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Abstract: In this paper, we demonstrate our ability to directly probe the molecular structures
of the buried polymer/metal interface using sum frequency generation (SFG) vibrational
spectroscopy. Spectroscopic data from different experimental approaches were compared and
analyzed to deduce the molecular ordering information at a buried polymer/metal interface, i.
e. the poly(n-butyl methylacrylate) (PBMA)/silver (Ag) interface. Solid spectroscopic
evidence suggested that we successfully detected the molecular vibrational signals generated
from the buried PBMA/Ag interface. It was found that the side butyl methyl groups at the
PBMA/Ag interface are polar-ordered and have different orientational ordering from those at
the PBMA surface in air. We believe this study will provide a useful experimental and
analytical framework for the SFG spectroscopy to probe the buried polymer/metal interfaces

in the future.

1. Introduction

Polymer materials are widely used in modern industry and daily life. Understanding the
polymer interfacial properties, especially for buried interfaces with metals, is of great
importance in many applications such as microelectronics, anti-corrosion coating, colloid
stabilization, and automotive paints, etc. The macroscopic material interfacial properties

including wettability, friction, adhesion as well as compatibility towards applied substrates, to
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a large extent, are controlled by microscopic interfacial structures at the molecular or atomic
level. In the last few decades, a variety of surface-sensitive techniques have been developed
[1-10]. However, probing a buried polymer interface is still extremely challenging. On
account of this, the techniques which can characterize the molecular structures of buried
polymer interfaces in situ are still in great demand. Recently, Sum Frequency Generation
(SFG) vibrational spectroscopy has been developed into a unique technique to investigate
surface and interfacial structures of various polymer materials. With inherently interfacial
selectivity and submonolayer sensitivity, SFG can directly detect buried solid interfaces
without breaking it [11-17]. However, till now only a few studies have been focused on
probing the buried polymer/metal interfaces. For example, the molecular structures of the
poly(methyl methacrylate) (PMMA)/silver (Ag) interface were investigated for PMMA films
spin-coated onto the Ag substrates where the SFG resonant signals from both the PMMA
surface in air and PMMAJ/Ag interface were detected simultaneously [15]. Later on a new
experimental methodology to directly probe a buried polymer/metal interface in situ was
developed where a poly(methyl acrylate) (PMA) polymer film was sandwiched between a
transparent fused silica window and a silver substrate. The SFG vibrational signal contributed
from the silica/PMA interface was found to be negligible compared to that from the buried
PMAV/Ag interface. Therefore, the SFG resonant signals were dominated by the contribution
from the polymer/metal interface [16]. Recently, it was found that a buried polymer/metal
interface can also be directly probed by using a special light polarization-combination (ppp,
p-polarized sum frequency signal, p-polarized visible beam, and p-polarized IR beam) in this
nonlinear spectroscopic experiment [17]. Here we combine the three methodologies to probe
a new buried polymer/metal interface, i.e. the poly(butyl methacrylate) (PBMA)/Ag interface.
Both ssp and ppp spectra were collected in the normal face-up and sandwiched geometries.
The consistence of the experimental results and data interpretation were confirmed that such
methodologies we developed can be generally applied to study the buried polymer/metal

interfacial molecular structures.

