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ABSTRACT: Sum frequency generation (SFG) vibrational spectroscopy has been applied to investigate the
molecular structure of the buried poly(methyl methacrylate) (PMMA)/silver (Ag) interface. To elucidate such a
structure, PMMA films with different thicknesses deposited on Ag substrates have been studied in the experiments.
SFG signals collected from such PMMA films are interference results of the signals generated from the PMMA/
air and PMMA/Ag interfaces. Such signals also include some nonresonant contributions from the samples. When
the PMMA film thickness is changed, such an interference effect also varies. SFG signals from the buried PMMA/
Ag interface have been successfully deconvoluted from such detected interference results, from which molecular
structure of the PMMA/Ag interface can be inferred. The signals from the ester methyl groups dominate the SFG
signals deduced for the PMMA/Ag interface, indicating the dominating presence of the ester methyl groups at
this interface. The ester methyl groups point away from the Ag surface with a large tilt angle. They lie down
more toward the interface compared to those on the PMMA surface in air. Methylene and o-methyl groups are
also detected at the PMMA/Ag interface. This research demonstrates that SFG is a viable technique to elucidate

molecular structures of buried polymer/metal interfaces.

1. Introduction

Interfacial properties such as adhesion are controlled by
molecular interfacial structures. Understanding molecular struc-
tures of organic materials (such as polymers) at an interface
with metal is crucial for the development of adhesives in
microelectronic assembly, paints, coatings, composites, and
anticorrosives.! However, such interfaces are buried and thus
it is difficult to probe their structures using conventional
analytical techniques. Traditionally, to study such structures,
the buried interfaces need to be broken, and the two resulting
surfaces exposed to air can be investigated.>® Important
structural information has been deduced from such studies.
Sometimes such experimental procedures may alter the inter-
facial structures, especially for those interfaces which have good
adhesive properties. Therefore, it is necessary to develop a
technique which can probe molecular structures of buried
interfaces in situ. In this research, we want to develop methods
to probe polymer/metal interfacial structures at the molecular
level in situ.

Recently, sum frequency generation (SFG) vibrational spec-
troscopy has been applied to study molecular structures of
surfaces and interfaces, including polymer surfaces.* ** SFG
is a nonlinear optical vibrational spectroscopic technique which
can selectively probe molecular structure of a surface or an
interface with a submonolayer surface specificity in situ.* " It
has been used to study many interfacial problems involving
polymers,*® such as polymer surface structures in air, polymer
surface restructuring in water, molecular interactions between
polymer surfaces and biomolecules (such as proteins), polymer/
polymer interfaces, and surface structures of polymer blends
and copolymers. Here we select the poly (methyl methacrylate)
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(PMMA)/silver (Ag) system as a model to study polymer/metal
interfaces using SFG.

PMMA is widely used as materials for biomedical implants,
barriers, membranes, micro lithography, and optical applica-
tions.* ** In all these applications, understanding surface/
interfacial structures of PMMA is very important. PMMA
surfaces have been extensively studied by many research groups
using various techniques including surface tension measure-
ments, secondary ion mass spectrometry (SIMS), and X-ray
photoelectron spectroscopy (XPS). Excellent results have been
obtained from such studies.**~>?

Surface structures of PMMA have also been investigated
using SFG in our group.'>" It was found that in air the ester
methyl groups dominate the surface. Such ester methyl groups
more or less stand up on the surface. Weak carbonyl SFG signals
have been detected, showing some presence of carbonyl groups
on the PMMA surface in air. Research also shows that different
from surface dominating methyl groups of other polymethacry-
lates with longer side chains, ester methyl groups on the PMMA
surface do not restructure in water.'* This may be due to the
fact that they are more hydrophilic than normal methyl groups,
and PMMA structure is quite rigid. The surface structures of
PMMA in air as a function of temperature were studied by Chou
et al. using SFG.* The surface structural changes of PMMA
after the deposition of a layer of SiO, has also been examined
using SFG by Miyamae and Nozoye.*® In addition to the pure
PMMA polymer, PMMA polymer blends and copolymers with
other polymers have been investigated using SFG in our group
as well as other laboratories.”**’ In this study, SFG has been
applied to investigate the molecular structure of the buried
PMMA/Ag interface. SFG spectra of PMMA films with different
thicknesses on Ag have been collected and analyzed. Such
spectra are the result of interference between those contributed
from the PMMA/air interface and the PMMA/Ag interface. An
existing model published in the literature®® has been adopted
to analyze such spectra to deconvolute the SFG signal generated
from the PMMA/Ag interface, from which structural information
of the polymer/metal interface can be deduced. We believe that
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the methodology presented in this research is general, which
can be applied to study many other polymer/metal interfaces in
situ at the molecular level using SFG in the future. We should
mention that excellent research applying SFG to study organic
molecules at buried interfaces and other buried polymer
interfaces (but not polymer/metal interfaces) through investigat-
ing polymer films with different thicknesses has been published
previously, 739343

