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ABSTRACT: A block copolymer of deuterated polystyrene (dPS) and 2-[2-(2-methoxyethoxy)ethoxylethyl
methacrylate (PME3MA) spontaneously exposes the PME3MA block, which is soluble in water, to the
surface in a vacuum. dPS—PME3MA mixed with polystyrene (PS) segregates to the PS surface and changes
the hydrophobic PS surface into hydrophilic surface. Neutron reflectivity, X-ray photoelectron spectroscopy,
and dynamic secondary ion mass spectrometry probe the surface segregation of dPS—PME3MA to the
surface of PS due to its PME3MA block. Sum-frequency generation vibrational spectroscopy detects
exclusively the triethylene oxide (3EO) side chains of PME3MA regardless of a small fraction of dPS—
PME3MA in the mixture, suggesting the conformation of the side chains influencing the segregation
behavior. Because of the amphiphilic character of the methoxy-terminated 3EO side chains, the PME3SMA
block exposes the terminal methyl groups of the side chains to the surface to reduce the free energy of
the system. However, such a hydrophobic methyl surface layer barely covers the EO part of the side
chains; the surface quickly reconstructs and becomes hydrophilic upon contact with water. This is a
technologically important demonstration of converting a hydrophobic polymer surface to a hydrophilic

surface just by adding a small amount of block copolymer.

Introduction

Water-soluble polymers have been attracting consid-
erable attention for biomedical applications. A number
of outstanding articles, reviews, and books have covered
the present challenges and future aspects of biomedical
polymeric materials.! In particular, protein adsorption
plays an important role in a variety of biological
processes.? There are also many important technological
applications that require controlling protein adsorption.?
Poly(ethylene oxide) (PEO) is a typical example of the
water-soluble biologically inert polymers which promote
good blood compatibility by preventing the adsorption
of proteins.l* Poly(ethylene oxide) (PEO) is a typical
example of the water-soluble biologically inert polymers
which promote good blood compatibility by preventing
the adsorption of proteins while it has been reported
that PEO fails to show blood compatibility in vivo.> A
variety of methods of partitioning PEO to the solid
surfaces have been studied.® Attaching a water-soluble
polymer to a solid surface aims to utilize the elastic
repulsion of the polymer coils swollen in water and to
hinder the underlaying hydrophobic surface from ad-
hering of proteins, platelets, and cells.”
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A layer of polymer chains attached to a solid surface
is called a polymer brush, which has been studied
extensively due to its unique properties.® Preparation
of a polymer brush is categorized into three methodolo-
gies, which are physisorption, “grafting to”, and “graft-
ing from” approaches. The “grafting to” approach is
typically achieved by chemically attaching a functional
polymer to a solid surface. The surface must have been
functionalized prior to the grafting reaction. The “graft-
ing from” approach is more elaborate polymerization
initiated from a solid surface. Those posttreatments
(“grafting to” and “grafting from”) may not be compatible
with industrial processes, especially for applications in
complex geometries. Physisorption, spontaneous ad-
sorption of a hydrophilic polymer in water, is the
simplest method among those; however, the physisorbed
polymer can often be displaced from the surface. An
alternative methodology of fixing a polymer onto a solid
surface is either physical® or chemicall® cross-linking
of a polymer. A cross-linked layer of a water-soluble
polymer is called a hydrogel, which is known to provide
good blood compatibility. However, still good adhesion
of a hydrogel to a solid surface is required.

Spontaneous segregation of a block copolymer with a
hydrophobic block can produce a hydrophobic surface.
A Dblock copolymer with a hydrophobic block, typically
a fluorinated block, in a mixture with a homopolymer
spontaneously segregates to the surface to reduce the
surface tension and forms a monolayer of the block
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Scheme 1. Chemical Structure of Poly{(deuterated
styrene)-block-2-[2-(2-methoxyethoxy)ethoxy]ethyl
methacrylate} (APS—PME3MA)®

v

CH,

@ Styrene block is fully deuterated (CsDsg). The number-
average molecular weights of dPS and PME3MA are 10 500
and 7200, respectively. The polydispersity index M/M, is 1.06.

copolymer at the surface.!! The surface compositions
and properties are entirely altered by adding a tiny
amount of such a block copolymer. This methodology
does not work in general for a hydrophilic block copoly-
mer due to the relatively high surface energy of the
hydrophilic (or more specifically water-soluble) block
which tends to be repelled from the surface and embed-
ded into the bulk. Even if being placed on a hydrophobic
polymer surface, a water-soluble block can bury itself
under the surface in order to reduce the free energy of
the system.!2 If this surface is placed into water, fouling
may occur before the surface is able to reorganize and
partition the water-soluble block back into water.
However, a few exceptions have been reported. Ka-
jiyama et al. revealed that the polymethacrylate with
the side chains of methoxy-terminated oligo ethylene
oxide (EO) enriched the concentration of EO at the
surface and reduced the contact angles of water.1?
Walton et al. observed the similar surface segregation
of random copolymers of methyl methacrylate and the
methacrylate with methoxy-terminated oligo EO side
chains.!* The methyl terminations of EO side chains are
apparently important for the spontaneous surface en-
richment of the hydrophilic part of the polymers. The
methacrylates with EO side chains without methyl
termination such as poly(2-hydroxyethyl methacrylate),
polyl(diethylene oxide) methacrylate], and poly|[(trieth-
ylene oxide) methacrylate] are known to stay away from
the surfaces.!415

