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ABSTRACT

Polymer chains at a buried interface with an inorganic solid play a critical role in the performance of polymer nanocomposites and adhesives.
Sum frequency generation (SFG) vibrational spectroscopy with a sub-nanometer depth resolution provides valuable information regarding
the orientation angle of functional groups at interfaces. However, in the case of conventional SFG, since the signal intensity is proportional
to the square of the second-order nonlinear optical susceptibility and thereby loses phase information, it cannot be unambiguously deter-
mined whether the functional groups face upward or downward. This problem can be solved by phase-sensitive SFG (ps-SFG). We here
applied ps-SFG to poly(methyl methacrylate) (PMMA) chains in direct contact with a quartz surface, shedding light on the local conforma-
tion of chains adsorbed onto the solid surface. The measurements made it possible to determine the absolute orientation of the ester methyl
groups of PMMA, which were oriented toward the quartz interface. Combining ps-SFG with all-atomistic molecular dynamics simulation,
the distribution of the local conformation and the driving force are also discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184315

INTRODUCTION

Polymer/inorganic solid interfaces are ubiquitous and can be
found in various materials such as polymer nanocomposites, '
thin-film devices,'” '® and adhesives.'”>* When chains come into
contact with a solid surface, they are subjected to adsorption if
the enthalpic gain from the interaction between segments and the
solid surface outweighs the entropic penalty due to the restricted
conformation. Previous studies have shown that when a composite
material, composed of a rubbery polymer and a carbon black filler,
is washed with a good solvent, a polymer layer with two types of
adsorbed chains remains on the filler.”” *’ Similarly, when a poly-
mer film supported on a solid substrate is well annealed, an adsorbed

layer is formed on the solid surface.”” " The dynamics of chains in
the interfacial layer are markedly different from those of the cor-
responding bulk chains.”* ** These characteristics of chains in the
interfacial layer are universal for rubbery and glassy polymers,” *’
as mentioned earlier, and are closely related to the mechanical
properties of the polymer nanocomposites.”

A general model for a chain adsorbed onto a solid surface,
known as the loop-train-tail model,”*”” has been proposed. In this
model, the loop and train conformations consist of segments in
direct contact with the solid surface and segments away from the
surface, respectively. Atomic force microscopy observations have
suggested that loop segments transform into train ones if molec-
ular motion on a relatively large scale is allowed.” In addition,
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discussions have centered on how the interfacial layer forms from
individual chains.” These observations lend support to the hypoth-
esis that the enthalpic gain from the interaction between segments
and the solid surface outweighs the penalty of conformational
entropy. However, there appears to be limited direct evidence
regarding the interaction between segments and the substrate.

Sum frequency generation (SFG) vibrational spectroscopy
enables us to gain access to information about functional groups
at interfaces with a molecular-level resolution along the depth
direction.””®" We have hitherto applied SFG to detect changes in
the local conformation of functional groups at various interfaces
when exposed to changing environmental conditions, including
temperature, allowing for discussions on the molecular motion of
polymers at these interfaces.”””’ However, conventional SFG, in
which the signal intensity is proportional to the square of the second-
order nonlinear optical susceptibility (Xeff(z)), suffers from the loss
of phase information. This makes it challenging to unambiguously
determine whether the functional groups are oriented upward or
downward, hindering a direct analysis of the interaction between
segments and the solid surface. On the other hand, phase-sensitive
(ps) SFG measurements directly provide the imaginary part of Xeff(z)
(Im xi'?), which is analogous to the imaginary part of the linear
dielectric constant (e) in linear absorption spectroscopy.”'’* The
Im Xeff(z) determines the orientation of moieties contributing to the
resonance.’*”” Therefore, ps-SFG measurements have the potential
to elucidate the adsorption process of chains in direct contact with
an inorganic solid. The ps-SFG measurements have been applied
to various interfaces,”*' but the number of reports applying them
to polymer systems,”” " particularly on a buried solid interface,*
remains limited owing to the difficulty of obtaining sufficient SFG
signal intensity.

The objective of this study is to experimentally elucidate the
absolute local conformation of chains that are in direct contact with
a solid surface buried within a material. To achieve this, we used
ps-SFG measurements on a model system, poly(methyl methacry-
late) (PMMA), in direct contact with a quartz surface. The obtained
results are then discussed in conjunction with all atomistic molec-
ular dynamics (MD) simulations. This information enhances our
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understanding of the aggregation states and dynamics of poly-
mer chains in nanoconfinement. Such insights are crucial for the
development of nanocomposites and thin-film devices.

