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ABSTRACT: The structural changes in poly(2-methoxyethyl acrylate) (PMEA) thin films induced by the
absorption of bisphenol A (BPA), which is suspected to be an endocrine disrupter disturbing the hormone
balance in a living body, have been investigated by infrared reflection absorption spectroscopy (IRRAS)
and sum frequency generation (SFG) measurements. BPA molecules are absorbed in PMEA thin film.
By controlling the thickness of the intermediate polystyrene (PS) film between the PMEA and Au substrate,
we are able to probe the molecular structure at the different PMEA interfaces of airlPMEA (free) and
PMEA/PS (buried) by the SFG measurements. The ether methyl (OCHj3) group in the side chain of PMEA
at both interfaces has the same vector orientation with respect to Au, i.e., pointing into air at the free
interface and pointing into PMEA at the PMEA/PS buried interface. The OCHj; groups at the PMEA
interfaces are likely to stand up and that the interfacial ordering on the PMEA is increased by the BPA
absorption. The structural changes in the PMEA bulk and its interface induced by BPA absorption and

desorption are reversible.

Introduction

Bisphenol A (BPA, Chart 1a) is widely used as a
monomer for the synthesis of polycarbonate (PC). It has
been reported that BPA can be dissolved from PC
products such as food packaging and is suspected to
disturb the hormone balance in a living body; i.e., it is
considered an endocrine disrupter (i.e., an environmen-
tal hormone).12 However, details about the interaction
and penetration mechanisms of BPA with living organ-
isms are still not well-known at the molecular level.

Recently, Tanaka et al. synthesized a new biocom-
patible polymer, poly(2-methoxyethyl acrylate) (PMEA,
Chart 1b) and reported that it has an excellent blood
compatibility featuring a significantly low adsorption
of plasma protein and low platelet adhesion in compari-
son with other poly(acrylate)s.® PMEA is expected to be
a promising biomaterial and is now commercially used
as a coating material for artificial organs.* Due to its
superior biocompatibility, the PMEA thin film is used
as a model of biological membranes to elucidate the
interaction between BPA and the living body in the
present study.

The structural changes in the PMEA thin film in-
duced by the absorption and desorption of BPA have
been investigated by infrared reflection absorption
spectroscopy (IRRAS) and sum frequency generation
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Chart 1. Molecular Structures of (a) Bisphenol A
(BPA), (b) Poly(2-methoxyethyl acrylate) (PMEA), (c)
Poly(methyl methacrylate) (PMMA), (d) Polystyrene

(PS), and (e) Deuterated Polystyrene (dPS)
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(SFG) measurements in this study. IRRAS measure-
ment® can provide valuable information about the
structural changes in the PMEA bulk while SFG
measurement®—° is employed to clarify the molecular
structures on the PMEA interfaces. These results were
compared with the behavior observed on poly(methyl
methacrylate) (PMMA, Chart 1c) and polystyrene (PS,
Chart 1d) thin films. BPA molecules were absorbed in
PMEA bulk but were not absorbed in PMMA and PS
thin films. The absorbed BPA can be removed from the
PMEA by an ethanol rinsing treatment. By controlling
the thickness of a polystyrene (PS) layer sandwiched
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between PMEA and Au substrate, we are able to
selectively measure the molecular structures at air/
PMEA (free) and PMEA/PS (buried) interfaces by the
SFG measurements. The experimental results demon-
strate that the OCH3; groups on the PMEA interfaces
are likely to stand up and that the ordering of the PMEA
interfaces also becomes higher after the BPA molecules
were absorbed. These structural changes in the PMEA
bulk and interfaces induced by the absorption and
desorption of BPA are reversible. Reasons for the
selective absorption of BPA in PMEA thin films are
discussed based on these results.

Experimental Section

Sample Preparation. PMEA (M, ~ 8.5 x 10% was
prepared by the radical polymerization method as reported
previously®. PMMA (M,, ~ 12.0 x 10% Aldrich), which has a
structure similar to that of PMEA, PS (My, ~ 4.5 x 10%
Aldrich), and deuterated polystyrene (dPS, M, ~ 14.3 x 104,
Polymer Source, Chart 1e) were used for comparison. BPA and
organic solvents were purchased from Wako Pure Chemical
Industries. All chemicals were used without further purifica-
tion. Milli-Q water was used to prepare aqueous solutions.

A 200 nm-thick Au film evaporated on a glass plate (25 mm
x 25 mm x 1 mm) was used as the substrate. PMEA thin films
were deposited from a 10 g-L~! methanol solution by spin
coating: a 200 uL solution was dropped on the substrate, and
the sample was then rotated at 500 rpm for 2 s and then at
1000 rpm for 20 s, and then dried for 30 min in the chamber
of the spin coater saturated with the solvent vapor. Because
dewetting of PMEA on the Au substrate was observed in water,
a PS or a dPS thin layer was sandwiched between PMEA and
the Au substrate to increase its stability. In the present paper,
we fixed the thickness of PMEA films and changed the
thickness of the PS thin films between PMEA and the Au
substrate. The thickness of the PS films was controlled by the
PS concentration in its toluene solutions (1—25 g-L ™).

SFG Measurements. A detailed description of the broad-
band SFG system used in the present study has been given
elsewhere.l° Briefly, a Ti:sapphire laser (Hurricane, Spectra
Physics) was employed as a light source. A tunable broad-band
infrared pulse (~200 cm~* fwhm) from 3700 to 1000 cm~* was
generated from an optical parametric amplifier system (TO-
PAS, light conversion). A narrow-band visible pulse (<10 cm™
fwhm) at 800 nm was yielded from the spectral shaper (TII).
The infrared and visible pulses were temporally and spatially
overlapped at the sample surface at incident angles with
respect to the surface normal of 50° and 65°, respectively. The
reflected SFG signal was dispersed with a monochromator
(MS3501i, Solar-TIl) and was detected by a CCD (DU420—
BV, Andor Technology) cooled to —70 °C. All spectra were
accumulated for 10 min in the ssp polarization (i.e., s-polarized
SFG, s-visible, and p-infrared).