Using the method reported previously,'® we synthe-
size poly{(deuterated styrene)-block-2-[2-(2-methoxy-
ethoxy)ethoxylethyl methacrylate} (dPS—PME3MA)
(Scheme 1). Deuterated styrene allows us to use nuclei-
sensitive techniques to trace the distribution of dPS. The
methacrylate with three units of EO (3EO) with a
methyl terminus, ME3MA, is chosen for this study since
PME3MA is the water-soluble polymethacrylate con-
stituted with the least number of EO units with a
methyl terminus. The polymethacrylate with two units
of EO and a methyl terminus is not soluble in water at
26 °C or above and therefore is not suitable for biomedi-
cal applications. The surfaces of the neat dPS—PME3MA
and the mixtures of dAPS—PME3MA and polystyrene
(PS) are characterized by X-ray photoelectron spectros-
copy (XPS), dynamic secondary ion mass spectrometry
(DSIMS), neutron reflectivity (NR), contact angle (CA),
and sum-frequency generation vibrational spectroscopy
(SFG). The spontaneous segregation of the dPS—
PME3MA copolymer in the dPS—PME3MA/PS mixtures
is quantitatively evaluated. SFG reveals that the methyl
termini of the 3EO side chains exclusively cover the
surface to be pseudo-hydrophobic and hence drive the
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segregation of the dPS—PME3MA copolymer to the
surface of the mixture. The contact angle of water on
the dPS—PME3MA/PS mixtures significantly decreases
immediately after contact, which is the evidence of
surface reconstruction and formation of a hydrophilic
surface. Consequently, the segregation of dAPS—PME3MA
to the surface spontaneously convert hydrophobic PS
surfaces to practically hydrophilic surfaces.

Experimental Section

Materials. The block copolymer used in this study was
synthesized using anionic polymerization described previ-
ously.’>16 ME3MA monomer was synthesized by a reaction of
methacryloyl chloride with 3EO monomethyl ether in the
presence of triethylamine in diethyl ether. The anionic polym-
erization of deuterated styrene (Cambridge Isotope Labora-
tories, Inc.) was initiated by sec-buthyllithium at —78 °C in
tetrahydrofuran for 10 min. Subsequently, 1,1-diphenylethyl-
ene (DPE) and Et;Zn were added to the living polystyrene to
decrease the nucleophilicity of the anion and to avoid a side
reaction with methacrylates. The DPE-capped living polysty-
rene initiated ME3MA monomer in the presence of EtsZn. The
number-averaged molecular weights (M),) of dPS and PME3MA
were 10 500 and 7200, respectively. The polydispersity index
(PDI) was 1.06 for dPS—PME3MA. A polystyrene (M, =99 100
and PDI = 1.08) was purchased from Polymer Source Inc. The
volume fraction of PME3MA is calculated to be 0.41 provided
that the densities of PS and PME3MA are both 1.06.

The films for NR, XPS, and DSIMS were prepared by spin-
casting of toluene solutions of dPS—PME3MA or dPS—
PME3MA/PS mixtures on silicon wafers. The silicon wafers
were rinsed with toluene before use. The thickness of the dPS—
PME3MA film for NR was 80 nm whereas the films for XPS,
DSIMS, and CA were set to ~300 nm. The films were annealed
at 140 °C in a vacuum for 12 h unless otherwise stated.

X-ray Photoelectron Spectroscopy. XPS spectra were
acquired on a PHI Quantum 2000 spectrometer equipped with
a hemispherical capacitor analyzer using a monochromated
X-ray from Al Ka. A binding energy scale of the instrument
was calibrated by setting Au 4f7» to 84.0 eV, Cu 2ps to 932.6
eV, and Ag 3ds2 to 368.3 eV. A chamber pressure during the
measurements was maintained at ca. 1 x 1077 Pa. An X-ray
beam operated at 20 W and focused onto ca. 100 um in
diameter rastered over a 500 um by 500 um square area. We
obtained sharp C 1s and O 1s peaks without neutralization:
a small shift in bonding energy was rescaled using the C 1s
peak as a standard to 284.8 eV. High-resolution scans of C 1s
and O 1s regions were acquired with a pass energy of 35.8 eV
at 6, which is defined as the angle between the surface plane
and the direction toward the analyzer. 6 of 10, 15, 20, 25, 30,
35, 40, 45, 55, 65, and 85° were chosen for the angular depen-
dence measurements. An analyzer aperture was introduced
to limit a range of takeoff angles to +4°. An XPS intensity
from the depth, z, decays exponentially due to an inelastic
scattering process with an electron escape depth, 1;; therefore,
the XPS intensities are given by the Laplace transform of the
atomic fraction, ®i(z), of element i. By taking the intensity ratio
of O 1s and C 1s simultaneously measured at the same angle,
the intensity ratio can simply be written by

o z
IO 1s IOO 1s ;LO 1s '/Z) q)O IS(Z) exp( ;LO ls) d

Icis IPeisteas ﬁ,mq’c @) exp(— /12 ) dz
C 1s,

D

The electron escape depth, ;, of an element, i, is given by
A; =A% sin 0 (2)

where 1°; is an inelastic mean free path (IMFP) of element .
On the basis of the kinetic energy dependence of IMFP
proposed by Ashley,!” 1°c 15 and A°0 1s were computed to be 3.5
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and 2.9 nm, respectively, for the incident X-ray Al Ko with a
kinetic energy of 1486.6 eV. The atomic sensitivity factors for
C 1s, I°c1s, and for O 1s, I°01s, were 0.314 and 0.733,
respectively, given by the manufacturer. Equations 1 and 2
were used to fit the data to extract the depth profiles by the
scheme described previously.!® The depth profiles were inte-
grated to obtain the surface excesses of dAPS—PME3MA.

