical density for finite molecular weight polymer
corresponding to the entropically driven LCST. These
studies focused on symmetric systems where a segment
on the polymer chain was equivalent to a solvent
molecule. This prediction is in agreement with experi-
ment for emulsions stabilized with PFOA.35 PFOA has
a low cohesive energy density, making it fairly sym-
metric with CO2. Other studies with grafted PDMS
stabilizers were unable to achieve stable dispersions at
solvent densities well above the UCSD but below FΘ.39

The higher cohesive energy density for PDMS makes it
less symmetric with CO2, complicating the physics.

The present study of the structure of the d-PDMS/
silicon substrate sheds light into the density effect on
colloid stability. As expected, the d-PDMS brushes
extend further into the solvent with increased CO2
pressures and thus densities at both temperatures, as
solvent quality is a strong function of density.32 Fur-
thermore, at 25 °C the chain extension increases sharply
in the vicinity of the UCSD and FΘ. Therefore, better
stabilization may be expected well above the UCSD.
Consequently, it may be expected that the above PDMS-
grafted silica colloids would have become stable at
densities approaching FΘ (well above the limitation of
the experimental apparatus).39 The PDMS system is not
as symmetric with CO2 as PFOA.6 Therefore, simulation
should be performed in the future on asymmetric
systems to relate the CFD to FΘ.

The brush profiles indicate that the ability of CO2 to
pull the chains into the outer solvated regions is
somewhat limited relative to the earlier studies in
incompressible solvents. The presence of an attractive
surface reduces the d-PDMS brush thickness, at a given
CO2 solvent quality, relative to a noninteracting sur-
face.53 This attraction is one reason that PDMS chains
do not provide steric stabilization for silica colloids even
in cases above the UCSD where, in the absence of a
surface, the chains are soluble in CO2.

Conclusions

High-pressure neutron reflectivity was used to mea-
sure the chain extension and segment density profiles
of end-grafted d-PDMS brushes exposed to liquid and
supercritical CO2. The solvent quality was tuned con-
tinuously over an enormous range from ideal gas
conditions to a near-Θ solvent by varying temperature
and CO2 density. At 25 °C, the chain extension increases
sharply as the CO2 density is increased above the UCSD
to densities near FΘ.

Two distinct regions are observed in the brush
structures. An inner concentrated region of d-PDMS is
observed near the grafting surface due to attractive
intra- and interchain interactions, hydrogen bonding
between d-PDMS and surface silanols, and long-range
attractive van der Waals interactions between the
d-PDMS and the SiOx substrate. In contrast, the outer
region of the brush becomes solvated and extends as
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the CO2 density is increased. The volume fraction
profiles for the solvated region evolve from block profiles
to more parabolic profiles as the solvent quality is
improved. The thickness and volume fraction profiles
for the brushes change much more with solvent quality
than for previous studies in incompressible solvents.
This greater variation arises from the large adjustability
of the solvent quality due to the compressible nature of
the solvent, large density (free volume) differences
between the brush region and the solvent, the presence
of an LCST instead of an UCST, the high asymmetry
in the segment-substrate, segment-segment, and seg-
ment-CO2 interactions, and the effect of this asym-
metry on the long-ranged interactions between the
substrate and the compressible solvent. The unusually
large width of the inner concentrated brush region
where solvation is minimal limits the chain extension
and may explain limitations in steric stabilization
observed for silica colloids in CO2 with PDMS stabilizers
at solvent densities above the UCSD.
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