2. Experimental Section

2.1 SFG vibrational spectroscopy
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The infrared-visible SFG system in this study is a custom-designed Ekspla SFG
spectrometer (EKSPLA, Lithuania). The fixed 532-nm-wavelength visible beam was
generated by frequency-doubling the fundamental output pulses of 20 ps width with a
1064-nm wavelength from a Nd:YAG laser. An optical parametric generation/amplification
(OPG/OPA) and difference frequency generation (DFG) system based on LBO and AgGaS;
crystals was used to generate the tunable infrared (IR) beam. The visible and tunable IR
beams were overlapped on the sample surface with incidence angles of 60° and 57°
respectively and the output angle of the sum frequency signals was ~59°. The diameter of the
overlapped beam spot at the sample surface was around 0.5 mm. The input visible and IR
beam powers were monitored by collecting parts of the reflections via two photodiodes. The
output sum frequency signals were collected via a monochromatic spectrograph in terms of
the input IR frequency (wavenumber, cm™). The SFG signals were then normalized by the
input powers of the visible and IR beams. In this particular study, three different experimental
geometries for collecting the SFG spectra were used, as shown in Figure 1. In Panel A of
Figure 1, a polymer film was deposited on a silica window substrate and the output SFG
signal was directly collected from the surface. In Panel B of Figure 1, a polymer thin film
was sandwiched between a silica window and an Ag substrate; the input visible and IR beam
went through the transparent silica window and overlapped at the polymer/Ag interface; and
the output SFG signals also went through the transparent silica window first and then were
collected by our monochromator. In Panel C of Figure 1, a polymer thin film was deposited
on an Ag substrate; the output signals from both the polymer surface in air and the
polymer/Ag interface were collected. For all the three geometries, the vibrational signals in
the C-H range from 2800 cm™ to 3050 cm™ were collected.

2.2 Sample preparation

Poly(n-butyl methacrylate) (PBMA) was purchased from Scientific Polymer Products Inc.
(Mw=180,000) and used as received. The fused silica windows of 1 in. diamter and 1/8 in.
thickness were purchased from Esco Products, Inc. Before sample preparation, the fused
silica windows were sequentially treated with a sulphuric acid bath saturated with potassium
dichromate, air plasma and piranha solution bath. PBMA films were prepared by spin-coating
PBMA solution (in toluene) onto the silica window substrates (Panel A in Figure 1) or Ag

3



Soft Matter

substrates (Panel C in Figure 1). The Ag substrates were prepared by depositing a 200-nm
thick Ag layer on the silica windows (with a 15-nm thick nickel layer in between to increase
the adhesion) via an electron-beam evaporator (Cooke Evaporator, Cooke Vacuum Products).
For the sandwiched geometry (Panel B in Figure 1), a 200-nm thick Ag layer was deposited
on top of the PBMA thin films which were previously prepared on the silica windows. All the
samples were annealed at 80 °C for 1 hour again before the SFG experiment. For the
sandwiched geometry, the PMMA films on the silica windows before Ag deposition were
pre-annealed at 80 °C for 1 hour.
2.3 Theoretical Background

A sum frequency generation process involves two incoming beams and one output beam,
i.e. input visible, input infrared and output sum frequency beams, respectively. As a
second-order nonlinear optical spectroscopy, the SFG process is forbidden in
centro-symmetric materials but allowed at the surfaces or interfaces where the inversion
symmetry is necessarily broken under the electric dipole approximation [18]. Such a selection
rule makes the SFG vibrational spectroscopy extremely surface and interface sensitive and
renders to it the ability to detect the molecular vibrational signals at the surfaces and
interfaces. An SFG spectrum can be obtained by plotting the sum frequency intensity as a
function of the input IR frequency. The intensity of the output sum frequency signal in the

reflection mode can be written as [19]

I(w ), (@,)AT (1)

_ 8r'w’sec’ B
@)= oo (@)

Where ni(a) is the frequency () dependent refractive index of the medium. g is the output

2
2

sum frequency reflection angle. 11(a) and I,(@;) are the intensities of the input visible and IR

fields, respectively. T is the input beam pulse-width. A is the overlapping area of the two

input beams at the sample surfaces or/and interfaces. »? is the effective second-order

nonlinear optical susceptibility. Optically, the input and output beams can be adjusted s- or
p-polarized. Therefore, different components of ;2 can be experimentally measured with
different polarization combinations, such as the following ssp (s-polarized sum frequency

signal, s-polarized visible beam, and p-polarized IR beam), sps, pss, and ppp polarization

combinations [19].
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Ze(fzf),pss = Lzz (a))Lyy (a)l )Lyy (a)z )Sln IBZzyy (2-3)

28 =-L (o)L, (o)L, (@,)cos fcos B,sin B, x..,

o, )L, (@,)cos Bsin B, cos B, y.., (2.4)
)L, (@, )sin Bcos B, cos B, .,

+L, (o)L, (@)L, (@,)sin gsin g sin B, ..