The SFG signal from the polymer samples was normalized
with the SFG signal from GaAs. Assuming that the SFG
signals resonate only with infrared light (wir), the SFG spectra
were fitted by a Lorentzian function:51*

Isr(@R) = z + ‘XNR(Z)‘eXp(_i({’) 2 (1)

o — o, + I,

where A,, wn, and I’y are the amplitude, peak position and
bandwidth of the nth resonant mode, respectively, and |yng®?)|
and ¢ are the amplitude of the nonresonant (NR) contribution
and its relative phase angle, respectively.

IRRAS Measurements. A Bio-Rad FTS 575C FT-IR spec-
trometer equipped with a liquid-N; cooled HgCdTe detector
and a Harrick Reflector grazing angle reflectance unit (incident
angle: 75°) was used for the IRRAS measurements. All IRRAS
spectra were obtained by coadding 32 interferrograms with a
spectral resolution of 4 cm™1,
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Figure 1. IRRAS spectra of (a) PMEA, (b) PMMA, (c) PS,
and (d) dPS thin films on the Au.

AFM Measurements. The morphologies of each polymer
surface were characterized by an atomic force microscope
(AFM) with a NPX 100 scanner head and a Nanopics 1000
controller (Seiko Instruments) under a damping mode. The
root-mean-square (RMS) roughness for PMEA surface was ca.
1.6 nm, indicating that the PMEA surface is relatively smooth.
Similar results have also been obtained on the other polymer
surfaces.

Ellipsometry Measurements. The thickness of the poly-
mer sample was determined by an ellipsometry measurement??
with a SOPRA GESP-5 spectrometer using a 30 W Xe lamp
as a light source.'® The incident angle was 75°. As shown in
eq 2, W and A correspond to the modulus and phase for the
ratio of polarized reflection coefficients (R, and Rs), respec-
tively, and were measured at 300—800 nm at steps of 10 nm.

R, .
R (tan W) exp (iA) 2)

The thicknesses of PMEA and PS thin films were calculated
by simulations using WinElli software (SOPRA).*® The complex
dielectric function for the Au substrate was determined using
a bare Au substrate. The imaginary parts of the complex
dielectric function for the PMEA and PS were assumed to be
zero because they have negligible absorption in 300—800 nm.
After the thickness of the PS or dPS film on the Au surface
was determined using a three-layer model (air/PS/Au) by
iterative fitting procedures, PMEA was deposited and its
thickness was determined using a four-layer model (air/fPMEA/
PS/Au) by the same procedures. The thickness of the PMEA
thin film deposited on the PS/Au substrate from a 10 g-L™*
methanol solution was determined to be 75.0 £+ 1.0 nm, which
was employed for all samples in the present study.

Results and Discussion

1. Absorption of BPA in the Bulk of the Polymer
Thin Film. 1.1. IRRAS Characterization of the
Polymer Thin Films. Figure 1 shows the IRRAS
spectra of thin films of (a) PMEA, (b) PMMA, (c) PS,
and (d) dPS deposited on Au substrates in the region of
3700—2700 cm~* and 2400—1400 cm™!. In addition to
the intense peak at 1740 cm~! corresponding to the C=
O stretching of the carbonyl group, PMEA and PMMA
thin films have broad IR absorption with several peaks
and shoulders in the C—H stretching region (Figure
1a,b).14716 The C—H stretching region (3400—2700 cm™1)
of the two spectra were deconvoluted, and the results
are shown as dotted lines in the same figures. The peak
positions and their assignments are summarized in
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Table 1. Assignments of IRRAS Spectra of Polymers

polymer wavenumber/cm~1 assignment?
PMEA 2986 OCHS3 vas

2955 OCH; vas

2930 CCH2 vas

2888 OCHj3 vs

2841 CCH3 vs

2819 OCHj3 vs

1740 C=0 stretching

1500—1400 C—H deformation bands
PMMA 3015 OCH3 vas

2995 OCH3 vas, a-CHg v4

2952 OCH3 vs, 0-CH3 vas

~2920 a-CHgz vs, CH2 vas

2841 CH> vs

1740 C=0 stretching

1500—1400 C—H deformation bands
PS 3083 ring vzoa

3060 ring v,

3026 ring V20b

2924 CH3 vas

2851 CHy vs

2000—1700 summation bands

1600—1400 ring C—C stretching bands
dPS 2288 ring v,

2272 ring vaop

2194 CD2 vas

2109 CD3 vs

1600—1400 ring C—C stretching bands

Ay symmetric stretching. vas: asymmetric stretching.

Table 1. The peaks for asymmetric and symmetric C—H
stretching of the terminal OCHj3 group in the side chain
of the PMEA thin film were observed at 2986 and 2819
cm™1, respectively. On the other hand, the corresponding
modes for PMMA were located at 3015, 2995, and 2952
cm™1, respectively. The difference in the peak position
of the OCH3 modes should be attributed to the different
chemical environment for the terminal OCH3; group in
PMEA (ether type) and PMMA (ester type).

