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ABSTRACT: A self-repairable high density polymer brush of
poly(ethylene glycol) (PEG) is formed at the interface between
cross-linked poly(dimethyl siloxane) (PDMS) and water by
spontaneous surface segregation of an amphiphilic diblock copolymer
consisting of PEG and PDMS. The surface reconstruction by the
formation of the brush was observed as the large hysteresis of the
contact angle of the water droplet. Neutron reflectivity measurement
revealed that the grafting density of the polymer brush is 2.8 chain/

water
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nm?, which is comparable to those of polymer brushes by the surface-
initiated polymerization method. The formation of such a remarkably dense polymer brush by segregation can be well supported
by the balance between the mixing enthalpy of PEG and water and the stretching energy of PEG.

nd-grafted polymer chains on surfaces are called polymer

brushes and known to provide various unique properties
including controls of adhesion,' ™ colloid stabilization,” and
Iubri<:ation,6_8 which resulted from stretched brush chains.
These polymer brushes have been usually fabricated by two
methods: polymerization from the surface (“grafting-from”
method)” or attaching a polymer chain to the surface either
chemically or physically (“grafting-to” method).'®'" Herein we
report an “inverted grafting-to” method to fabricate a
hydrophilic brush layer utilizing spontaneous segregation of
an amphiphilic block copolymer in a matrix of elastomer to
water interface. Segregation of a block copolymer is an
attractive concept for modifying interface and surface properties
of polymeric materials since it requires just adding a small
amount of copolymer into a homopolymer.'*™*® In our system,
copolymer can diffuse in the matrix of an elastomer even at
room temperature due to the much lower glass transition
temperature of the matrix. As long as the surface of the
elastomer is exposed to air, the hydrophilic block buries itself in
the bulk since the hydrophilic block with high surface energy
avoids the air surface. However, when the surface is placed in
water, the hydrophilic block starts to segregate to the surface
and to form a brush layer. The copolymers segregate to cover
the water interface until the chemical potentials of the bulk and
brush layer are balanced; they, however, bury themselves again
immediately and yield a hydrophobic elastomer surface once
the surface is exposed to air or the hydrophobic environment.
This polymer brush hence realizes dynamic response to
environmental changes. Moreover, if some of the copolymers
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at the brush layer are removed due to physical damage like
frictional ware and scratch, the block copolymer chains still
remaining in the bulk are supplied to the damaged surface
immediately. Therefore this system potentially realizes an
antifouling polymer surface with a self-repairing function that
can be used for biomedical applications such as artificial vessels
and organs with ever antithrombotic activity.

We constructed such a self-restoring segregation system
using a cross-linked poly(dimethyl siloxane) (PDMS) elas-
tomer for a matrix containing diblock copolymers of poly-
(ethylene glycol) (PEG) with the number average molecular
weight (M,) of 2100 and PDMS with M, of 1000 (PEG—
PDMS) as the amphiphilic copolymer.

The surface reconstruction behavior by the segregation of the
amphiphilic copolymer was investigated by contact angle
measurement of a water droplet on the sample films as
shown in Figure 1. There is only a smaller difference between
the advancing contact angles of PDMS containing 20 wt % of
PEG—PDMS and neat PDMS. This difference is probably due
to the segregation of PEG—PDMS induced by the humidity
near the droplet. We confirmed that the vacuum surface before
and after the contact with water is fully covered with the PDMS
component by X-ray photoelectron spectroscopy (XPS) (see
Supporting Information). On the other hand, the receding
contact angle of PDMS with 20 wt % of PEG—PDMS is
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Figure 1. Images of (a) advancing and (b) receding contact angles on
neat PDMS and (c) advancing and (d) receding contact angles on
PDMS containing 20 wt % of PEG—PDMS. Lines in the images are a
guide for the eye.

significantly smaller than that of neat PDMS. These results
clearly indicate the surface reconstruction from hydrophobic to
hydrophilic due to the segregation of copolymer triggered by
contact with water. We did not find any dependence of contact
angles on advancing and receding speed in the time scale of
seconds to tens of seconds. This shows that the segregation
reaches its equilibrium in seconds.

We also repeatedly observed the large hysteresis of contact
angle at least several times. This fact indicates that the
hydrophilic brush layer can be formed repeatedly if it once
would be lost in air or a hydrophobic environment and suggests
the dynamic response and the self-repairing ability of our
system.