Here there are seven tensor components of second-order nonlinear susceptibility (xyz, Zyzy,

L
L

)

Yoy o Jaxs Yoo @NA Jz7) defined in the lab coordinate system with z axis defined as the
surface normal and xz plane containing the input and output beams (see Panel D in Figure 1).
S, L and £ are the output angle for the sum frequency signal, input angle of the visible beam
and input angle of the IR beam. Ljis are (i=X, y, or z) the Fresnel coefficients responsible for
the local field correction of the two input and one output beams. For a surface or interface

embedded between two semi-infinite media, Lis can be written as [19-21]

B 2n, (w)cosy ]
()= n,(w)cosy +n,(w)cos B 1)

B 2n, (w)cos g ]
Ly (@)= n, (w)cos g +n,(w)cosy &2

L ()= 2n, ()cos (”1 ((0)]2 (3-3)

n,(w)cosy +n,(w)cos B | n'(w)

Such equations are valid for both the sum frequency, visible and IR beams. n’ (w) is the
refractive index of the surface or interfacial layer. g is the beam input or output angle and vy is
the refracted angle in the medium 2. An infrared-resonant SFG spectrum can be fitted using
the following equation when the infrared frequency is near the vibrational resonance.

15 = X +Zq:a)z+:+qu (4)

R IS the non-resonant background arising from the electric polarization of the surface or
interface and the adjacent media. Aq, @y, and /g are the strength, resonant frequency, and

damping coefficient of the vibrational mode q, respectively.
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At an azimuthally isotropic surface or interface, only four independent nonzero

second-order nonlinear susceptiblity tensor components exist, which are [22]
Zxxz:Zyyz’//{xzx:Zyzy’//{zxx:Zzyy’Zzzz (5)

Through transferring from the molecular coordinate to the lab coordinate system, the
relationship between the tensor components of the macroscopic second-order nonlinear
susceptibility and the tensor components of the molecular hyperpolarizability can be built up,
which can be used for orientation calculation (see Supplementary Information for the methyl

groups discussed in this paper).

3. Results and Discussion

3.1 SFG spectra of PBMA surface in air

Poly(n-butyl methylacrylate) (PBMA) is a thermoplastic material which has broad
applications in engineering coating and composite materials. Its relatively long butyl acrylate
groups make it a flexible elastomeric material at room temperature. Previous studies have
shown that for thin films of hydrophobic polymers deposited on the silica substrates, the
surface contribution dominates the SFG output in the CH frequency range (2800 cm™ to 3050
cm™), where the vibrational bands of methyl, methylene, and methenyl groups locate [23-25].
Figure 2 shows the ssp and ppp spectra of the PBMA surface in air collected from a 200-nm
thick PBMA film on a silica substrate. In ssp spectra, the symmetric stretching (ss) mode at
2880 cm™ and Fermi resonance (Fermi) at 2935 cm™ of the side ester butyl methyl groups are
the two strongest modes. In ppp spectra, the anti-symmetric stretching (as) mode of the
methylene groups at 2910 cm™ and the as mode of the ester butyl methyl groups at 2960 cm™
are the two strongest modes. It should be noted that the collected ssp spectrum shows the
similar spectral characteristics to the previously published one [26], indicating a mutual
consistency exists. Table 1 shows the fitting results for the SFG spectra in Figure 1. Based on
the strong resonant signals in these spectra and the previous SFG study on the PBMA surface
by Wang et. al. [26], we can know that the side ester butyl methyl groups are polar-ordered at
the surface tilting towards the air side. From the energy viewpoint, this type of orientational

ordering can present the low energy methyl groups at the surface to minimize the surface free
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energy. Besides, the side methyl groups connecting to the three methylene groups are highly
mobile compared to the backbone segments and the a-methyl groups. With the ester butyl
methyl groups pointing to the air side, the mobile side chains can seek the maximum free
volume at the air side to maximize the possible conformations. Although it is interesting to
see both enthalpy and entropy favor the absolute orientation of the side methyl groups, i.e.
pointing to the air side, different conformations or conformational change of the side chains
can render the different orientation angles of the methyl groups at the surface. This should be
the intrinsic reason why certain distribution, for instance Gaussian distribution, is generally
used to describe the orientation angles of the molecular groups for organic materials,
especially polymers.