In addition to the two C—H stretching vibrations from
the polymer main chain at 2851 and 2924 cm~1, the PS
thin film shows a number of peaks above 3000 cm~1
(Figure 1c), which can be assigned to the C—H stretch-
ing modes of the phenyl ring (Table 1). The C—C ring
stretching modes observed at 1600—1400 cm~! show
typical features of the monosubstituted benzenes.4 The
detailed assignments for the main peaks in the IRRAS
spectrum of PS are given in Table 1 based on Wilson’s
notation.l” In the case of the dPS film (Figure 1d), C—D
stretching modes were shifted to the 2400—2100 cm™?
region due to the isotope effect (Table 1).

1.2. Structural Changes Induced by BPA Ab-
sorption in the Polymer Bulk. Figure 2a shows the
IRRAS spectrum of a 75 nm thick PMEA film deposited
on a Au substrate covered by a 90 nm dPS thin film
(denoted as PMEA/dPS90nm/Au, same as below). By
using dPS instead of PS, the IR contributions from
PMEA (Figure 1a) and dPS (Figure 1d) can be separated
completely in the C—H stretching region. After dipping
this sample into a saturated (340 ppm) BPA aqueous
solution for 10 s, remarkable changes were observed in
the IRRAS spectrum (Figure 2b): A very broad peak
around 3400 and three sharp peaks at 1616, 1603, and
1514 cm~! were newly observed. These peaks are
identical to those observed in the IR absorption spec-
trum of BPA in a KBr matrix (Figure 2d, Table 2),
suggesting that BPA molecules were absorbed in the
PMEA thin film after the immersion process. On the
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Figure 2. Top: IRRAS spectra of PMEA/dPS90nm/Au. (a)
original sample, (b) sample after 10 s dipping in a saturated
BPA solution, and (c) sample after rinsing sample b with
ethanol. Bottom: (d) IR absorption spectrum of BPA in a KBr
matrix.
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Table 2. Assignment of IR Spectrum of BPA

wavenumber/cm~1t assignment
~3400 O—H stretching

3072 ring v,

2969 CHa3 vas

2873 CHs vs

1616 ring vga

1603 ring vgp

1514 ring viga

1450 ring viop

other hand, no spectral changes were observed for
PMMA and PS (or dPS) after their immersion into the
same BPA solution (IRRAS results are not shown here).
These results demonstrated that BPA molecules absorb
in PMEA but not in PMMA and PS thin films and are
in agreement with our recent BPA absorption results
obtained by in situ quartz crystal microbalance (QCM)
measurements.!8

It is also interesting to note that a shoulder appeared
around 1726 cm™! on the C=O stretching band of
carbonyl group at 1740 cm~! of PMEA after immersion
in BPA-saturated aqueous solution (Figure 1b). This
shoulder indicates that hydrogen bonding is formed
between the carbonyl group in PMEA and the hydroxyl
group in BPA.1 Similar phenomena were also observed
in the polymer blend of poly(4-vinylphenol) and PM-
MA. 19

However, after rinsing of the immersed sample in
ethanol for a few seconds, the peaks due to BPA
absorption disappeared completely (Figure 2c¢), and the
IRRAS spectrum became almost identical to that ob-
tained without immersion in BPA solution (Figure 1a).
It is evident that the absorbed BPA can be readily
removed by the ethanol solvent while the polymer
structure remains virtually unchanged. Hence, the
absorption and desorption of BPA in PMEA thin films
is reversible. However, the absorbed BPA cannot be
removed by water rinsing only.
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Figure 3. Thickness of the PMEA layer of PMEA/dPS7nm/
Au measured by ellipsometry: (a) original sample, (b) sample
after 10-s dipping in water, (c) sample after 10 s dipping in
saturated BPA solution, and (d) sample after rinsing with
ethanol.

The amount of BPA molecules absorbed into the
PMEA thin film was estimated from the intensity of the
characteristic peak of BPA at 1514 cm~1 in comparison
with the IRRAS spectrum of a mixed film of PMEA +
BPA (1:1 in weight, from 10 g-L~! methanol solution).
It is roughly estimated that ca. 35 wt % BPA relative
to PMEA penetrated into the PMEA thin film on dipping
in the saturated BPA aqueous solution for 10 s (Figure
2b). That is, BPA is significantly condensed in the
PMEA thin film (more than 1000 times) compared with
that in the saturated solution (340 ppm). Of course, the
condensation degree also depends on the film thickness
of PMEA and the concentration of BPA as well as
immersion time.8

1.3. Changes in Thickness of the PMEA Thin
Films by the Absorption and Desorption of BPA.
As shown above, a large amount of BPA molecules
absorbed reversibly in the PMEA thin films. To under-
stand the interaction between BPA and the PMEA bulk
in detail, its thickness changes during the BPA absorp-
tion and desorption processes were characterized by ex
situ ellipsometry measurements. As shown in Figure 3,
although no change in the film thickness was observed
after immersing the PMEA/dPS7nm/Au sample into
pure water, the thickness of the PMEA increased to 110
nm (A ~35 nm) after dipping in the BPA-saturated
solution for 10 s. Furthermore, after desorption of BPA
by an ethanol rinsing treatment, the PMEA thickness
decreased to 71.0 nm, slightly thinner than that of the
PMEA (75 nm) before BPA absorption. Small morpho-
logical changes on the PMEA thin film could be observed
after the complete evaporation of the ethanol solvent
from the polymer surface.

Similar increases in thickness were also observed on
the PMEA thin films with different thicknesses of the
PS films on the Au substrates, indicating that the
PMEA film swells due to the BPA absorption. This
swelling process is a relatively reversible one after BPA
removal by ethanol. A better reversibility of the PMEA
morphology should be obtained if the solvent is opti-
mized.