2. Experimental Section

2.1. Materials. PMMA has been purchased from Sigma-Aldrich
Co. with M,, of 996 000 (GPC data from the company). PMMA
films were prepared by spin-coating PMMA solution in toluene
onto the substrates. The PMMA film thickness was controlled by
adjusting the spin speed and the solution concentration. Two types
of substrates, fused silica windows and evaporated silver layer on
glass, were used in this research. Fused silica windows were
purchased from Esco Products, Inc. They were pretreated by a
sulfuric acid bath saturated with potassium dichromate and air
plasma to remove the possible surface contamination before spin-
coating. Silver substrates were prepared by depositing a 500-nm
silver layer on glass slides (with a 15-nm nickel layer in between
to promote the adhesion) using an electron-beam evaporator (Cooke
Evaporator, Cooke Vacuum Products). The glass slides were pre-
treated by piranha solution (a mixed solution with 3:7 volume ratio
of 30 wt % H,0, solution and 98 wt % H,SO,) to eliminate the
possible surface contamination. The prepared PMMA samples on
substrates were placed in a vacuum dessiciator overnight. The
PMMA film thicknesses were measured by an ellipsometer (EP3-
SW imaging ellipsometer, Nanofilm Technologie, GmbH). SFG
spectra were collected with the face-down geometry (with the input
laser beams going through the substrate and the PMMA film to
reach the PMMA/air interface)'” for the samples on the fused silica
window and with the face-up geometry (with the input laser beams
directly reaching the PMMA samples from air)'? for the samples
on the Ag substrates.

2.2. SFG Experiment. SFG theory has been well developed and
extensively published in the literature.>®”°® The SFG setup and
experimental geometry used in the current investigation have been
reported in previous publications.'? ?* Briefly, the visible and
infrared (IR) input beams overlap spatially and temporally on the
polymer surface with input angles of 60° and 54° respectively and
beam diameters of approximately 500 um. The pulse energies of
the visible and IR beams were approximately 3 uJ and 90 uJ
respectively for PMMA films on Ag. The lower pulse energies were
used to avoid burning the samples.

In the current investigation, the spectra were taken in the ssp
(s-polarized sum frequency output, s-polarized visible input, and
p-polarized IR input) and sps polarization combinations. For the
PMMA films on the fused silica substrates, both ssp and sps SFG
spectra in the frequency range between 2800 and 3100 cm™! were
detected. For the PMMA films on Ag substrates, in the same
frequency range, only ssp SFG spectra were collected.

3. SFG Data Analysis

The SFG output intensity in the reflected direction can be
written as®®

32 2
)= 8mw” sec” ‘X(ejzj‘)
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where n1(w;) is the refractive index of the incident medium at
frequency w;, w, and 3 are the frequency and the reflection angle
of the sum frequency field, respectively. /;(w) and () are
the intensities of the two input fields with frequencies w; and
w,. T is the pulse-width of both input lasers. A is the overlapping
cross section of the two input beams at the sample, and y.;®
is the effective second-order nonlinear optical susceptibility. The
different tensor components of y@ (y® is the second-order
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nonlinear optical susceptibility defined in the laboratory-fixed
coordination system) can be measured through collecting SFG
spectra using certain different polarization combinations.®® For
example,

;&;1 =L ()L, (0)L.(w,) sin B, 2)

Xfejzjz,sps = Lyy(w)Lzz(wl)Lyy(WZ) sin ﬁl%yzy (3)

Here y,y. and y,., are different components of y® with the
lab coordinates chosen such that z is along the interface normal
and x is in the input laser incident plane. yeg.5p® and yepops™
are the components of the effective second-order nonlinear
optical susceptibility measured in the experiment by collecting
the ssp and sps SFG spectra. L;;’s (i = X, y, or z) are the Fresnel
coefficients, and 3; and 3, are angles between the surface normal
and the input visible beam, and the input IR beam, respectively.
When the IR frequency is near the vibrational resonance, the
effective second-order nonlinear susceptibility can be written
as (using ssp polarization combination as an example):

(0) — +F L 4)
Xeﬁ,ssp XNR sur - Wy — wq + qu

Fyy=Ly(@)L (@)L (@) sin B, 5)

sur

xnr 1s the nonresonant background. F, is the complex Fresnel
coefficient and its value can be obtained from eq 5. A, w,, and
I', are the strength, resonant frequency, and damping coefficient
of the vibrational mode ¢. The SFG spectra from a surface or
an interface can then be fitted using Equation 6:

A
I((U) = C'XNR + Fsurz m
q 2 q q

Clearly, A,, w,, and I'; can be obtained by fitting the SFG
spectra. C is the proportional factor.