3.2 SFG spectra of PBMA sandwiched between silica and Ag

In this experimental setup, the sample geometry is a PBMA thin film sandwiched between
a silica substrate and a thick Ag layer. As shown in Panel B of Figure 1, the input visible and
infrared beams penetrated through the transparent silica window and overlapped at the
PBMA/Ag interface. The output sum beam reflected back through the silica and then was
collected. In this case, there are still two interfaces, namely, the silicas/PBMA and PBMA/Ag
interfaces, both of which could generate the SFG resonant signals. However, two advantages
using this sandwiched geometry must be mentioned. One is the suppressed ordering of the
hydrophobic groups at the silica/PBMA interface due to the hydrophilic nature of the silica
surface. The other is the nearly constant visible and infrared light fields reaching the
PBMA/Ag interface no matter what the PBMA film thickness is due to the similar refractive
indexes of silica and PBMA; and a constant SFG resonant output from the PBMA/Ag
interface is thus expected [16].

Figure 3 shows the ssp and ppp spectra from the sandwiched geometry with different film
thicknesses. The spectra in the right graphs were offset for clarity. Different from the surface
PBMA spectra collected from a PBMA thin film on a silica substrate, the interfered spectra
were observed for both ssp and ppp polarization combinations because of the effect of the
strong non-resonant background generated from the Ag surface. In ssp spectra, the apparent
positive peak at around 2860 cm™ comes from the ss mode of the methylene groups and the
apparent negative peak at around 2956 cm™ comes from the as mode of the ester butyl methyl

7
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groups [26]. In ppp spectra, the apparent two negative peaks at 2875 cm™ and 2935 cm™are
assigned to the symmetric stretching (ss) mode and Fermi resonance of the ester butyl methyl
groups, respectively [26].

Table 2 shows the fitting results for the spectra in Figures 3. The independent ssp and ppp
spectral features on the film thickness provide the direct experimental evidence that these
vibrational resonances were generated from the PBMAJ/Ag interface. If any significant
vibrational resonance came from the silica/PBMA interface, different interfered spectral
patterns would be observed because of the signal interference from the silica/PBMA interface
when the film thickness changed.

Figure 4 shows the calculated Fresnel coefficients for the silica/PBMA and PBMA/Ag
interface. It is pretty clear, whether for ssp or ppp polarization combination, the Fresnel
coefficients for the PBMA/Ag interface keep almost constant while the Fresnel coefficients
for the silica/PBMA change significantly with varying thickness. This calculation provides
further evidence that the ssp and ppp resonant signals for the sandwiched geometry come
solely from the PBMAJ/Ag interface. Therefore, such a sandwiched geometry works pretty
well for probing the resonant signals of the PBMA/Ag interface by suppressing the signals
generated from the other interface, i.e. the silicayPBMA interface.

3.3 SFG spectra of PBMA films on Ag substrates

Figure 5 shows the ssp and ppp spectra for PBMA films with different thicknesses
directly deposited on the Ag substrates (Panel C in Figure 1). The ssp spectra show strong
dependence on the film thickness while the ppp spectra show almost no dependence on the
film thickness. The PBMA surface in air and the PBMA/Ag interfaces could both contribute
to the SFG resonant signals and the relative intensities of the two interfaces should be
determined by the Fresnel coefficients responsible for the local field correction. We followed
the previous methods [15, 25, 27-31] to calculate the Fresnel coefficients of the PBMA
surface in air and the PBMA/Ag interface for ssp polarization combination. The calculated
surface Fresnel coefficient Fair.,ema and interfacial Fresnel coefficient Fpema-ag @s a function
of film thickness were shown in Panel A of Figure 6. It was found that Fair.psma 1S much
larger than Fpgma-ag, Suggesting the resonant signals from the PBMA surface in air prevailed
over those from the PBMA/Ag interface through the discussed thickness range. Indeed, all