2. Structural Changes in Polymer Thin Film
Interfaces Induced by BPA Absorption. As de-
scribed above, BPA molecules absorb selectively in
PMEA but do not absorb in PMMA or PS thin films.
The molecular structure on the polymer interface should
play a role in the BPA absorption in the polymer thin
films and is especially useful for recognizing the nature
of the interaction between BPA and the biological
membranes. However, such an interface-specific struc-
tural change is hardly obtained by IRRAS measure-
ment.

As a second-order nonlinear vibration spectroscopy,
SFGS7 is a powerful means for exploring interfacial
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structures at different interfaces (vapor/liquid,2° liquid/
solid,*+2122 liquid/liquid,®22 polymer,®2324 etc.) with high
selectivity and sensitivity. In the following section, we
will first show that the molecular structures at the
different polymer interfaces (air/PMEA or PMEA/PS)
can be probed selectively by controlling the thickness
of the sandwiched PS film between PMEA and the Au
substrate. We will then show the structural changes at
the interfaces of the PMEA thin film induced by BPA
absorption in comparison with the IRRAS results for
BPA absorption in the PMEA bulk. The adsorption of
BPA on the free surfaces of PMMA and PS thin films
into which BPA molecules cannot penetrate will also be
discussed.

2.1. Thickness-Dependent SFG Spectra for
PMEA/PS/Au System. SFG signals from a centrosym-
metric polymer bulk are forbidden in the electric dipole
approximation and can arise only from the polymer
interfaces.® Therefore, a number of interfaces, such as
air/polymer, polymer/polymer, and polymer/substrate,
may be observed by SFG measurement in the present
PMEA/PS/Au system. We need to determine which
interfaces mainly contribute to the SFG spectra in the
first step. The contribution of the SFG signals is
controlled by the relative intensity of the local electric
field at each interface. Dhinojwala et al. demonstrated
that the molecular structure on the PS/air and PS/
sapphire substrate could be explored separately by
choosing the incident angle of the input beams with a
total internal reflection geometry.25 Chen et al. showed
that the buried interface between PS and poly(n-butyl
methacrylate) (PBMA) thin films can be detected by
shining IR and visible light from the backside of the
fused silica substrate.?®

On the other hand, when the thickness of the inter-
mediate optical layer is comparable to the SFG wave-
length, the interference effect between the reflected and
transmitted SFG lights can be employed to enhance
SFG signals from the desired interface while minimizing
those from other interfaces. Recently, Richter et al.
investigated the interfacial structures of the 129 nm
thick PS thin film on SiO; film (140—330 nm) deposited
on a Au substrate and reported that the SFG spectra of
PS depended on the thickness of the SiO; film between
the PS and the Au substrate.?’:28 The thickness depen-
dence of the SFG signals was analyzed quantitatively
by considering the constructive optical interference of
reflected and transmitted SFG light and the optimiza-
tion for probing free and buried PS interfaces was
realized by controlling the thickness of the intermediate
SiO; film. As will be shown below, we have also
independently observed the PS thickness-dependent
SFG spectra in the case of PMEA/PS/Au system, and
we are able to detect the polymer/polymer or polymer/
air interface by changing the thickness of the PS films.

Figure 4 shows the SFG spectra of a 75 nm thick
PMEA film deposited on the Au substrate covered by
various thicknesses of PS films (0—220 nm) in the C—H
stretching region (2750—3100 cm™1). The SFG curves
were offset vertically for clarity with the zero points for
each curve indicated in the same figure. It is interesting
to note that both the resonance and the NR SFG signals
significantly depend on the thickness of the PS film
sandwiched between PMEA and the Au substrate.

When the thickness of PS is less than 10 nm (Figure
4a,b), a number of downward peaks can be observed at
2800—3000 cm~1. These downward peaks can be mainly
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Figure 4. SFG spectra of PMEA/PS/Au with different thick-
nesses of the PS layer of (a) O, (b) 7, (c) 56, (d) 73, (e) 90, (f)
153, and (g) 220 nm. Zero level of each spectra is shown by
arrows on the right side.

assigned to symmetric and asymmetric C—H stretching
of the OCH3; and OCH; moieties in the side chain of the
PMEA as indicated by the dotted lines in Figure 4. Two
downward peaks around 2822 and 2990 cm™! are
important features for C—H stretching modes of the
OCHj3 group in PMEA (Table 1). No apparent peak was
observed in a frequency region higher than 3000 cm™1
(Figure 4a,b) where the C—H stretching modes of the
phenyl ring in the PS film are located (Figure 1c, Table
1). Because no peaks for PS, but only those for PMEA,
were observed in the SFG spectra of PMEA/Au (Figure
4a) and PMEA/PS7nm/Au (Figure 4b), these SFG
spectra should be dominated only by the interfacial
molecular structures at the air/PMEA interface.

When the thickness of the PS increased more (56—
90 nm, Figure 4c—e), the intensities of the SFG peaks
due to PMEA in the region between 2800 and 3000 cm~1
became larger than those with thinner PS layers (Figure
4a,b). At the same time, two downward peaks with
similar intensity were newly observed around 3020 and
3060 cm~1, which can be attributed to the vy, and v,
modes of PS, respectively. The intensities of the SFG
peaks due to PMEA decreased while those for PS were
almost the same at a PS thickness of 153 nm (Figure
4f). Furthermore, significant differences appeared at a
PS thickness of 220 nm in Figure 4g. The intensities of
the SFG peaks due to the PMEA between 2800 and 3000
cm~1 became even weaker, while the two peaks at-
tributed to the v, and v,op modes of PS were observed
with a peak direction (upward) opposite to those with a
thinner PS thickness (Figure 4c—f).