Dynamic Secondary Ion Mass Spectrometry. Dynamic
SIMS measurements were performed with an Atomica SIMS
4000 using a 4 keV, ca. 30 nA beam of Oy" ions at 45° off
normal incidence, which was rastered over a 0.09 mm? region.
The surface of each specimen was covered with a sacrificial
layer of deuterated polystyrene (dPS) followed by sputter
coating of gold with a thickness of ca.~20 nm to reduce electric
charge-up during the SIMS measurement. Charge neutraliza-
tion using electron flood gun was not employed. Negative ions
of H, 2H (D), C, and Si were monitored as a function of time
from an electrically gated area which is less than 25% of the
rastered area. By measuring the thickness of the polymer film
using an ellipsometer and assuming a steady rate of sputter-
ing, sputtering time was converted into depth. We converted
the intensities of the negative ions of D into the volume
fraction of the copolymer as a function of depth. The depth
profiles are integrated to obtain the surface excesses of dPS—
PME3MA.

Contact Angle Measurements. Contact angles of water
were measured using a contact angle meter CA-V (Kyowa
Interface Science Co., Ltd.). A water droplet of 5 uL, was placed
on the specimens, and another 5 uL. was added to measure
advancing angles. Receding angles were measured by extract-
ing the water from the needle. A charge coupled device camera
was used to capture the images of advancing and receding
water droplets for the determination of the contact angles.

Small-Angle X-ray Scattering (SAXS). SAXS profiles
were obtained using an X-ray diffractometer (Rigaku Ultrax
4153A 172B). A Cu Ka radiation (1 = 1.54 A) was utilized for
an incident X-ray beam. A scattered X-ray was detected with
an imaging plate placed approximately 600 mm behind the
specimen. The two-dimensional images were azimuthally
averaged to obtain the plots of the intensity vs the scattering
angle, 260. All the measurements were performed at room
temperature.

Neutron Reflectivity. Neutron reflectivity (NR) measure-
ments were carried out using an advanced reflectometer for
interface and surface analysis (ARISA) on H5 beamline of
Neutron Science Laboratory, High Energy Accelerator Re-
search Organization. A neutron beam with a range of wave-
lengths from 0.12 to 0.4 nm was used. The corresponding g
(= (47/2) sin 6) range is 0.08 < ¢ < 1 nm™!, where 1 is a
wavelength and 6 is an angle of incident and reflected neutron
beams respective to the surface plane with an angular resolu-
tion A6/6 < 7.5%. The detail of ARISA is found elsewhere.!®
The scattering length density along the depth direction was
computed from the reflectivity using the Spreadsheet Envi-
ronmental Reflectivity Fitting software.?°

IR—Visible SFG Spectroscopy. In IR—visible SFG ex-
periments, a mode-locked Nd:YAG laser (PL2143D, EKSPLA)
at 1064 nm with 25 ps pulse width and 10 Hz repetition rate
was employed for a master light source. A tunable IR beam in
the range of 1200—4300 ¢cm™! was generated by a AgGaS,
crystal by different frequency mixing of the fundamental of
the Nd:YAG laser with the output of an optical parametric
oscillator/amplifier (OPO/OPA) system, which was composed
of a LiB3Os crystal, pumped by the third harmonics of the
laser. The visible and IR beams were overlapped at a sample
surface with the incident angles of 70 and 50°, respectively.
The pulse energy and spot size of the tunable IR were 0.2—
0.3 mJ and 0.2—0.3 mm in diameter, respectively. The spectral
resolution was 6 cm™!. SFG spectra were recorded with various
polarization combinations of the SFG, visible, and IR pulses
with respect to the plane of incidence. The polarization
combination is abbreviated in the order such as ssp for
s-polarized SFG, s-polarized visible, and p-polarized IR pulses.
The details of the experimental setup have been described
elsewhere.?!
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Figure 1. Small-angle X-ray scattering profile of dPS—

PME3MA block copolymer. Intensity I is plotted in an arbi-

trary unit against q defined by ¢ = (47/1) sin 6. The circles

are representing data points, and the line is the fit by random

phase approximation described in the text.

Films of ca. 300 nm for the SFG experiments were prepared
by spin-casting of a toluene solution of the polymer mixture
on a glass plate. To confirm that the SFG spectra did not
originate from the polymer/glass interface but from the
polymer surface, the spectra from the polymer films of a few
different thicknesses were acquired. They were identical
within an experimental error (not shown here); we, therefore,
measured SFG spectra of polymer surfaces.

Results and Discussion

Bulk and Surface Structures of Neat dPS—
PME3MA. It has been revealed that PME3MA is a
water-soluble polymer having the lower critical solution
temperature (LCST) of 52 °C.1¢ The block copolymer of
dPS and PME3MA may cause microphase separation
due to the difference in solubilities. Our previous study!®
showed, however, that the methyl termini of EO side
chains significantly reduced the interaction with PS and
hence altered the phase behavior. Shown in Figure 1 is
the small-angle scattering profile of dPS—PME3MA
annealed at 140 °C for 10 h and quenched to room
temperature. g is defined as ¢ = (47/4) sin 6, where the
angle between the incident and scattered X-rays is 26.
A broad single peak in the profile clearly indicates that
dPS—PMES3MA is in a disorder phase, and the g at the
peak top, gmax, is inversely proportional to the wave-
length of the fluctuation. We attempt to extract the
Flory y parameter from the fluctuation peak using a
random phase approximation (RPA) introduced by
Leibler.22 A structure factor, S(g), is calculated by

S(g) = N/[F(x) — 2xN] 3

where F(x), the Debye function g1(f,x), and x are defined
as

F(x) = g,(1, 0 g,(f, ©) g,1 — f, x) — ,lg,(1, x) —
g, x) — g1 —f, 0%} @)

g.(f, x) = 2[fx + exp(—fx) — 11/x* (5)
and
x = qZRg2 (6)

respectively, with a radius of gyration, R,, of a block
copolymer with N monomers and volume fraction f.
Since the segmental length of PME3MA is not available,
we used R, as an independent fitting parameter in
addition to y. The scattered intensity is given by I(q) =
CS(q), where the proportional constant C is also used
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Figure 2. Neutron reflectivity of the neat dAPS—PME3MA

block copolymer on a silicon substrate. The reflectivity is

plotted against g defined by ¢ = (47/A) sin 6. The solid line is

a fit using a model depth profile of neutron scattering length

density b/V shown in the inset.