8
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the ssp spectra of PBMA films with different thicknesses showed the surface spectral feature
(Figure 2), evidenced by the two strong modes of methyl ss mode at 2875 cm™ and methyl
Fermi resonance at 2935 cm™. Furthermore, using the normalized surface and interfacial ssp
resonant signals, plus an adjustable non-resonant background and calculated Fresnel
coefficients, the ssp SFG spectra of PBMA films on the Ag substrates can be reconstructed.
The reconstructed ssp spectra are shown as the solid lines in Panel B of Figure 5. The details
on the reconstruction of the spectra can be found in Supplementary Information.

Very different from the ssp spectra, all the ppp spectra show the same spectral features
with no film thickness dependence. And the two strong modes at 2912 cm™ and 2960 cm™ in
the surface ppp spectra (Figure 2) did not appear here. Remarkably, the ppp spectral features
for the PBMA films on the Ag substrates, which are the ss mode at 2875 cm™ and Fermi
resonance at 2935 cm™, as shown in Panel C of Figure 5, are similar to those for the
sandwiched geometry. This suggests that the observed ppp vibrational resonances for the
PBMA films on the Ag substrates were not from the surface in air but from the PBMA/Ag
interface.

Considering the non-resonant background (~260 in Panel C of Figure 5) generated from
the Ag surface using ppp polarization combination, such a strong non-resonant background
was closely related to the surface plasmon polariton (SPP) pumped by the p-polarized visible
light [32]. Being localized at the PBMA/Ag interface, the Ag SPP can couple with the
molecular vibrations of PBMA at the PBMA/Ag interface but cannot affect the molecular
vibrations of PBMA at the surface due to its fast evanescence along the surface normal. This
is the intrinsic reason why the PBMA/Ag interfacial resonant signals can be observable while
the PBMA surface resonant signals in air were not observed for ppp polarization combination.
This should also be the reason why ppp spectra for this geometry and the sandwiched
geometry are similar since both resonant signals came from the molecular vibrations at the
PBMA/Ag interface. Such a contribution from SPP due to the optical nature of the metals is
very important on detecting the molecular structures at the buried polymer/metal interfaces.
Here we won’t go into details since it is beyond the scope of this study. However we still give
the calculated Fresnel coefficients of the ppp polarization combination for the PBMA surface
in air and the PBMA/Ag interface as a comparison to the sandwiched geometry, as shown in
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Panels B and C of Figure 6.
3.4 Comparison of the different experimental geometries and the spectral
characteristics

The three different experimental geometries have been discussed, i.e. a PBMA thin film on
the silica substrate, PBMA thin films sandwiched between silica and Ag, and PBMA thin
films directly deposited on the Ag substrates. As we discussed in the C-H infrared frequency
range (2800 cm™~3050 cm™), for a PBMA thin film on the silica substrate, the surface
signals dominate the SFG spectra, whether for ssp or ppp polarization combinations. For a
PBMA thin film sandwiched between silica and Ag, the PBMA/Ag interfacial signals
dominate the spectra for both ssp and ppp polarization combinations. For a PBMA thin film
deposited on the Ag substrate, the surface signals dominate the spectrum for the ssp
polarization combination while the PBMA/Ag interfacial signals dominate the spectrum for
the ppp polarization combination. Polar orders of the side butyl methyl groups were found at
both the surface in air and the PBMAJ/Ag interface. For the PBMA surface spectra, as shown
in Figure 2, the ss mode (2880 cm™) and Fermi resonance (2935 cm™) of the ester butyl
methyl groups dominate the ssp spectrum while the as mode (2960 cm™) of the ester butyl
methyl groups dominates the ppp spectrum. For the spectra of the PBMA/Ag interface, as
shown in Figure 3, the as mode (2956 cm™) dominates the ssp spectra while the ss mode
(2875 cm™) and Fermi resonance (2935 cm™) dominate the ppp spectrum. Such distinct
spectral difference strongly suggests the ester butyl methyl groups at the surface and the
buried PBMA/Ag interface have very difference orientational orderings. For a more accurate
description, using the fitted results for the spectra of the PBMA thin film on the silica (Figure
2) and the sandwiched geometry (Figure 3), we deduced the possible tilt angles of ester butyl
methyl groups at the PBMA surface in air and the buried PBMA/Ag interface. For the PBMA