As shown in Figure 4c—f, both SFG peaks from PMEA
and PS were observed in the PS thickness range
between 56 and 153 nm. Either PMEA/PS or air/PMEA
or even PS/Au interfaces may contribute to the SFG
spectra (Figure 4c—f). Although a complete explanation
for the above PS-thickness-dependent SFG requires
detailed SFG measurements over a wider PS-thickness
region as well as the calculations for the Fresnel
coefficients as a function of the film thickness which will
be given elsewhere,?® these features shown in Figure 4
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Figure 5. SFG spectra of (a) PMEA/PS7nm/Au and (b) PMEA/
PS90nm/Au. Black and white circles correspond to before and
after 5 s Ar-plasma treatment, respectively.

can be interpreted quantitatively by constructive inter-
ference between the reflected and transmitted SFG from
the interfaces interested such as those reported recently
by Richter et al. for the PS/SiOy/Au system.27:28 We will
discuss only the SFG results for the samples with two
typical PS thicknesses of 7 and 90 nm below according
to the SFG results shown in Figure 4.

To determine exactly the origin of those SFG signals,
these two polymer samples were exposed to an Ar-
plasma treatment (PDC-3XG, Harrick, 30 W) and were
then characterized by SFG measurements. Figure 5
shows the SFG spectra of (a) PMEA/PS7nm/Au and (b)
PMEA/PS90nm/Au in the C—H stretching region for
both PMEA and PS (2750—3100 cm™?) by filled circles.
Before the Ar-plasma treatment, the spectra were
similar to those shown in Figure 4. After a5 s Ar-plasma
treatment, the SFG spectrum of PMEA/PS7nm/Au
significantly changed whereas that of PMEA/PS90nm/
Au was almost the same (Figure 5, open circles). An
additional 5 s Ar-plasma resulted in similar SFG
spectra. These results provide strong evidence that the
SFG spectrum for PMEA/PS7nm/Au mainly comes from
the air/PMEA interface while that of PMEA/PS90nm/
Au mainly arises from the buried PMEA/PS interface
(although we could not deny the possible contribution
from free interface only by the above Ar-plasma treat-
ment for the later case). It can be shown that the
contribution from the PS/Au interface is negligible in
comparison with that of the air/PMEA or PMEA/PS
interface based on the local electric field calculation.®
Although detailed experiments and calculation are still
necessary to find the best contrast between the free and
buried interfaces by optimizing the thickness of PS as
well as that of PMEA,2° we use the PMEA/PS7nm and
PMEA/PS90nm/Au to probe the molecular structures on
the free and buried PMEA interfaces, respectively, in
the present work.

2.2. Orientation Changes in the OCHj3 at the
PMEA Interfaces Induced by BPA Absorption.
Figure 6 shows the SFG spectra (open circles) and fitted
results (solid lines) for (i) PMEA/dPS7nm/Au and (ii)
PMEA/dPS90nm/Au, respectively, in the regions for
both C—H stretching and C—D stretching, (a) before and
(b) after BPA absorption in a saturated (340 ppm) BPA
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Table 3. Assignment and Deconvolution Results of SFG Spectra

PMEA/dPS7nm/Au PMEA/dPS90nm/Au
wirlem=t assignment Ih/cm~—1 before after before after

2263 C—D va0p 6 0.06 +0.01 0.00 + 0.02
2274 C-Dw, 6 0.35 + 0.02 0.12 +0.02
2822 OCH3 vs 12 2.05 + 0.07 3.06 £ 0.10 3.03 £ 0.09 1.34 £ 0.05
2842 CCH3 vg 16 2.10 + 0.09 2.84 +0.11 2.95+0.11 1.39 £ 0.06
2880 CCHg3 vs 12 0.16 + 0.07 0.00 + 0.05
2899 OCHg; vs 12 0.84 + 0.05 1.57 4+ 0.09 0.95 + 0.07 0.58 + 0.05
2924 CCH3 vas 16 0.86 + 0.07 1.19 £ 0.12 0.05 + 0.09 0.21 + 0.07
2940 CCH3 vser 12 0.82 £0.12 0.07 £ 0.07
2957 OCH3 vas 12 2.65 + 0.06 3.35+0.11 3.17 £ 0.08 1.40 4 0.08
2968 CCH3 vas 12 0.00 £+ 0.07 0.00 £+ 0.07
2990 OCH3 vas 12 0.80 £ 0.04 0.45 £+ 0.05 0.78 £ 0.05 0.20 £ 0.04
3071 C—Hu; 12 0.54 £+ 0.06 0.18 £+ 0.05

NR 0.35 + 0.00 0.56 + 0.00 0.58 + 0.00 0.42 £+ 0.00

a wr: peak position. I'n: bandwidth. s: symmetric. as: asymmetric. FR: Fermi resonance. NR: nonresonance.
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Figure 6. SFG spectra (symbols) and fitting results (solid
lines) of PMEA/dPS7nm/Au (i) and PMEA/dPS90nm/Au (ii):
(a) before dipping, (b) after 10 s dipping in a saturated BPA
solution, and (c) after rinsing sample b with ethanol after
dipping. The zero level of each spectra is shown by arrows on
the right side.

aqueous solution for 10 s and (c) after rinsing with
ethanol. The zero points for each curve were shifted
vertically for clarity.

The deconvolution results are summarized in Table
3 together with the assignments.!* The resonance and
NR SFG signals from PMEA/dPS7nm/Au were weaker
than those from PMEA/dPS90nm/Au. The SFG peaks
at 2220 and 2274 cm™! attributed to the phenyl ring
C—D stretching v, and v, mode from dPS were clearly
observed on PMEA/dPS90nm/Au (Figure 6ii(a)) but not
on PMEA/dPS7nm/Au (Figure 6i(a)). On the basis of the
thickness dependent SFG spectra discussed in Figures
4 and 5, this behavior can be understood by the SFG
contribution being dominated by different interfaces;
i.,e.,, PMEA/ dPS7nm/Au is due to the free PMEA
interface while PMEA/dPS90nm/Au is mainly due to the
buried PMEA/PS interface.