as a fitting parameter. A fit of the RPA is shown as a
solid line in Figure 1, in which only the higher ¢ side of
the peak is used for the fit to avoid the influence of the
tail of direct beam. For the total number of segments N
= 131 and volume fraction f = 0.41, y is estimated to be
0.079 at 140 °C.2® It should be noted that the y
parameter is a rough estimate and rather gives the
upper limit of the possible y range since the fluctuation
may have grown slightly during the temperature quench.
R, was fitted to 4.8 nm, which is reasonably close to an
estimated R, of 4.5 nm by assuming R,/(molecular
weight)2 of PME3MA is equal to that of PS.2¢ The
estimated y will be used to discuss the critical micelle
concentration of dAPS—PME3MA in the PS matrix in the
section below. The y is surprisingly small despite the
difference of the solubilities of PME3SMA and PS in
water. It seems that the interaction of PME3SMA with
PS is screened by the presence of the methyl termini:
PS may not have a direct contact with the EO in the
interior of the side chains while a small molecule like
water can easily penetrate into the interior of the side
chains and interact with the EO.

It is known that a block copolymer even in a disorder
phase forms a layered structure induced by the differ-
ence in the surface energies of the blocks.2> Therefore,
dPS—PME3MA in a disorder phase may not have a
homogeneous composition at the surface. We measured
a depth profile of a dPS—PME3MA thin film using
neutron reflectivity (NR) to reveal a surface induced
structure. The reflectivity of the film and its model
depth profile which fits the reflectivity data are shown
in Figure 2 and its inset. The periodic, named as the
Kiessig, fringes represent the total thickness of the film
while the broad peak appearing around q of 0.43 nm™!
corresponds to the periodic structure of dAPS—PME3MA
perpendicular to the surface. Since the gmax of the SAXS
profile in Figure 1 agrees reasonably well with the qmax
in the reflectivity, the layered structure induced by the
surface and interface has the same length scale as the
fluctuation. The profile of a scattering length density,
b/V, in which dPS has a higher value of b/V, clearly
shows decaying oscillation from the surface and the
silicon substrate. The depletion layer of b/V at the
surface clearly indicates that the PME3MA block pref-
erentially covers the surface. Despite the dAPS—PME3MA
block copolymer in a disorder phase due to the fairly
small ¥ and low molecular weight, the surface is
sufficiently covered by the water-soluble PME3SMA
blocks. This effect can be easily enhanced by increasing
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Figure 3. DSIMS depth profile of the dPS—PME3MA block
copolymer in the PS homopolymer after annealing at 140 °C
for 12 h. ®g4ps-—pmEsMa, the concentration of APS—PME3MA in
PS, was estimated from D~ intensity. The peaks at the depths
of 0 and 280 correspond to the surface segregation and
interfacial segregation to native oxide of silicon, respectively.

the molecular weight of the dPS—PME3MA block
copolymer.

The spontaneous enrichment of PME3MA at the
surface is very important for controlling hydrophilicity
of a surface, especially for biotechnological applications.
The surface PME3MA layer is expected to be highly
swollen immediately after contact with water due to the
solubility of the PME3MA block in water as shown later
in this paper, and the biocompatibility will be reported
in a separate paper.

Segregation of dPS—PME3MA in Mixtures with
PS. As a more severe test of the spontaneous formation
of hydrophilic surfaces using dPS—PME3MA, we blend
a small amount of dPS—PME3MA into a homo-PS to
alter the surface properties of PS. It is technologically
important that adding a small amount of a copolymer
can modify the surface hydrophilicity. A surface segre-
gation isotherm of a block copolymer in a homopolymer
matrix has been studied experimentally!'! and theoreti-
cally?® while those studies are intended for a segregation
of the hydrophobic part of the copolymer to the surface.
We evaluate quantitatively the segregation behavior of
dPS—PME3MA, providing a hydrophilic surface instead
of a hydrophobic surface using the theories of segrega-
tion to extract the thermodynamic parameters. A series
of mixtures of PS and dPS—PME3MA were spun-coat
onto silicon wafers. The specimens were annealed at 140
°C for 12 h. Selected specimens were annealed for 24 h
to check whether the surface had reached equilibrium,
but no significant difference between 12 and 24 h was
found (not shown here) and hence the surface had been
equilibrated in 12 h. The surfaces of the specimens were
characterized using XPS and DSIMS. The surface
excess, z*¥, which is the integrated thickness of a block
copolymer layer, was obtained from the angular de-
pendent XPS intensities by the method described in the
Experimental Section. Another set of z* was obtained
from the depth profiles of dPS using DSIMS. An
example of the depth profiles obtained using DSIMS is
shown in Figure 3. The peaks at depth of 0 and 280 nm
clearly indicate the excesses of dPS—PME3MA at the
surface and interface with the silicon wafer, respec-
tively. By integrating the corresponding surface segre-
gation peak, the surface excess can be calculated. The
surface excesses obtained by two independent methods
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Figure 4. Segregation isotherm of the dPS—PME3MA block
copolymer in the PS homopolymer. The surface excess, z*, was
estimated both from XPS and DSIMS measurements and
plotted against the volume fraction of dAPS—PME3MA in bulk,
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Figure 5. Schematic illustrations of segregation mechanism.
For simplicity, homopolymers are not drawn. The thicker
curves represent PME3MA blocks. At low concentrations in
panels A and B, the segregation isotherm linearly depends on
the concentration in bulk. Further segregation is prevented
by the brush layer at the surface as shown in panel C, and
the segregation isotherm becomes nonlinear. Micelles start to
form in bulk and stick to the brush layer: the concentration
of free block copolymer chains and hence the chemical potential
driving the segregation barely depend on the amount of the
block copolymer added to the system.