The detailed structure of the interface between PDMS films
and water was investigated by neutron reflectometry. The
obtained reflectivity at the interface between D,O and PDMS
containing 20 wt % of PEG—PDMS is compared to that of neat
PDMS in Figure 2a. The reflectivity of neat PDMS shows only
small fringes that correspond to the total thickness of the film
on the quartz substrate, whereas a fringe with a larger
periodicity, Aq, appeared in the reflectivity of 20 wt % PEG—
PDMS, which indicates the formation of a relatively thin but
well-defined D,0O-swollen polymer layer. To analyze the details
of the interfacial structures, we computed the depth profiles of
scattering length density (SLD) using the multilayer model
mentioned in the Experimental Section. The calculated SLD
profiles around the D,O interfaces are shown in Figure 2b. A
step-like layer of the mixture of polymer and D,O can be seen
on the profile of 20 wt % PEG—PDMS film irrespective of the
introduction of 63 sublayers. It should be emphasized that the
step-like change in SLD appeared as a result of the fit despite
the 63-layer model. The thickness of the brush layer R is
evaluated to be about 15 nm, corresponding to 88% of the
contour length of the PEG block R, (= 17 nm) with
molecular weight of 2100. The SLD of the brush layer py g, is
2.8 X 107* nm 2. This value gives the volume fraction of PEG
in the brush ¢ppg, where ¢prg = (P20 = Porush)/ (Pp20 —
Preg), to be 0.61 and the molecular ratio in the brush layer to
be 1.4 D,0 molecules per EG unit. Such a distinct layer with
high volume fraction suggests the formation of a brush surface.
R and ¢hpgg provide the grafting density o of the brush to be 2.8
chains/nm”. Both thickness and grafting density indicate that a
significantly dense brush layer is formed by the segregation of
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Figure 2. (a) Neutron reflectivity curves at D,O/PDMS films
containing no copolymer (blue circles) and 20 wt % of PEG—
PDMS (M, of 2100—1000, green squares) with fitting lines using
multilayer models. To fit the reflectivities of 20 wt % PEG—PDMS, we
needed to use the value of resolution as high as 23%, probably due to
roughness of the water interface. However, such resolution does not
have much of an affect on the large Aq fringes from the thin brush
layer of PEG formed at the water interface. (b) The depth profiles of
scattering length density around the interface of each PDMS film
containing no copolymer (blue line) and 20 wt % of PEG-PDMS
(green line).

the amphiphilic block copolymer. We also found that this dense
brush structure was formed completely in about 8 min, and it
remains at least for 2 h by neutron reflectometry (see
Supporting Information). We did not find any other structure
such as surface micelles or multilayer in this time range.

The formation of such a highly dense and extremely
stretched brush layer by segregation is surprising because it
encounters unfavorable stretch and hence loss of configura-
tional entropy in the PEG block. In our system, the main
driving force for the formation of the brush layer is hydration
energy of PEG blocks. If this is sufficiently larger than the
stretching energy of the brush chains, such a dense and
stretched polymer brush is possible. The most significant
difference between the conventional polymer brush by
“grafting-to” or “grafting-from” methods and ours is whether
the grafting density o is fixed or variable. When a conventional
brush chain with fixed ¢ is placed in water, it will be swollen,
and the volume fraction of polymer in the brush layer decreases
until the hydration saturates. More swelling never happens
because it gives only stretching entropic loss. On the other
hand, our brush by segregation of copolymer can optimize both
elongation R/R,, and o. The brush chains can be denser to
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maximize the hydration energy gain per unit area at the cost of
stretching energy. Therefore, conventional brushes with fixed ¢
reach only a local minimum, whereas brush by segregation can
scan the global minimum in the energy map of R/R,, and o.

To verify this idea, we have calculated free energy per unit
area by the formation of brush layer F as a function of R/R,,,
and 0. Some models have already reported the structures of
swollen polymer brushes'”*° and block copolymers at the
interface between polymers.”"** In this report, however, we
consider only the balance between the hydration energy of the
PEG block and the stretching energy of both PEG and PDMS.
For the evaluation of hydration energy per chain F,, we used
interaction energy AU of the PEG 2000—water system
experimentally obtained using an ultrasonic technique by
Faraone et al.”> To evaluate the stretching energy F,,, we

assume that the stretching of the chain under the applied force f
is described by the Langevin function®*

o))
R, kyT kgT kyT (1)

where kg is the Boltzmann constant; T is temperature; and b is
the Kuhn monomer length. Integrating the inverse function of
eq 1 yields the stretching energy

B = kN LL—{L] _ ln{smh L—l[i]}
+ ln{L_l[—R )}
Rinax 2)

where N is the number of Kuhn monomers of the chain. Molar
masses of Kuhn monomers of PEG block and PDMS block are
137 and 381, respectively.”* Let us evaluate the stretching
energy of the PDMS anchor block. Neutron reflectivity
provides no information on the conformation of the anchor
PDMS block, but we assume that the elongation of the PDMS
chain is the same as that of the PEG brush chain. Actually, the
stretching energy of the PDMS block is negligibly smaller than
that of PEG because the number of Kuhn monomers of PDMS
is only 2.6, which is much smaller than that of PEG of 15.3.

After all, F is written as the sum of hydration and stretching
energies

F =o[E, + E,]

int

©)

Figure 3 shows the calculated F as a function of R/R,,, and & at
293 K. This map qualitatively supports that the brushes with
fixed o reach only a local minimum, whereas brush by
segregation can be more stretched and denser to reach the
global minimum. Actually, our brush is more stretched and
denser than the prediction of the model (R/R,,,, = 0.72 and 6 =
1.8 chains/nm*). This is probably because F,, is under-
estimated: the PEG block gains energy not only by mixing
enthalpy of PEG and water but also by reducing unfavorable
contact of PEG and PDMS via forming the brush layer.