When the PMEA was immersed into a saturated BPA
solution, large changes were observed in the SFG
spectra (Figure 6, parts i(b) and ii(b)). A new peak
around 3071 cm™!, which can be attributed to the
aromatic ring C—H stretching v, mode from BPA
molecules, was observed on both PMEA/dPS7nm/Au and
PMEA/dPS90nm/Au after the BPA immersion process,
suggesting that an ordered adlayer of BPA was formed
on both the free and buried PMEA interfaces.

After the surface was rinsed with ethanol (Figure 6,
parts i(c) and ii(c)), the peaks due to BPA disappeared
completely and the SFG spectra recovered to almost the
same as those before BPA absorption, suggesting that
the structural changes at both free and buried PMEA
interfaces induced by BPA absorption are reversible,
which agreed well with the IRRAS results shown in
Figure 2.

In the following, the orientation angle and its distri-
bution of the OCHj; group for both free and buried
interfaces will be deduced quantitatively from these
SFG spectra.

Assuming an azimuthally isotropic interface, we have
four independent nonvanishing components for the
second nonlinear susceptibility, xy: = Xz Xyzy = Xxoxs
Xzyy = Xoxx @Nd xzz2.8 The orientation angle (6) of the OCHjs
group in the side chain of the PMEA is defined as the
angle between the surface normal and the symmetric
axis of the OCHj3; group. Considering the OCHj3; group
with a C3, symmetry, the second nonlinear susceptibility
in a laboratory coordinate system (yijk: xxz) Can be
related to the molecular hyperpolarizability in the
molecular coordinate system (Bug,: Sanc) as follows. For
the symmetric C—H stretching mode, we have30:3!

Fuyzs = $NPoc[1805 011 + 1) — [60s° 1 — 1] (2a)
1

Hyays = ZNsBeccllB0S 011~ Gos® 0J(1 — r) (2b)

and for the asymmetric C—H stretching modes, we have

Xyyzas = — %Nsﬂcaa[ﬁios 00— [Bos® o0 (3a)

1
Xyzy,as = ENsﬁca\amos3 60 (3b)

where Ns is the surface density of the functional group
and r = faac/fecc. It is difficult to consider that all the
surface groups have the same orientation angle (i.e.,
d-function distribution); therefore, the terms F(6) in the
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braces [1..0in the above equation are employed for an
ensemble average of the orientation angle by a distribu-
tion function f(0):

F(O)O= [ F(O)f(6) sin 0 do @)

The Gaussian function is normally employed for the
distribution function as

(0 - 90)2
20°

where 6 is the mean orientation angle, C is a normal-
ization constant, and o is the root-mean-square width.

Because the intensities of SFG spectra with ssp- and
sps-polarization can be directly related to yyy, and yyay,
respectively, the ratio (R) between yyyzas and yyzy.as can
be obtained from the C—H asymmetric stretching modes
of the OCHj3 group observed from the two SFG spectra
from eq 3, parts a and b, considering the correction on
the local field, we have

f(6) = C exp ()

R = fozas Fop _ [0s 00 [Gos® 60 ©)
Xyzy,as Fsps mOS3 (7]l

where Fss, and Fsps are the Fresnel coefficients. By
comparing the experimentally measured value R with
the calculated results from eq 6, the orientation angle
and its distribution for the OCH3; can be deduced. In
fact, many groups have undergone the estimation for
the orientation angle of the surface methyl moiety by
this method. Shen and his colleagues quantitatively
estimated the orientation and its distribution in a
rubbed poly(vinyl alcohol) (PVA) in this way and found
that the PVA surface was fairly well ordered after
rubbing.2332 Chen and co-workers deduced the ranges
of the orientation angle and its distribution of the ester
methyl group in the side chain of the PMMA3 and
PBMA surface.?6 They found that the orientation dis-
tribution of the ester methyl group on the PBMA surface
becomes narrower in water than that in air.26

In the calculation by eq 6, two SFG spectra with ssp
and sps-polarization are required. Unfortunately, we are
still unable to obtain a reliable sps-polarized SFG
spectrum in the present work. One of the possible
reasons for this may be related to the weak s-polarized
infrared electric field on the metal (Au) surface. Hence,
we could not deduce the orientation angle and its
distribution of the OCH3 by eq 6 as those carried out
by other groups in the present study. On the other hand,
another analysis using the ratio (R' = Assp,as/Assps) can
be obtained from egs 2a and 3a where only the ssp-
polarized SFG spectra are related

R — Dyzas [Gos 00— [Bos 001 Beaa
= = X
Xyyzs  [80s 0L +r) — ©0s*0L — r)  Pece

()

Although R’ is independent of the Fresnel coefficients,
a number of unknown parameters (r, fcaa/fcc) are
included in the equation. The ratio for Scaa/fecc Was
reported to be close to unity.3® Dhinojwala et al.
investigated the molecular structure of side chains of
the comb polymer (poly(vinyl octadecyl carbamate-co-
vinyl acetate)) at air interface3* and reported that R’
obtained from the SFG measurement is not sensitive
to the r value of methyl group between 4.2 and 1.6
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Figure 7. Calculation curves of eq 7: (a) with different ratios
r of 1.6, 1.8, and 4.2 assuming ¢ = 0; (b) with different
distributions o of 0, 18, 26, 41 and 60° on 6 assuming a
Gaussian function and r = 1.8. ¢ = 0 corresponds to the
o-function.