are plotted in Figure 4 as a function of the volume
fraction of dPS—PME3MA block copolymer in bulk,
Dpuik. Ppuik is slightly less than the average volume
fraction in the mixture due to the segregation to the
surface and interface in the films of finite thickness.
Therefore, we estimated the values of ®py from the
volume fractions in the middle of the films using the
DSIMS depth profiles after the segregation completed.
The XPS and DSIMS measurements provide the same
z* within an experimental error, except for the data at
the highest ®p, k. The dependence of z* on @y, is well
approximated by a linear dependence in the concentra-
tion range of @y < 0.2. This linear dependence is clear
evidence of the dPS—PME3MA block copolymer forming
neither micelles nor dense surface brushes. This situ-
ation is schematically drown in Figure 5A,B. In the
absence of micelles the reference state of the chemical
potential for the segregation to the surface is well
approximated by the mean field theory, in which the
PME3MA block is assumed to be in full contact with
PS. Moreover, the linear dependence of z* on ®pyux
indicates that the segregated dPS—PME3MA chains on
the surface do not strongly interact; the segregated
dPS—PME3MA chains do not form a highly extended
brush excluding the approaching block copolymer chains
from the surface, which is schematically shown in
Figure 5C. One can derive a linear relation of z* and
Dk with the effective y parameter, yes, for the surface
segregation by considering only the loss of entropy by
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partitioning the block copolymer chains to the surface.?6
For a small ®y,, the segregation isotherm can be
approximated by a linear relationship as in eq 7 and
agrees well with the experimentally observed isotherm
in Figure 4.

z¥ =

(/2 )Rg(XeffN PME3MA)71/2 exp(Y eV pmmsma) Pounc (7)

Xetf — XPMESMA—PS — XPME3MA—surface (8)

Even with the smallypyrsyma-ps that makes the dPS—
PME3MA block copolymer miscible in PS matrix, the
favorable surface interaction of PME3MA, yerr (Yerr =
0.022), drives dPS—PFME3MA to segregate to the
surface. It should be noted that y.q¢ 0of 0.022 is not a large
number; the driving force for the segregation per seg-
ment is not very strong. The segregation is enhanced
by increasing the molecular weight for practical ap-
plications being controlled by yesr NpmEsma, as in eq 7.

What is the discrepancy of the surface excesses
obtained by XPS and DSIMS at the highest concentra-
tion? The surface sensitivities of DSIMS and XPS are
different: while XPS picks up information of less than
10 nm from the surface and less sensitive with increas-
ing depth, DSIMS integrates over with its limited
resolution (ca. 10 nm). If a subsurface structure is
present underneath the surface segregation layer with
a separation less than 10 nm, SIMS cannot distinguish
those layers. At ®pyx of 0.2 or higher, dPS—PME3MA
may exceed its critical micelle concentration (cmc), @epe,
form micelles in the PS matrix and stick to the surface
brush layer as schematically shown in Figure 5D. The
reason for this speculation is the following. A simple
estimation of ®.,,. using Leibler’s theory?? is shown in
eqs 9 and 10.

:ucmc — (3/2)4/3](-4/9(1‘74]071/3 _ 1)1/3(XM1/3 (9)
D = exXpUeye — FXIN) (10)

The block fraction and the chemical potential for critical
micelle formation are denoted as f and uemc, respectively.
For the set of parameters, N = 131, y = 0.079, and /=
0.41, we obtain ®.,. = 0.23. The theory predicts that
dPS—PME3MA does not form micelles in the concentra-
tion range of 0 < @y, < 0.23. This theoretical prediction
is in good agreement with the linear dependence of z*
on ®p,x, which indicates that neither micelles are
formed nor the surface are fully occupied by the
stretched block copolymer, in the isotherm of Figure 4.
When ®p,x approaches 0.23, z* estimated by XPS,
which is likely to be the true z*, shows a sign of
saturation. Once micelles are formed in the blend, the
micelles have a tendency to stick to the surface and
interface to reduce the interfacial tension between the
corona of the micelles and the surrounding homopoly-
mer with the molecular weight higher than that of the
block copolymer.?8 Therefore, DSIMS fails to evaluate
z* accurately at the ®pyx higher than ®.y,.. The dis-
crepancy between two experimental methods rather
clearly indicates ®.y. of the dPS—PME3MA in PS
matrix. This cmc estimated from this discrepancy
reasonably agrees with the theoretical prediction using
the interaction parameter estimated from the fluctua-
tion peak of SAXS profile.

Our strategy of using spontaneous segregation of
block copolymers to the surface has some distinct
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advantage over traditional surface modifications. Since
this segregation process is thermodynamic process
toward equilibrium, the surface structure will not
reconstruct over time. The trend is the same or even
enhanced when the environment becomes hydrophilic.
A similar approach using a blend of linear polymer and
a random graft copolymer with oligo EO side chains has
been investigated.* However, such graft copolymers with
oligo EO side chains become water-soluble if too many
or too long EO chains are introduced, while the blood
compatibility requires large number of EO chains and/
or long EO side chains. The number and the length of
EO must be chosen in such a way that the graft
copolymer is insoluble in water but still shows a
blood compatibility. In our methodology, water-soluble
PME3MA blocks are anchored with the dPS blocks to
the surface of homo PS. Therefore, when the mixture is
dipped into water, PME3MA block forms a brush
extended into water and bonded to hydrophobic PS.
Wetting properties of water on the surface of the
mixture will be discussed later in this report.