2

(6)

4. Results and Discussions

4.1. Summary of the PMMA/Air Interface Structural
Studies. Previously, the molecular surface structure of PMMA
in air has been studied in detail using SFG in our laboratory.'?
We used a PMMA film deposited on a fused silica substrate to
study the PMMA/air interface in that research. It was shown
that SFG signals collected from such a sample are contributed
by the PMMA/air interface, with almost no contribution from
the PMMA/fused silica interface or the PMMA bulk.'” The
PMMA/air interface is dominated by the ester methyl groups.
Such surface dominating ester methyl groups on the PMMA
surface in air have some orientation ordering. From ssp, ppp,
and sps SFG spectra, we deduced that the orientation and
orientation distribution of ester methyl groups assuming a
Gaussian distribution f{f) = C exp[—(6 — 60)/20?]. Here 6y
and o are defined as average orientation angle and orientation
angle distribution. The results indicated that the orientation and
orientation distribution of ester methyl groups should be between
the orientation angle 6y of 33° vs the surface normal with a 0
angle distribution (o = 0) and 6y of 0° vs the surface normal
with an angle distribution o of 31°, assuming a Gaussian
orientation distribution. The measured SFG intensity calibrated
by a z-cut quartz confirms this conclusion. We also find that
the a-methyl groups tend to lie down on the PMMA surface,
and the methylene groups are not detected on the PMMA surface
in air.

In order to reliably deconvolute SFG signals generated from
the buried PMMA/Ag interface from the SFG signals collected
from the PMMA films on Ag which contain both contributions
from the PMMA/air interface and the PMMA/Ag interface, it
is necessary to use the “known” SFG signals generated from
the PMMA/air interface. We therefore collected SFG spectra
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Figure 1. The ssp SFG spectrum from a 44-nm PMMA film on a fused
silica window.

Table 1. Fitting Results for the SFG Spectra of the PMMA
Surface in Air and the PMMA Interface with the Ag Substrate
(Fresnel Coefficients Are Included into the Fitting)

A; (ssp)
w; PMMA surface PMMA interface

(ecm™) in air with the Ag substrate T;

2844 28.0 150.0 7.0
2895 12.0 0 9.0
2918 15.0 0 8.0
2940 =5.0 —180.0 7.0
2955 138.0 260.0 8.0
2991 0 —80.0 11.0
3020 0 —65.0 11.0

again from the PMMA films deposited on fused silica substrates
and carefully fit such spectra in this research. The ssp SFG
spectrum collected from the PMMA/air interface is shown in
Figure 1 and the fitting results are displayed in Table 1. The
SFG spectrum and the fitting results are quite similar to the
results we published previously.'?

The peak assignments for vibrational signals of PMMA have
been discussed several times in the published results®’ 7' and
also in our previous paper.'? It is believed that the ~3020 cm™!
peak is from one of the C—H asymmetric stretching mode of
the ester methyl group. The ~2990 cm™! peak is contributed
from another C—H asymmetric stretching mode of the ester
methyl group, as well as a C—H asymmetric stretching mode
of the o-methyl group. The ~2955 cm™! signal in the ssp spectra
is mainly contributed by the C—H symmetric stretching mode
from the ester methyl group. The infrared spectroscopic studies
on isotope labeled PMMA indicate that the peak around 2930
to 2940 cm™! is contributed by the C—H symmetric stretching
of the a-methyl and methylene groups.®”"!

We also collected the sps spectrum from the PMMA/air
interface (not shown). Like the ssp spectrum, it is also similar
to what was published before.'? This research reproduced the
experimental results which we published previously. The ssp
results will be used in the data analysis below to deduce the
SFG signals from the PMMA/Ag interface.