Table 4. Observed Values of R’ and Calculated Values of

6 from Eq 7
dipping bideg
inBPA R’ minimum  maximum?
PMEA/dPS7nm/Au before 0.39 0 (o~ 41°) 37
after 0.15 0 (o~ 18° 22
PMEA/dPS90nm/Au  before 0.26 0 (o ~ 26°) 30
after 0.15 0(o~ 18°) 22

a Corresponds to the ¢ function (o ~ 0°).

(assuming a o-distribution) which is normally reported
in references.3%35-37 Recently, Chen et al. estimated the
r value for the OCH3; group in PMMA to be ca. 1.8 from
SFG measurement.33

Figure 7(a) shows the calculated R' (Asspas/Assp,s)
estimated by eq 7 assuming a o-function angle distribu-
tion (o = 0°) for a different value of r (1.6—4.2). Values
of R' for the OCHj; group in PMEA/dPS7nm/Au (Figure
6i(a)) and PMEA/dPS90nm/Au (Figure 6ii(a)) were
determined to be 0.39 and 0.25, respectively (Table 4).
Fortunately, as clearly shown in Figure 7a, the r
dependence is not as remarkable for the observed R’
region (R' < 0.39). Similar comparisons were also
carried out for the angle distribution with the Gaussian
function with o < 60°, and the r dependence became
slightly larger but may be sufficient for the purpose in
the present work. In the following quantitative analysis
on the orientation angle of the OCH3; group in PMEA
before and after BPA absorption, we assume r = 1.8.

Figure 7b shows the calculated R’ by eq 7 as a
function of 6 with the Gaussian angle distribution (o =
0—60°). The experimentally observed results for R’
(Table 4) are also shown in the same figure by the dotted
lines. On the free PMEA interface (R' = 0.39), the
orientation angle and its distribution should fall be-
tween point A and A" (Figure 7b), i.e., 6 of 0° with an
angle distribution of ¢ = 41° (A) and 6, of 37° with a
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Figure 8. Orientation probability density function with
different o values of (a) 41° (point A in Figure 7b), 26° (point
B), and 18° (point C) at 6, = 0°.

o-angle distribution (A"). At the buried PMEA interface
(R'" = 0.25), the orientation angle should fall in the
region BB' (Figure 7b), i.e., 6o = 0° with o = 26° (B)
and 6p = 30° with o0 = 0° (B’). On the average, the
orientation of the OCHj3 group at the buried PMEA/PS
interface seems to be more perpendicular to the surface,
and its ordering is likely higher than that on the free
PMEA interface due to the smaller angle distribution.

As shown in Figure 6 and Table 4, the values of R’
decreased to 0.15 after immersion in BPA solution at
both the free and buried interfaces. Therefore, the
orientation angle and its distribution should fall in the
region CC’' (Figure 7b) of g = 0° with o = 18° (C) and
0o = 22° with ¢ = 0° (C'). The mean orientation angle
6o and the angle distribution becomes smaller in com-
parison with those before BPA absorption. Figure 8
shows the orientation distribution population of the
OCHj3 group with the maximum angle distribution (o)
(i.e., minimum mean orientation angles 6p) at the free
and buried PMEA interfaces before and after BPA
absorption (i.e., corresponding to points A, B, C in
Figure 7b). Although we are unable to determine an
absolute orientation angle for the OCHj3 group at the
PMEA interface, it is straightforward from this figure
that the angle distribution of the OCH3; group at both
the free and buried PMEA interfaces becomes much
smaller after BPA absorption. The present results
indicate that the OCHj; group becomes more ordered and
should stand up on both interfaces after BPA absorp-
tion. It is expected that the polymer packing density
increases and that the mobility of the side chain of the
PMEA decreases by the hydrogen-bonding interaction
between BPA molecules and the PMEA thin film.
Consequently, the orientation of the OCHj3 group at the
PMEA interfaces becomes more perpendicular to the
surface with a narrower angle distribution.

After the polymer surface was rinsed with ethanol
(Figure 6, parts i(c) and ii(c)), the peaks due to BPA
disappeared completely, and the SFG spectrum recov-
ered to its original shape (i.e., before absorption). Values
of R" were the same as those before BPA absorption,
suggesting that the structural changes at both the free
and buried PMEA interfaces induced by BPA absorption
are reversible.

On the other hand, although the orientation angle and
its distribution have been estimated above, we need to
consider the relative orientation direction of the OCH;
group of PMEA and the phenyl ring of PS at both the
free and buried PMEA interfaces. Richter et al. reported
that the pendant phenyl groups of PS at the free PS/
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air and buried PS/SiO; interfaces are pointed away from
the bulk PS, i.e., the phenyl group at the free interface
points into the air while that at the buried interface
points into Si0,.2427.28 Chen et al. reported that the ester
side chain methyl groups tend to stand up on the PBMA
surface in air, but at the PBMA/PS interface, the ester
side chain methyl tend to lie down on the surface.?® The
preliminary calculations for our PMEA/PS/Au system
show that the relative phase of the Fresnel coefficients
at the free and buried PMEA interfaces are same (0)
for a PS thickness between 0 and 150 nm. Because the
free PMEA interface also partly contributes to the SFG
spectra at thicknesses between 56 and 153 nm (Figure
4c—f), it is expected that the orientation vector of the
OCHg; group in PMEA at the two interfaces is in the
same direction with respect to the Au. Otherwise, the
intensity of the SFG peak should decrease due to the
reversed dipole direction. The opposite SFG peak posi-
tion for PS at PS thickness of 220 nm can be attributed
to the relative phase change () of the Fresnel coef-
ficients at the buried PMEA/PS interface around this
thickness.2° On the other hand, the appearance of both
1200 @aNd v, modes demonstrated that the phenyl groups
of PS (Figures 5b and 6ii(a)) should tend to lie down
and is similar to that observed at the PBMA/PS inter-
face?6 but different from that at the PS/air interface.2425
After immersion in BPA solution, only the v, mode can
be observed (Figure 6ii(b) and Table 3), suggesting that
the phenyl groups of PS tend to stand up. The phenyl
groups of PS on the PMEA/PS interface tend to lie down
again after BPA desorption.