Conformation of the Side Chains at the Air
Surface: Vibrational Sum-Frequency Generation
Spectroscopy. While enthalpy is, in general, the main
contribution to the surface free energy, conformational
entropy of a polymer near the surface is not negligible.
Especially the entropy effect is significant for graft
copolymers as suggested in the literature.!* Even poly-
styrene can be considered as a graft copolymer with
phenyl side group as revealed by SFG spectroscopy that
the surface of PS is covered with phenyl groups standing
perpendicular to the surface or with slight tilt.2? The
backbones of polymers are rarely seen by surface-
sensitive SFG spectroscopy. The local conformation of
side chains at the surface is extremely important to
understand the surface properties of polymers. A methyl
terminus of oligo EO plays an important role for the
observed lower surface energies of oligo EO than those
of PEO.27-30 This terminus effect is enhanced when the
molecular weight of EO is low; therefore, when a short
EO is attached to a polymer backbone, the terminal
methyl group may alter the interaction and surface
properties significantly. We discuss the conformation of
the 3EO side chains with methyl termini of PME3MA
to understand the origin of the unique surface segrega-
tion behavior using surface-sensitive vibrational sum-
frequency generation spectroscopy (SFG), which has
emerged as a powerful tool for the study of the molecular
structure of interfaces.3! Recently, SFG has been applied
to the studies of free surfaces of polymer substrates,
alignment of surface chains,?2 chemical composition of
the surface,?® and processing induced molecular changes
in the surface.?* SFG can probe the molecular orienta-
tion at the surfaces which other surface-sensitive tech-
niques cannot detect.

Figure 6 shows SFG spectra in 2700—3100 nm™!
wavenumber region with an SSP polarization combina-
tion of homo PS and the mixtures with dPS—PME3MA
of 2% and 10%. P and S denote the polarized lights
perpendicular and parallel to the surface, respectively.
The first S, second S, and last P denote the polarizations
of SFG, visible, and infrared light, respectively. From
homo PS, we detected the vibrations of only phenyl ring
of PS (3060—3070 nm™1): no obvious vibrations of
backbones of PS are found as already reported.?’ The
phenyl side groups of PS exhibit five vibrational modes
of C—H aromatic stretches, which are both Raman- and
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Figure 6. SFG spectra in C—H stretching vibration region
with an SSP polarization combination of the PS homopolymer
and the mixtures of PS and dPS—PME3MA (2%) and (10%).
The sum frequency (SF) intensities are shifted vertically for
clarity.

infrared-active. These five modes are believed to have
the resonance frequencies at 3024, 3035, 3055, 3067,
and 3078 cm™! corresponding to vega, V7b, V7a, V2, and vegp
vibrational modes, respectively.?? With the SSP polar-
ization combination, the dominant ve peak at 3067 cm™1!
qualitatively indicates phenyl rings standing nearly
perpendicular to the surface. With increasing ®pyx in
the mixtures, the peak intensity of v decreases and
becomes almost invisible at 10%. In addition, vep, at
3024 cm~! appears at @y of 2% while being negligibly
small at 0 and 10%. Since v99, in SSP appears only when
the phenyl groups significantly tilt from the surface
normal, it can be concluded that PME3MA segregates
to the surface and disturbs the alignment of phenyl
groups of PS at @y, of 2%. However, the phenyl groups
may be excluded from the surface at ®pu of 10%. At
10% of dPS—PME3MA, the segregated PME3MA blocks
dominate the spectra with no sign of phenyl groups. This
disappearing of the PS signals at 10% is slightly earlier
than that in the XPS and DSIMS results, in which z*
saturates at 20%. Since SFG intensities depend not only
on composition but also on orientation, this discrepancy
may be suggestive of the loss of orientation of a small
amount of phenyl groups of PS in a majority of PME3SMA
at 10%. Nevertheless, the physical picture of the seg-
regation is essentially unchanged. Using SFG, we
observe systematically that the orientation of phenyl
groups of PS at the surface are disturbed by the
segregated PME3MA blocks and then excluded from the
surface with increasing ®pyk.

PME3MA exhibits five vibrational modes composed
of the C—H stretches that are both Raman- and infrared-
active. These five modes are assigned to the resonance
frequencies at 2835, 2873, 2910, 2940, and 2965 cm ™1,
corresponding to the s-OCHg, s-OCHsy, as-CHg, as-OCHa,
and as-OCHj vibrational modes, respectively.?> The
characters s and as denote symmetric and asymmetric
vibrational modes, respectively. It is clearly observed
that PME3MA peaks dominate the spectra with de-
creasing intensity of the vibrational modes of phenyl
rings. Comparing the spectra at 2% and 10%, we clearly
find that the dominant peak changes from 2910 to 2873
cm~!. While the assignment of the peak at 2910 cm™!
is not well established, this peak can be as-CHj of the
backbone. In the SFG studies of PEO and poly(2-meth-
oxyethyl acrylate)®> and in the spectrum at 10% of dPS—
PME3MA, the peak at 2910 cm™! were not clearly
detected. Considering that PS and PME3MA are mixed
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Figure 7. SFG spectrum in C—D stretching vibration region
with an SSP polarization combination of the mixture of PS

and dPS—PME3MA (10%). No significant peaks of C—D
stretching are observed.

0.5 LdPS-PME3MA 10% o sspl A

SF intensity (a. u.)