4.2. PMMA/Ag Interface. 4.2.1. Fitting the SFG Spectra
of the PMMA Films on the Ag Substrates. Now considering a
PMMA film on a silver substrate, the inversion symmetry is
broken at both the PMMA/air interface and the PMMA/Ag
interface so that both interfaces can generate resonant SFG
signals. SFG signals collected from the PMMA films should
be interference results from the signals contributed by these two
interfaces. Similar interference results have been observed in
previous publications.?**° The effective second-order nonlinear
susceptibility can thus be written as:
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Xg%ssp — L;;)j}lc‘e(w)L.VM{fac'e(wI)Lsmface(w2) sin ﬂzxsmﬂu'e +

Yy 2z yyzZ

L;}rerfa(te(w)Lif;)tetface(wI)Lgrerface(wz) sin ‘Bzxil;i:?rface +XNRei¢”p (7)

L;pvface and L;fnterface (j = x, y, or z) are the Fresnel coefficients
of the PMMA/air interface and the PMMA/Ag interface,
respectively. xy,, 7 and y,, " are the ¥ components of
the PMMA/air interface and the buried PMMA/Ag interface.
¥k 1s the nonresonant background signal contributed from the
samples, possibly from the Ag substrate, the PMMA bulk film,
or various interfaces. Clearly, if yy,.*74 is known, it would be
much easier to deduce yy,, . Various terms in yyy."*#*cand
ynr can be obtained by fitting the collected SFG spectra. In
order to simplify eq 7, we have

F\;;Zﬁzce — \L;;r]‘ace(w)llxijaw(wI)L;grﬁlce(wz) sin ﬁz (8)

F;'gtze;face — L;t;fe(face(w)Lig)terfuce(wI)Liﬁterface(wz) sin ﬁz (9)
Combining eqs 1, 7, 8, and 9 we then have

I((U) — CF;:;faceX;y;Zjuceeub + F;;z))‘zc’{futcxggl)if(fate + XNRel(p (10)

@ and ¢ are the phase difference between the surface and the
interface signal and the phase difference between the nonreso-
nant background and the interface signal, respectively. Equation
10 is the final expression which will be used to fit the ssp SFG
spectra generated from the air/PMMA/Ag samples.

4.2.2. Molecular Information of the PMMA/Ag Interface. As
discussed, molecular structural information of the buried
PMMA/Ag interface can be deduced from SFG spectra collected
from the air/PMMA/Ag samples, which contain the spectral
contribution from this interface. To accomplish this, SFG spectra
from the PMMA films with different thicknesses on the Ag
substrates were collected. As shown in the previous publica-
tion,'? the bulk contribution to the SFG signal from the PMMA
film is negligible. Therefore, such SFG signals are interference
results of spectral contributions from the PMMA/air interface,
the buried PMMA/Ag interface, and the nonresonant back-
ground. To deduce the SFG signal from the PMMA/Ag
interface, the collected SFG spectra were fitted by using eq 10.

First, it is necessary to calculate the Fresnel coefficients of
the PMMA/air interface and the PMMA/Ag interface (please
see the Supporting Information for more details).>*”* Figure 2
shows the Fresnel coefficients of the PMMA/air interface, the
PMMA/Ag interface, and the phase difference between the
PMMA/air interface and the PMMA/Ag interface in terms of
the PMMA film thickness. Clearly, such factors vary for each
interface when the film thickness is altered, leading to different
constructive or destructive signal interferences of the two
interfaces as well as the nonresonant background. This should
result in substantial variations of the SFG signal intensity when
the PMMA films with different film thicknesses are studied.

Figure 3 shows SFG spectra collected from PMMA films on
the Ag substrates with different thicknesses of 39, 92, 125, 185,
and 247 nm. Indeed SFG spectra intensities are markedly
different. It is difficult to fit such thickness dependent SFG
spectra well by only using the PMMA/air interface contribution.
Figure 4 shows the best fitting results using only the contribu-
tions from PMMA in air. They do not match the experimental
data very well. We believe that SFG spectra collected from
PMMA on the Ag substrates are contributed from both the
PMMA/air and PMMA/Ag interfaces. Thus to fit these spectra
better, the contributions from both the PMMA/air and the
PMMA/Ag interfaces should be included in the fitting using
Equation 10.

Figure 5 displays the fitting results when the buried PMMA/
Ag interface signal contribution is also considered. Such results
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Figure 3. The ssp SFG spectra of PMMA films with different
thicknesses on the silver substrates. The arrows on the right indicate
the baseline for each spectrum.

can match the experimentally collected SFG spectra very well.
Such fittings used contributions from the PMMA/air interface
deduced from section 4.1, experimentally measured PMMA film
thickness, and signals from the PMMA/Ag interface with a
nonresonanct background. We believe that such fittings are
reliable because they fit a huge intensity difference among
signals from various PMMA samples excellently, and also for
almost all the details in various spectral features. Such fittings
are much closer to the measured data than those using only the
contributions from the PMMA surface in air. The fittings are
not only working for a single spectrum, but for all the five
spectra collected from the PMMA films with different thick-
nesses simultaneously.