EXPERIMENTAL
Materials and sample preparation

PMMA purchased from Polymer Source, Inc. (Dorval, QC,
Canada) was used. The number-average molecular weight (Mp)
and polydispersity index (Mw/Mn) were 15k and 1.15, respectively,
where M,, represented the weight-average molecular weight. The
bulk glass transition temperature (Tgb) of PMMA was determined
to be 398 K using differential scanning calorimetry (DSC6220, SII
Nanotechnologys Inc., Tokyo, Japan). For both conventional and
ps-SEG measurements, a half-cylindrical fused quartz prism and a
fused quartz window were used as common substrates. Addition-
ally, a z-cut quartz window was used as a substrate specifically for
ps-SFG measurements. This choice was made because it had a sur-
face chemistry similar to fused quartz and exhibited the ability to
generate SFG signals. Prior to use, the substrates were immersed in a
piranha solution [H>SO4:H, O, = 8:2 (v/v)] at 373 K for 2 h and then
thoroughly washed with distilled water. Panel (a) of Fig. 1 depicts the
sample configuration used for both conventional and ps-SFG mea-
surements. First, PMMA films were prepared by a solvent-casting
method from its toluene solution onto three types of substrates:
fused quartz prism, fused quartz window, and z-cut quartz window.
Subsequently, two films were attached together in a face-to-face con-
figuration and dried under vacuum at room temperature for 24 h,
which was below the T,". This means that the sample was initially
in a non-equilibrium state. For the conventional SFG measurement,
the film sandwiched between the fused quartz prism and window
was used. On the other hand, for the ps-SFG measurement, the
film sandwiched between the z-cut quartz window and the fused
quartz window was used. The thickness of the sandwiched films was
between 1 and 44 ym, as measured by a micrometer. The use of thick
films was intended to capture SFG signals exclusively from the upper
interface. The details are discussed in the later part.

detector

LO: local oscillator

FIG. 1. Schematic illustration of (a) sample configuration for conventional and ps-SFG measurements and (b) optical configuration for ps-SFG measurements. PMMA and

z-cut quartz are the polymer sample and an amplifier for SFG signals, respectively.
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Conventional SFG

The conformational change in polymer chains at the quartz
interface was examined before and after thermal annealing by con-
ventional SFG measurements. The visible beam with a wavelength of
532 nm was generated by frequency-doubling fundamental output
pulses from a picosecond Nd:YAG laser (PL2231-50-FT, EKSPLA,
Vilnius, Lithuania). The tunable infrared (IR) beam was generated
from an EKSPLA optical parametric generation/amplification and
difference frequency generation (OPG/OPA/DFG) system based on
lithium triborate (LBO) and AgGaS$; crystals. The incident angles of
the visible and IR beams were 65° and 55°, respectively. All measure-
ments were conducted at room temperature. An as-dried sample was
first measured and then remeasured at room temperature after being
annealed at 433 K for 24 h under vacuum.

ps-SFG

The absolute orientation of the local conformation for PMMA
at the quartz interface was examined by ps-SFG measurements.
Figure 1(b) provides an illustration of the optical configuration used
in the measurements. The excited visible and IR beams were iden-
tical to those used in the conventional one. The input visible and
IR beams were focused onto a local oscillator (LO) consisting of an
Au mirror (THORLABS, Inc.) to generate an SFG signal (SFGro).
This SFGro signal was then directed into the sample through a phase
modulator (PM) made of fused quartz. Simultaneously, the input
visible and IR beams, reflected from the LO and mirrors, were once
again focused onto the sample to generate an SFG signal (SFGg).
However, a technical challenge arose due to the markedly lower
intensity of SFGs signals at the buried interface, resulting in a poor
interferogram. To overcome this, a z-cut quartz window was used as
an amplifier of the SFG signals and also served as a substrate. A stack
comprising fused quartz and z-cut quartz windows, named sample
1, was used as a reference. Additionally, the PMMA film sandwiched
between the z-cut and fused quartz windows was labeled as sample 2.
Z-cut quartz and PMMA, which serve as amplifiers for SFG signals
and a polymer sample of interest, will be subsequently abbreviated
as A and S, respectively. The SFG signals obtained from samples
1 and 2 were referred to as SFGa and SFGa s, respectively. The inter-
fered signals from samples 1 and 2 were detected as a function of
the wavenumber of the input IR beam using a photomultiplier. The
extent of the interference was altered by rotating the PM. Finally, the
interferograms from A and S + A were obtained.