Finally, one should note that the resonance and the
NR SFG signals for PMEA/dPS7nm/Au increased while
those for PMEA/dPS90nm/Au decreased after the BPA
immersion process (Figure 6 and Table 4). The ellip-
sometry measurements show that PMEA swells by ca.
35 nm in thickness on the PMEA/dPS7nm/Au after
immersion in a saturated BPA aqueous solution for 10
s (Figure 3). In comparison with the results shown in
Figure 4, these changes in the intensities of the SFG
signals can be attributed to thickness changes in the
PMEA film as a result of the swelling process induced
by BPA absorption: SFG resonance and NR signals are
roughly expected to increase for PMEA/dPS7nm/Au but
decrease for PMEA/dPS90nm/Au while the peak con-
tributions are almost the same after this swelling
process.

2.3. Reasons for the Selective Absorption of BPA
in PMEA Thin Film. It is essential to determine the
reasons for the different penetration and adsorption
behavior of BPA molecules in PMEA, PMMA, and PS
thin films. As observed by the IRRAS spectra, hydrogen
bonding is formed between the hydroxyl group in BPA
molecules and the carbonyl group in PMEA (Figure 2b).
Hydrogen bonding is one of the important factors
keeping BPA stable in the PMEA thin film. Similar
hydrogen bonding was also found in the mixed film of
PMMA and BPA (spectrum is not shown here); however,
BPA absorption was not observed in the PMMA film.
Therefore, other factors should play roles in the BPA
absorption process. In fact, PMEA shows a much lower
glass transition temperature (Tg), ~—50 °C,% in com-
parison with that of PMMA (~105 °C) and PS (~100
°C).%° The penetration of BPA into the polymer bulk can
be affected by the micro-Brownian motion of polymer
main-chain and its free volume, which are related to
Tg. The structure of a polymer with a higher Ty will be
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Figure 9. Schematic model for orientation changes at the polymer interface induced by BPA adsorption and desorption.

more rigid and other molecules will not easily penetrate.
The lower the Tg, the higher is the mobility of absorbed
molecules in the polymer bulk, the easier is the struc-
ture change and, therefore, the higher is the absorbed
amount. Chen et al. also reported that the surface
structure of poly(methacrylate)s in water strongly de-
pends on its relative value of Tg.4

On the other hand, a small peak at 3071 cm~! was
newly observed at the PMMA/air interface after BPA
immersion (the SFG spectrum is not shown here), which
can be attributed to BPA adsorbed on the PMMA
surface as was observed at the PMEA surface (Figure
6i(a)). No change was observed at the dPS surface after
the immersion, suggesting that BPA does not adsorb on
the dPS surface. Therefore, although BPA molecules
cannot penetrate into the bulk of PMMA and PS due
their higher Tg4, BPA can adsorb on the surface of PMMA
due to hydrogen bonding between BPA and PMMA.
However, BPA adsorption was not found on the PS
surface, and this may be related to the much weaker
interaction between PS and BPA than that between
PMMA and BPA. As we will mention elsewhere the
hydrophobic property of the BPA molecule also plays a
role in the selective absorption in PMEA thin film.18 The
interaction between the BPA and PMEA is not very
strong, and the absorbed BPA molecules could be
removed from the polymer with ethanol.

Conclusions

The molecular structure changes in PMEA thin films
induced by the absorption of BPA have been investi-
gated by IRRAS and SFG measurements in comparison
with PMMA and PS thin films. BPA molecules were
absorbed in PMEA but not in PMMA and PS thin films,
and absorbed BPA can be removed from the PMEA by
an ethanol rinsing treatment. Hydrogen bonding was
formed between the hydroxyl group of BPA and carboxyl
group of the PMEA.

By controlling the thickness of a PS layer sandwiched
between PMEA and the Au substrate, we are able to
selectively measure the molecular structures at the
different polymer interfaces at air/PMEA and the buried
PMEA/PS substrate. Figure 9 shows a schematic model

illustrating the above features. The OCHj; group in the
side chain of PMEA at both interfaces has the opposite
vector orientation with respect to the bulk of PMEA,
i.e., pointing into air at the free interface and pointing
into PMEA at the PMEA/PS buried interface. The
orientation distribution of the OCHj3 group at the buried
interface is smaller than that at the free interface,
suggesting a higher ordering at the PMEA/PS interface.
When BPA was absorbed into the PMEA, the orienta-
tion of the OCH3 group in PMEA on both interfaces
became more perpendicular to the surface and its
distribution also becomes narrower, indicating that the
interfacial ordering increased; the phenyl groups of PS
tend to stand up on the buried PMEA/PS interface. The
BPA absorption-induced orientation changes are revers-
ible.

The different absorption behavior of BPA in PMEA,
PMMA and PS thin films can be related to their
differences in Tg4. The lower the Tg, the easier is the BPA
penetration into the polymer. The hydrogen bonding
between the BPA and poly(acrylate)s also contributes
to the affinity of BPA for PMEA and PMMA.
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