0.0 A T . e
2700 2800 2900 3000 3100
Wavenumber (cm™)
Figure 8. SFG spectra in a C—H stretching vibration region
with SSP, PPP, and SPS polarization combinations of the
mixture of PS + dPS—PME3MA (10%). The curves are the fits
of eq A2 in the Appendix to the data. The details of the fitting
procedure is described in the Appendix and Supporting
Information.

at the surface of the 2% mixture, the backbones of PS
and/or PME3MA may be exposed to the surface to be
detected by SFG. In the 10% mixture, the peaks at 2837
cm ! of s-OCHjy and at 2835 cm ™! of s-OCHj3 dominate
the spectra, which clearly illuminate the surface of the
mixture dominated by the side chains of PME3MA
similar to the surfaces of the polyacrylates and poly-
methacrylates in the literature.?® It is noted that the
presence of s-OCHsy peaks is an evidence of gauche
conformation of the EO side chains unlike oligo EO
chains attached to a solid surface.?” To confirm that dPS
is not driving the segregation process—C—D bonds are
less polarized and hence have a lower surface energy—
the spectrum of an aromatic C—D stretching band of
the 10% mixture of dPS—PME3MA in PS is plotted in
Figure 7. No significant peaks are observed; the segre-
gation process is not driven by the segregation of dPS
but by the segregation of PME3MA blocks to the surface.

SFG spectra in a C—H stretching vibrations with SSP,
PPP, and SPS polarization combinations are shown in
Figure 8. Quantitative comparison of the peaks corre-
sponding to s-OCHj3 at 2835 cm ™! in the spectra extracts
the orientation of the methyl termini. The method of
the quantitative analysis is described in the Appendix.
Here we just show the result from the analysis. The
polar tilt angle of —CHjs is smaller than 30° when 6 is
assumed to have no angular distribution (d-function
approximation). For another extreme case in which 6
= 0° on average is assumed, the standard deviation of
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Figure 9. Advancing (M, 6,) and receding (O, 6,) contact
angles of water on the surfaces of the mixtures of PS and dPS—
PME3MA with volume fractions of ®4ps-pmrsma. The error bars
are standard deviations.

0 is found to be 26°. SFG unfortunately cannot distin-
guish those two cases, and thus the actual orientation
should be somewhere between the two extreme cases.
The side chains of PME3MA are, therefore, standing
nearly normal to the surface and exposing the methyl
termini to the surface. This conformation is compatible
with the surface constraint which prefers exposing the
lower surface energy fragments to the surface and
hindering the hydrophilic high-energy part of the side
chains from the surface.

Surface Reconstruction: Contact Angles. The
mixtures of dAPS—PME3MA and PS have extremely thin
surface layers of hydrophobic methyl termini, barely
covering the hydrophilic mobile EO side chains. Such
hydrophobic surface may be unstable in a hydrophilic
environment. Advancing and receding contact angles of
water on the surface of the mixtures were measured and
plotted in Figure 9. Both advancing and receding contact
angles decrease with increasing amount of dPS—
PME3MA; adding a small amount of dPS—PME3MA
makes the surface hydrophilic. At the same time, the
hysteresis between the advancing and receding contact
angles becomes surprisingly large as the amount of
dPS—PME3MA in the mixture increases. The advancing
and receding contact angles as well as the hysteresis
reach constant values at approximately 20%, which
agrees very well with the concentration of dPS—
PME3MA completely covering the surface as seen in
Figure 4. The huge hysteresis is obviously related to the
surface reconstruction of the PME3MA block. The side
chains of PME3MA can reconstruct quickly since the
methyl groups barely cover the hydrophilic EO side
chains, which are mobile at room temperature. While
the decreasing advancing angles may suggest the
increasing surface enthalpy due to entropy driven
surface segregation, even the advancing angles may be
influenced by the quick surface reconstruction. In ad-
dition to the reconstruction of the side chains, the whole
dPS—PME3MA block structure can be swollen by water
so that the whole water-soluble PME3MA blocks are
stretching out into water. Schematic pictures of possible
conformations of dPS—PME3MA block copolymers at
the surface (a vacuum/air) and water interface are
shown in Figure 10. For this very unique property, the
hierarchically nested amphiphilic structure, in which
amphiphilic side chains are attached to an amphiphilic
block copolymer, seems to be essential: the reconstruc-
tion of the side chains promotes the reconstruction of
the entire block.
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Figure 10. Schematic pictures of the conformations of dPS—
PME3MA in a mixture with PS in air (or in a vacuum) and in
water. At the surface in a vacuum or air, the terminal methyl
groups of the side chains, @, cover the surface. In water, the
water-soluble PME3MA blocks are anchored onto the surface
of polystyrene and stretching out into water. PME3MA blocks
cover the surface in either hydrophobic or hydrophilic environ-
ment.

Summary

Segregation of dAPS—PME3MA to the surface of PS
provides the surface which is apparently hydrophobic
but becomes hydrophilic upon contact with water. The
segregation of dPS—PME3MA occurs even in hydropho-
bic environment and persist after prolonged annealing
in a vacuum or air. The origin of such segregation is
the presence of methyl termini of the side chains. Those
methyl termini cover the surface, and the ethylene oxide
part of the side chains are screened out from the surface.
Once the surface is exposed to water, the surface
reconstruction occurs quickly, and the wetting behavior
of water changes drastically. Thanks to its block archi-
tecture with the hydrophobic block (PS in this study),
the water-soluble PME3MA is expected to form a brush
layer anchored to the surface of PS in water. Such a
thermodynamically stable PME3MA surface layer in
hydrophobic environment yet converting into a brush
layer in water is an ideal candidate for biomedical
applications. This unique character is due to the hier-
archically nested amphiphilic architecture of the side
chains and blocks.
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Appendix

In this appendix, we quantitatively analyze the SFG
spectra with different polarization combinations. SFG
spectra in the C—H stretching vibrations with SSP,
PPP, and SPS polarization combinations shown in
Figure 8 are quantitatively compared. The orientation
of the methyl termini can be extracted from the peaks
corresponding to s-OCHj3 at 2835 cm~1. The intensity
of sum frequency is proportional to the effective second-
order nonlinear susceptibility, xg%, as shown in eq Al.