The phase information at the PMMA/quartz interface was
extracted from the interferograms obtained from A and S + A.
Details of how to extract the phase information are provided in the
supplementary material. The effective second-order nonlinear sus-
ceptibility (yet) of a functional group was determined by using the
phase of the SFG signals from S (¢s). Since the magnitude of | Xeff(2)|
is proportional to the square root of the SFG intensity, the real and
imaginary parts of y.® can be expressed as follows:

Re)(e(fzf) +i Im)(e(fzf) = ‘ngzf)‘ cos ¢s + i|)(e(f2f)‘ sin ¢s. (1)
The ps-SFG measurements were conducted at room temperature
under the polarization combination of ssp (SFG/s, visible/s, and
IR/p).

ARTICLE pubs.aip.org/aipl/jcp

MD simulation

Molecular dynamics (MD) simulations were conducted using
Materials Studio 2021 (Dassault Systémes, Vélizy-Villacoublay,
France) to examine the detailed atomistic structure of PMMA at
the quartz interface. The simulation model was prepared using the
following steps. A repeating unit of SiO, was cleaved along the
(001) crystallographic orientation, and unsaturated oxygen atoms at
the surface were capped with hydrogen atoms, resulting in a sur-
face with Si-OH groups. The density of PMMA in the model was
1.023 g cm ™, which was determined through an MD simulation
using an NPT ensemble at 298 K in the bulk system. Five PMMA
(rr triads: 100%) chains with a molecular weight of 15k were packed
into a cell while maintaining a constant density. Finally, the cell
containing the PMMA chains was placed on the quartz surface to
produce the initial model. The lattice size was 8 nm along the z
axis and 5 nm along the x and y axes. In the simulation, the posi-
tion of one Si-O layer located at the center of the quartz surface
was fixed in Cartesian coordinates to restrict translational motion
along the z-axis. The distance between the edge of PMMA and
the fixed SiO, layer was greater than the cutoff distance, ensuring
it did not affect the results. Prior to starting the simulation, the
system underwent equilibration through the following two steps.
Segmental relaxation was performed at 700 K for 500 ps, which
was considered sufficient based on the Vogel-Fulcher-Tammann
(VFT) equation.”” The system was then aged at 298 K for 1 ns. These
MD simulations were conducted using the Forcite module with the
COMPASS 1III force field. The integration step was set to 1.0 fs, and
a Berendsen loose-coupling thermostat was used for temperature
control. Van der Waals interactions were calculated using an atom-
based method, while electrostatic interactions were handled using
the Ewald method. The cutoff distance for van der Waals interac-
tions was set to 1.25 nm.*® The simulations were performed for six
different initial conditions individually. The steady-state informa-
tion was analyzed from the latter 500 ps of a 1 ns simulation. It
was confirmed that the analysis results from this calculation were
consistent with those obtained from a 10 ns calculation at 298 K.
The above-mentioned MD simulation was conducted using three
different initial states, and the statistical data were obtained from
them.

RESULTS AND DISCUSSION

The conformational change of PMMA at the quartz interface
before and after annealing was examined by conventional SFG mea-
surements. Figure 2 shows conventional SFG spectra for a PMMA
film sandwiched between a fused quartz prism and window under
the ssp condition. The spectra were normalized by the maximum
intensity of each spectrum and vertically shifted for the sake of
clarity. Peaks at 2908 and 2936 cm ™' were identified as the symmet-
ric and anti-symmetric C-H stretching modes of methylene groups
(CHas and CH,as).*””" In addition, a peak at 2950 cm™ could be
assigned to the symmetric C-H stretching mode of ester methyl
groups (OCH3s).”"*"

The trend of the orientational change in CH, and OCH3 groups
induced by thermal annealing is considered. The intensity of the SFG
signals from functional groups is generally influenced by both the
orientation and population of those groups. The tilt angle of a CH,
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FIG. 2. Conventional SFG spectra for a PMMA film sandwiched between quartz
before and after annealing at 433 K for 24 h.

group (Ocu,) was defined as the angle between the interface normal
(z-axis) and the direction along the bisector line of the two C-H
bonds, which corresponds to the c-axis in the molecular coordi-
nate system.”””" On the other hand, the tilt angle of an OCH; group
(Boch,) was defined as the angle between the interface normal and
the O-C bond vector of the OCH3 group, which also corresponds to
the c-axis.”””' The ssp polarization combination enables us to obtain
information about the orientation of functional groups along the

‘o~
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direction normal to the interface. As Ocn, and Bocn, approach 0°,
indicating a more aligned orientation of CH, and OCH3 groups with
respect to the interface normal, the ssp SFG intensity of those groups
tends to increase.