surface in air, the ratio of the ssp and ppp effective nonlinear susceptibility components

;(e(ff)vsspvss / Ze(é),ppp,as was used. For the PBMA/Ag interface, the ratio of the ssp and ppp

effective nonlinear susceptibility components ;(efff)ysspyas / Ze(?,ppp,ss was used. Such ratios can be

related to the tilt angle & of the ester butyl methyl groups via the following equations [33-36].

10
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}(eﬁ ps ; | cosé’ +0.20(cos’ ) 6-1)
28 ‘ cosH cos 0>)
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The details related to the tilt angle calculation can be found in Supplementary

Information. Figure 7 shows the calculated curves of for the PBMA

(2) (2)
Zeﬁ ,SSp, SS //?«/eff,ppp,as

surface in air (Panel A) and

X e [ 2% | for the PBMA/Ag interface (Panel B) in terms

of the tilt angle. Such ratios as a function of the averaged tilt angle (&) with different
root-mean-square distribution width (o) were also plotted. From the intersection points
between the plotted curves and the experimental values (Panel A: 2.4 for the PBMA surface
in air; Panel B: 0.28 for the PBMAJ/Ag interface), the possible tilt angles of the side ester
butyl methyl groups can be deduced: at the PBMA surface in air, the ester butyl methyl
groups adopt a small tilt angle or like to “stand up”; at the PBMAJ/Ag interface, the ester

butyl methyl groups adopt a large tilt angle or like to “lie down”.

4. Conclusions

As a surface and interfacial sensitive analytical tool, SFG vibrational spectroscopy has
been applied to study the polymer surfaces and interfaces for more than one decade. In this
paper, a unified description using three SFG experimental geometries was given to illustrate
the molecular structures of the buried PBMA/Ag interface with comparison to the PBMA
surface in air. According to the experimental results, the ester butyl methyl groups at the
buried PBMA/Ag interface are polar-ordered as well as those at the PBMA surface in air.
However, the ester butyl methyl groups at the buried PBMA/Ag interface adopt a large tilt
angle while the ester butyl methyl groups at the PBMA surface in air adopt a small tilt angle.
Such SFG results reflect the inherently different nature of the buried interface from that of the
surface, i.e. same molecular groups at the surface and the buried interface could have very
different orientational orderings. We believe this study will provide a useful experimental and
analytical framework and intrigue more studies on elaborating the molecular structures of the

buried polymer/metal interfaces by using SFG vibrational spectroscopy.
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Figures and figure captions

Figure 1. The three difference sample geometries for the SFG measurement and the defined tilt angle. A: a
polymer film on a silica substrate; B: a polymer thin film sandwiched between a silica window and a Ag
substrate; C: a polymer thin film on a Ag substrate which was previously prepared on a silica window; D:
the lab fixed coordinate system is defined as (x, y, z) system and the molecular coordinate system of a
methyl group is defined as the (a, b, ¢) system, z axis defined as the surface normal and xz plane
containing the input and ouput beams, c is the principal axis of the methyl group, ac plane contains one
C-H bond and b is perpendicular to ac plane. Tilt angle is defined as the angle between z axis and c axis.
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| PBMA surface spectra

SFG intensity

2800 2850 2900 2950 3000 3050
IR wavenumber(cm™)

Figure 2. SFG spectra of the PBMA surface collected from a PBMA film on a silica window (Panel A in
Figure 1). Solid lines are the fitted curves.
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Figure 3. Collected ssp and ppp spectra for the PBMA films sandwiched between the silica windws and Ag
substrates; the PBMA film thicknesses of sample a, b, ¢, and d were 24, 56, 85, and 113 nm, respectively.