In our model, the driving force of the segregation is the
enthalpic gain by solvation of the brush block. Therefore, such
a dense brush structure can only be formed with the particular
combination of polymers and solvents which give a large
solvation energy gain. The combination of water and PEG
shows a unique hydration behavior as reported in previous
reports.zs’26
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Figure 3. Calculated free energy change by hydration and stretching of
the PEG brush as a function of elongation R/R,,,, and grafting density
o. Circles and arrays on the figure schematically show the difference
between conventional brush and brush by segregation. Conventional
brushes can search only in the R/R,,, direction to find the local
minimum in swelling, while brush by segregation can also vary o to
reach the global minimum.

In summary, we have succeeded in preparing the high density
and extremely stretched PEG polymer brush by a spontaneous
segregation process. The free energy calculation proved that
these remarkable results are due to the two characteristics of
brush by segregation. First, the formation of our brush is driven
by hydration energy gain of PEG. Second, our brush can
optimize both the elongation and grafting density to reach the
global minimum.

B EXPERIMENTAL SECTION

Film Preparation. PEG-PDMS with M, of 2100 for the PEG
block and 1000 for the PDMS block (Polymersoruce, Inc.; based on
the information by the supplier, polydisperse indexes of each block are
1.02 for PEG and 1.2 for PDMS), vinyl terminated PDMS with
molecular weight of ~25000 (PDMS-V, Aldrich, Inc.), and poly-
(methylhydrosiloxane-co-dimethylsiloxane) with molecular weight of
~950 (50—55% of dimethylsiloxane, PHDMS, Aldrich, Inc.) were
dissolved in dehydrated tetrahydrofuran (THF, Wako Pure Chemical
Industries, Ltd.). The ratios of PDMS-V to PHDMS and PEG—PDMS
to (PDMS-V + PHDMS) were 9 to 1 and 2 to 8, respectively. The
resulting block copolymer fraction was 20 wt %, and the total polymer
concentration in THF was 2.5 wt %. The platinum—1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex in xylene (Aldrich, Inc.,, ~2% platinum)
was added to the polymer solution as catalyst for cross-linking, and
then immediately the solution was spin-coated at 2000 rpm onto
silicon or thick quartz wafers. The cross-linking reaction of homo-
PDMS occurs in part during evaporation of the solvent. These films
were further annealed at 70 °C for 6 h in vacuo for the remaining
functional groups of PDMS to be fully cross-linked. The thicknesses of
the PDMS films on silicon substrates were in the range of 160—180
nm, which were estimated by ellipsometry (JASCO, M-150).

XPS Measurement. The surface analysis in vacuum was
investigated by XPS (ULVAC-PH]I, Inc., Quantum 2000) using Al Ka.

Contact Angle Measurement. Surface reconstruction by the
segregation of PED—PDMS was observed by contact angle measure-
ment (dataphysics, OCA 15 plus) of a water droplet on sample films.
A droplet of distilled water (5 uL) was placed onto the sample film
and then expanded and shrunk by 10 xL at 0.1—2.0 uL/s via a needle
from a syringe. Images of the droplets were captured by a CCD camera
and analyzed to obtain the advancing and receding contact angles.

Neutron Reflectivity Measurement. Neutron reflectometry
experiments were conducted with Advanced Reflectometer for
Interface and Surface Analysis II (ARISA-I1)*” and Soft Interface
Analyzer (SOFIA)*®* at J-PARC. Specular neutron reflectivity of the
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interface between the polymer and D,O was measured more than 1 h
after the contact with water. The depth profiles of SLD were
computed by fitting the reflectivity curves using Parratt32 (version 1.6,
developed by C. Braun at the Hahn-Meitner-institut Berlin). We fitted
the reflectivity curves with a multilayer model consisting of quartz
substrate, PDMS matrix film, D,0-swollen brush layer, and D,0O
ambient. The SLDs of quartz, the PDMS matrix, PEG, and D,O were
assumed to be 4.2, 0.06, 0.56, and 6.36 X 10™* nm™?, respectively. The
brush layer was divided into 63 sublayers whose SLDs were fixed at
0.1, 02, .., 6.3 X 10~ nm™* with 0.1 increments, and the thickness of
each layer was used as fitting variables. Employing this fitting method
automatically assumes monotonic decrease of the volume fraction of
PEG ¢hpg along the distance from matrix surface z. The thicknesses of
63 sublayers as fitting parameters were optimized to obtain the SLD
profiles around the sample film/D,O interfaces.

B ASSOCIATED CONTENT

© Supporting Information

XPS data, time-division neutron reflectivity, and details of free
energy calculations. This material is available free of charge via
the Internet at http://pubs.acs.org.
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