In the case of the as-dried film, the peak intensity from CHjs
was relatively higher than that from CHzas and OCH3s. This implies
that CH, groups were oriented toward the interface, while OCH3
groups were less oriented than CH, groups. However, following the
annealing of the film, SFG signals from CH;s disappeared, and those
from CHsas became more pronounced. In addition, the signals from
OCHs3s increased. The shape of the SFG spectrum became consistent
with that of well-annealed PMMA films.”**” These observed spec-
tral changes indicate that CH, groups became less oriented and/or
inclined toward the interface due to the annealing treatment. Addi-
tionally, OCH3 groups became more oriented, aligning themselves
in the direction normal to the interface. For quantitative analy-
sis, Bocn, was estimated from the peak intensity ratio of OCHjss
obtained under the ssp and ppp conditions (Issp/Ippp), as explained
in the supplementary material. The Ooch, value obtained under the
assumption of no angular distribution was 63°. This value will be
compared with the MD simulation results later on.

The ps-SFG measurements were performed to examine the
absolute orientation of functional groups. Panel (a) of Fig. 3 shows
an interferogram for sample 1 in the wavenumber range from 2900
to 3000 cm™', where CHys, CHyas, and OCH3s peaks appear. It

(b) sample 2 (z- cut quartz + PMMA)
S -100 high
S
T
_§ -5.0
: 3
1%}
g 0 g
Y— 3
1) 73
§, 5.0
©
T
S 100 low
g 2000 2020 2940 2960 2980 3000
& Wavenumber / cm™!

100

@2950 cm™"

80

60

W _ Int-1

Int-2

40

Transmittance / %

20

0 10 20 30 40 50
Film thickness / um

FIG. 3. Interferograms for (a) a z-cut quartz window and (b) a PMMA film sandwiched between z-cut and fused quartz windows. (c) Im Xeﬁ(z) spectra in the C—H stretching
vibrational region with a polarization combination of ssp for 1 and 44 um-thick PMMA films sandwiched by z-cut and fused quartz windows. (d) Thickness dependence of

transmittance of IR at 2950 cm~"
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clearly exhibits fringe patterns along the vertical axis at each spe-
cific wavenumber. Panel (b) of Fig. 3 shows an interferogram for
sample 2, which underwent annealing at 433 K for 24 h. Although
similar fringe patterns to those for sample 1 are observed, their peri-
ods are not identical. This discrepancy arises because the interfero-
gram includes phase information generated from PMMA segments
at the z-cut quartz substrate.

The phase for functional groups of PMMA at the quartz inter-
face (¢s) can be extracted based on the interferograms for samples 1
and 2, as detailed in the supplementary material. In short, ¢s was
given by the difference between the phases for samples 1 and 2.
Eventually, since |ye¢?| is proportional to the square-root of the
SFG intensity VISC, Re Xeff(z), and Im Xeff(z) were obtained using
cos s, sin ¢s, and VISC for sample 2 based on Eq. (1). Panel (¢)
of Fig. 3 shows Im y.¢' spectra for the 1- and 44 um-thick well-
annealed PMMA films. The ordinate was normalized by the value
at 2950 cm ™. Both spectra exhibited peaks at 2908 and 2950 cm ™,
corresponding to CH,s and OCHss, respectively.” In addition, sig-
nals from CH,as appeared as a shoulder at 2936 cm™". Although the
shape of the spectra for the 1 ym-thick sample was almost identical
to that of the 44 ym-thick one, the sign of the Im Xeff(z) was opposite.
This may be due to the difference in the contribution of the upper
and lower interfaces to the SFG signals.