Original spectra were in Panel A and Panel C; the spectra in Panel B and Panel D were offset for clarity.
Solid lines were the fitted curves.
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Figure 4. The calculated absolute Fresnel coefficients for the sanwiched geometry. Panel A: ssp
polarization combiantion; Panel B: ppp polarization combination for the silicayPBMA interface; Panel C:
ppp polarization combination for the PBMA/Ag interface.
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Figure 5. Collected ssp and ppp spectra for the PBMA films on the Ag substrates; the PBMA film
thicknesses of sample a, b, ¢, and d were 11, 33, 45, and 127 nm, respectively. Original spectra were in

Panel A and Panel C; the spectra in Panel B and Panel D were offset for clarity. In Panel B, the ssp spectra
reconstructed from the PBMA surface in air and the PBMA/Ag interface were also shown.
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Figure 6. The calculated absolute Fresnel coefficients for the sandwiched geometry. Panel A: ssp
polarization combination; Panel B: ppp polarization combination for the silicayPBMA interface; Panel C:
ppp polarization combination for the PBMA/Ag interface.
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Figure 7. Theoretical curves of

;(gff)ysspyas/;(e(ff)'pppvss for the PBMA/Ag interface (Panel B) as a function of tilt angle & and angle

distribution o; the intersection points suggest the possible ester butyl methyl tilt angles with angle
distribution. In Panel B, the experimental value of 0.28 was from the SFG spectra of a sandwich PBMA
thin film with a thickness of 85 nm.
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Table 1. Fitting results for the SFG spectra of the PBMA surface in Figure 1.

Soft Matter

Wavenumber ssp ppp Assignment

(em™) Aq Iy Aq Iy

2857 1.0 7 1.9 7 CH; (ss)

2880 7.5 7 2.3 7 (ester butyl) CH; (ss)
2895 3.2 8 - - unassigned

2912 3.5 8 5.5 8 - CH, (as)

2935 6.4 7 - - Fermi

2960 - - 6.7 8 CH; (as)
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Table 2. Fitting results for the SFG spectra of the sandwiched geometry in Figure 3. A for ssp polarization
combination and B for ppp polarization combination.

A (ssp)
Thickness 2860 cm™ (CH, ss) 2956 cm™ (ester butyl CHz as) | ynr Phase (rad)
nm
(nm) Aq Iy Aq Iy
24 4.3 7 -10.1 9 6.4 1.8
56 7.0 7 -12.4 9 6.4 1.7
85 6.7 7 -11.5 9 7.3 1.7
113 6.9 7 -11.3 9 6.9 1.7
B (ppp)
Thickness 2875 cm™ (ester butyl methyl | 2935 cm™ (Fermi) ANR Phase (rad)
(nm) CHj; ss)
Aq Iy Aq Iy
24 14.2 7 14.0 7 23.6 -1.6
56 14.8 7 135 7 24.1 -1.6
85 16.7 7 15.5 7 24.5 -1.7
113 15.5 7 15.3 7 24.3 -1.6
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Table 3. Fitting results for the ppp spectra in Panle C of Figure 5.

Thickness 2875 cm™ (ester butyl methyl | 2935 cm™ (Fermi) YNR Phase (rad)
(nm) CHjs ss)
Aq Ty Aq Iy
11 14.3 7 115 7 17.3 -14
33 14.8 7 10.8 7 17.4 -1.3
45 14.4 7 10.3 7 17.8 -1.3
127 16.1 7 10.2 7 17.3 -1.2
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