Note that the characters y such as xﬁ% and y;, are
exclusively used for susceptibility in this appendix to
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follow the conventional expression, while y is used for
the interaction parameters in main text.

Igp |Xf§%|2lviSIIR (A1)
Aq
et = Ak T (A2)

T Wg — 0, Tl

Isy, Iis, and I1r are the intensities of the sum-frequency,
visible, and infrared light, respectively. x%){ arises from
the nonresonant background. The parameters oy, I,
and A, are the resonant frequency, homogeneous line
width, and line strength of the vibrational mode gq,
respectively. Using eqs Al and A2, the spectra are fit
as shown as the solid lines in Figure 8 in order to obtain
the sets of parameters listed in Table 1. The effective
second-order nonlinear susceptibility of the surface 53
measured with a polarization combination is a function
of the Fresnel coefficients, L;; (i = x, y, or z), incident
and takeoff angles of light, and the second nonlinear
susceptibilities, y; (i, ], k = x, y, or ) in a lab coordinate.
In particular, for SSP and PPP polarizations, the
effective susceptibilities are

Xg‘f)'-SSP = Lyy(wSF) Lyy(wvis) Lzz(wIR) sin ﬁIRnyz (A3)

Xg‘lz-PPP = —L,(wgp) L () L,
(wr) cos Bgp €os By SIn iy Yo, — Lologp) L,
(@yis) Ly (@rg) cos gy sin ;s €08 fig Xpox T
L, (wgp) L (o) L, (o) sin fgp sin B sin B 1., +
L, (ogp) L, (0y) L, (o) sin Bgp sin f; sin Pig 1.
(A4)
The lab coordinates x, y, and z are chosen such that z is

the surface normal and x is in the incident plane. The
Fresnel coefficients are given by the following equations:

Znair(a)p) cos ﬁp,polym

L) =
p
nair(wp) cos ﬂp,polym + n’polym(wp) cos ﬂp,air
L ()= 2n,,(w,) cos B, i
BARNS Y
nair(wp) Cos :Bp,air + npolym(wp) Cos ﬁp,polym
B 2np01ym(wp) cos ﬁp,air
Lzz(wp) -

nair(a)p) cos ﬁp,polym + n’polym(a)p) cos ﬁi,air
2
(nair(wp))
T
n'(w,)

where f, and w, are the incident angle and frequency
of p-light, respectively (p is either a sum-frequency (SF),
visible (vis), or infrared (IR) light). A hypothetical
refractive index of the interface is denoted as n', which

(AB)

Table 1. Peak Assignments and the Parameters Computed from the Data Fitting of Figure 8

Wq Iy
(em™1) (cm™V Assp Appp Agps assignment
2835 12 1.76 +£ 0.05 1.72 £ 0.05 0.04 £0.01 s-OCHs(rt)
2873 10 3.30 +£ 0.05 2.08 +0.05 0.03 +0.01 s-OCHay(d™")
2910 15 1.65+0.10 2.17+0.05 0.44 4+ 0.02 CH;
2940 10 1.66 = 0.05 0.47 £ 0.02 0.02 £ 0.01 as-OCHa(d™)
2965 10 1.10 £ 0.05 1.88 +£0.05 1.66 = 0.05 as-OCHs(r)
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is an unknown parameter. For CHs having Cs, sym-
metry, one obtains the susceptibilities as follows:38

e = Ty = 5N (605 001 +7) = (dos* 111 =) (A6)

cce

Xazx — Xyzy = Xaxx = Xzyy =

2N (Gos 60 [Gos® (1 — ) (AT)

%... = Na, ([dos OCH [Gos® 01 —r)  (A8)

cce

where N, 0, a..., and r are the surface density of methyl
group, angle between the ¢ axis of CHs and the surface
normal, methyl symmetric stretch hyperpolarization
tensor component in Euler angle, and ratio of hyperpo-
larizability, ouq/0ccc, respectively. The ¢ axis is chosen
to be parallel to the O—C bond of the methoxy group
while the choice of a and b is arbitrary due to the
symmetry of CHs. In consequence, A,(PPP)/A,(SSP) is
a function of 0, r, and n'. Using an apparent refractive
index of the surface layer, n' = 1.05, and the ratio of
hyperpolarizability of s-OCHs, r = 1.66,3940 we are able
to compute A,(PPP)/A,(SSP) as a function of 6. The
details of the method of estimating n' and r are found
in the Supporting Information. s-CHg3 is assumed to
orient an average polar tilt angle 6y respective to the
surface normal with standard deviation 0. A,(PPP)/A,-
(SSP) is computed by assuming a Gaussian distribution
of polar tilt angles as shown in eq A9:

Al6) = C exp[—(0 — 6,)*/25°] (A9)
where C is a constant. ¢ = 0 corresponds to the

O-function distribution of polar tilt angle. The result of
the computation is shown in Figure 11. The horizontal

25 T T

A (PPP)/A (SSP)

0.5 L L
0 30 60 90

Polar tilt angle (deg.)
Figure 11. Ratio of line strengths of A,(PPP) and A,(SSP) of
the mixture of PS and dPS—PME3MA (10%). The solid linear
line indicates the value experimentally observed. The possible

combinations of 6y and o are found from the cross section of
the solid line and the curves with various o.

solid straight line indicates the experimentally obtained
value and the curve assuming Jd-function distribution
cross the solid line at 6 of 30°. The polar tilt angle cannot
be larger than 30° but smaller when the oJ-function
approximation is not valid. For an extreme case of 6 =
0, o is about 26°, which is another extreme case of the
possible scenarios.
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Supporting Information Available: Details of the method
of estimating n' and r. This material is available free of charge
via the Internet at http://pubs.acs.org.
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