Taking into account that there are two interfaces, Int-1 and
Int-2, as shown in the inset of Fig. 3(d), we now discuss which inter-
face dominantly contributes to the Im Xeff(z) spectra on the basis of
the Fresnel coefficients at the interfaces.”” At first, we examine the
influence of beam absorption on the sample. The main panel of
Fig. 3(d) shows the IR transmittance (T) through a PMMA film at
a wavenumber of 2950 cm™ as a function of film thickness (¢). The
T value simply decreased with increasing ¢t and was well reproduced
by the Lambert-Beer law, as drawn by a solid curve. The ¢ value at
2950 cm™ for the PMMA film was 2.2 x 10° cm™. On the other
hand, the T value of the visible light with a wavelength of 532 nm
passing through the PMMA film remained constant at unity. Tak-
ing into account the T value of the input IR beam, the y.;® value
was obtained from Eq. (S16) in the supplementary material. Figure
S2 summarizes the Fresnel coefficients at Int-1 and Int-2 as a func-
tion of thickness. While the Fresnel coefficient at Int-1 remained
almost unchanged at (0.98 + 0.08) with increasing ¢, that for Int-
2 decreased, reaching 0 at around d = 20 ym. In other words, in
the case of the ~1 ym-thick film, the SFG signals generated from
Int-1 could interfere with those from Int-2. Conversely, the SFG
signals obtained from the 44 ym-thick film were only generated
from Int-1. This situation was more suitable for analyzing the abso-
lute interfacial orientation of functional groups than the 1 ym-thick
one. Therefore, the 44 ym-thick film is adopted in the following
analysis.

The absolute local conformation of PMMA chains at the quartz
interface in the 44 ym-thick film after thermal annealing is dis-
cussed. All ps-SFG peaks shown in Fig. 3(c) were negative. Since the
signal intensity from OCHss was the strongest, 8ocn, at Int-1 is here
considered. The relationship between Im Xeff(z) and Oocn, is given
by%

Im)(e(fzf) ﬁT{(cos Ooch, ) (1 + 1) — (cos 90c1—13)3(1 - r)}, (2)

ARTICLE pubs.aip.org/aipl/jcp

where N represents the number density of OCHj3 groups and S is
the microscopic hyperpolarizability tensor elements in the molec-
ular coordinate system defined by the a, b, and ¢ axes.”” In this
case, the Bccc and Baac are the non-vanishing independent elements
for the OCHss mode. Taking into account r = faac/Becc = 1.8 and
Bece = —7.0,5995%4 negative OCHss signals can be satisfied with
cos 0 > 0. Therefore, the result indicates that the average orientation
of OCHj3 groups pointed toward the z-axis.

The local conformation of PMMA chains at the quartz interface
is also discussed based on the MD simulation. First, the analytical
depth for the conventional and ps-SFG measurements was practi-
cally determined by comparing the MD results. Panel (a) of Fig. 4
shows a typical snap-shot of the model used in the MD simula-
tion, which included both upper and lower interfaces. To obtain
statistically meaningful data, the 8ocn, values near both interfaces
were collected. Similar to the analysis of the ps-SFG measure-
ments, the Bocn, near the upper interface was defined as the angle
between the O-C bond vector and the normal to the upper inter-
face. On the other hand, the Oocn, near the lower interface was
the angle between such a bond vector and the normal to the lower
interface.

The distribution of Bocu, at a given depth region (d) was
extracted from the MD simulation and is shown in Figs. 4(b) and
S3 in the selected depth regions. Here, the subscript number for
d denotes the corresponding depth region. The number of OCHj3
groups that are oriented within the range from focw, to Ooch, + A0
is defined as n(foch,). In the case of the isotropic orientation of
OCH3 groups, the distribution of focn, can be expressed by a sine
function as below:

B (b)

q T T
; Oochs | d-osmm ; o e |
0-5nm | (56.90.4) |

0° < e < 180°

0.5nm
ocra .

-2¢ 0 60 20 180

A (128.7%5.1)]

Frequency / a.u

5x5x8nm3

0° < Gpgpz < 180° Tilt angle / deg

(c) type A
(main chain)
(side chain)

FIG. 4. (a) A simulation model of the PMMA interface with the quartz surface.
Atoms are drawn by a space-filling molecular model. The tilt angle for OCH3 groups
(Bochs,) is defined. (b) Tilt angle distribution for OCH3 groups in the depth region
from 0 to 0.5 nm from the quartz surface. Open circles are data. Broken and solid
curves are the best fit to two peaks and the sum of them, respectively. The standard
deviation expressed by an error bar is less than 0.2%. (c) Representative local
conformations of a PMMA segment. Molecules are drawn by a ball-stick model in
which chemical bonds are emphasized in comparison with atoms in size. Purple
balls and sticks represent the atoms and bonds of the backbone.
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where N and r; are the total number of OCH3 groups in the spher-
ical region and the radius of the sphere, respectively. In the case of
d20-25nm [Fig. S3(d)], the histogram was expressed by a sine func-
tion, implying that the orientation of OCHj3 groups was isotropic.
This trend was also discerned for di.9-1.5 nm and d1.5-2.0 nm, as shown
in Figs. S3(b) and S3(c). However, in the case of do5-1.0 nm, the BocH;,
distribution deviated from a sine curve. This became more remark-
able in a shallower depth region, i.e., in the case of do_o.5 nm, as shown
in Fig. 4(b). Considering that the orientation of OCH3 groups was
observed in the SFG spectrum shown in Fig. 2, it seems reasonable
to claim that the analytical depth of SFG for this system could be less
than 1 nm.

Panel (b) of Fig. 4 shows a distribution of Ooch, at do_o.5 nm
obtained from the MD simulation at 298 K for 1 ns. Two Gaussian
functions were used to fit the data. The analysis revealed a major
peak centered at Oocp, of (56.9 + 0.4)° with a full width at half max-
imum (FWHM) of (47.0 + 1.0)°, along with a minor peak at foc,
of (128.7 + 5.1)° with a FWHM of (47.5 + 12.9)°. Hence, it is rea-
sonable to propose the existence of two distinct local conformations,
referred to as types A and B, each exhibiting a certain angular distri-
bution. In addition, the 8och, value for the major component of type
A was in good agreement with that obtained from the conventional
SFG measurements (= 63°).

Panel (c) of Fig. 4 shows representative local conformations of
types A and B. To depict these conformations, the upper interface
was selected, as the SFG signals were primarily generated from Int-
1. In the type A conformation, C=0O groups are oriented toward the
quartz interface. Conversely, in the type B conformation, ether oxy-
gen atoms are most likely to interact with the quartz surface. The
area ratio between type A and type B conformations was determined
to be 92.7:7.3, indicating that the dominant component at the inter-
face is the type A conformation. Additionally, while CH, groups
in the type A conformation were found to migrate into the inter-
nal region, those in the type B conformation were observed to be
oriented toward the SiOH interface. The conventional and ps-SFG
spectra of the annealed film demonstrated that signals for OCHzs
were markedly stronger than those for CHzs and CHaas, as shown
in Figs. 2 and 3(c). This indicates that OCH3s groups were predom-
inantly oriented at the interface. Consequently, the findings from
the MD simulation align well with the results obtained from both
conventional and ps-SFG measurements.

Finally, the energetically preferable conformation between type
A and type B is discussed. To assess this, the total potential energy
of a chain was calculated in two scenarios: when it existed in a vac-
uum and when it was adsorbed on the SiOH interface. The difference
in total potential energy between these two states, referred to as the
adsorption energy (AE,q), was determined. The AE,q values for types
A and B were found to be —52.5 and —23.8 kJ-mol~}, respectively,
indicating that the local conformation of type A was more energeti-
cally stable than type B. This preference can primarily be attributed
to the hydrogen bonding between C=0 groups and SiOH groups at
the substrate surface.

ARTICLE pubs.aip.org/aipl/jcp

CONCLUSIONS

We examined the absolute local conformation of PMMA chains
in direct contact with a quartz surface using conventional and
ps-SFG measurements in conjunction with MD simulations. Con-
ventional SFG showed that CH, groups of the main chain part
and OCH3 groups of the side chain at the interface re-oriented
upon thermal annealing. The ps-SFG measurements further indi-
cated that OCH3 groups were predominantly oriented toward the
quartz side after thermal annealing. In addition, by combining the
results obtained from SFG spectroscopy and MD simulation, it was
found that the inversion symmetry of the orientational distribution
in the PMMA film was broken within the depth range of less than
1 nm from the interface with quartz. Further analysis revealed that
in this depth region, many of the carbonyl groups and some ether
groups interacted with OH groups on the quartz surface. This inter-
action was attributed to the larger adsorption energy resulting from
the formation of hydrogen bonding for the former compared to the
latter. These findings are crucial for gaining a better understand-
ing of the complex aggregation states of polymer chains at buried
interfaces with fillers or substrates.

SUPPLEMENTARY MATERIAL

Calculations of the phase of SFG signals, the tilt angle of OCH3
groups and Fresnel coefficients, and the effective tilt angle distri-

bution were extracted from the MD simulation as a function of
depth.
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