From such “global” fitting results, the SFG spectrum con-
tributed from the PMMA/Ag interface has been deduced, as
shown in Figure 6. The fitting parameters for both the PMMA/
air and PMMA/Ag interfaces are shown in Table 1 with the
consideration of the Fresnel coefficients. The deduced SFG
spectrum from the PMMA/Ag interface is markedly different
from that of the PMMA surface in air. In addition to a
dominating peak at 2955 cm™!, which is mainly contributed
from the C—H symmetric stretching mode of the ester methyl
group, a strong peak at 2940 cm™!, a peak with intermediate
intensity at 2844 cm™!, two weak peaks at 2991 and 3020 cm™!
were also obtained from fitting. We should mention that the
fittings for all the peaks are according to equation 10, except
that we need to adopt a “special” phase for the 2844 cm™! peak
from the PMMA/Ag interface to ensure the good fitting around
this frequency. We cannot simply use a “+” or “—” for the
signal strength to fit this peak, instead, we need to use an
intermediate phase. This is quite a persuasive proof that this
peak is not from a single vibrational mode for PMMA. As we
will show in more detail later, the peak at 2940 cm™! should
be assigned to the methylene symmetric stretch. The negative

amplitude of this peak indicates that the methylene groups point
to the opposite direction at the interface comparing to the ester
methyl groups.

Bain et al. discussed the surfactant adsorbed at a solid surface
in a published article.”* The resonant nonlinear second-order
susceptibility changes the sign when the adsorbent changes the
absolute orientation, e.g., switches from the “pointing-away
from” to the “pointing-to towards” the substrate surface. A
relatively large nonresonant background can be used to dif-
ferentiate the two different absolute orientations since the
interference of the nonresonant background and the resonant
signal provides the phase information.”* We also adopted a
similar method to determine the absolute orientations of silane
molecules at the polymer/silane interfaces.”” The strongest peak
in the deduced SFG spectrum from the PMMA/Ag interface is
still the ester methyl symmetric stretch. The signal strength of
this peak has the same sign (+260) as that in the SFG spectrum
collected from the PMMA/air interface (4+138). We believe that
the same sign of this peak for the PMMA/air interface and the
PMMA/Ag interface indicates that both the ester methyl groups
at the PMMA/air interface and the PMMA/Ag interface point
to the same direction. We believe that the ester methyl groups
on the PMMA surface in air should point to the air, because
methyl groups are hydrophobic groups and air is hydrophobic
too. Therefore, it can be deduced that the ester methyl groups
at the PMMA/Ag interface point away from the Ag substrate.

The weak peaks at 2991 and 3020 cm™! are contributed from
the antisymmetric stretches of the ester methyl groups. The
fitting results would be much worse if we set the strength of
both peaks to zero for the PMMA/Ag interface. The 2991 cm™!
peak may also contain contributions from the asymmetric stretch
of the oo methyl groups. Here we deduce the possible tilt angle
of the ester methyl groups at the PMMA/Ag interface by using
the ratio of the nonlinear susceptibility tensor components yyy.
and . 4s.'* Such a ratio is related to the orientation angle 6
of ester methyl groups vs the surface normal through the
following relation:

Lyvs O [cos O(1 +r)— cos’ O(1 — r)]
| s | I (11)

|nyz.,a.\‘ 2a,,,(cos 0 — cos’ 6)
where O, and 0.4 are hyperpolarizability components, r is
the ratio of the two hyperpolarizability components and r =
Olgac/Qece. Figure 7 shows the calculated lyyy. o/%yyzas! value as a
function of 6, for several different tilt angle distributions (0°,
10°, 20°, 30°, 34°, 40°) when a Gaussian distribution function
is assumed. Since both the peaks are quite weak, and the ester
methyl and a-methyl groups may contribute to the peak at 2991
cm™!, only a semiquantitative discussion on the ‘“possible”
orientation range is given here. The upper limit considers that
the antisymmetric stretches at 2991 cm™! and at 3020 cm™! of
the ester methyl groups generate the same intensity. The lower
limit considers that the peak at 2991 cm™! is only from the
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Figure 4. Best fit for the ssp SFG spectra of PMMA films with the contribution only from the PMMA/air interface.

ester methyl groups with no contribution from the a-methyl
groups. In the latter case, the asymmetric stretching intensity
of the ester methyl group is the sum of the intensity of the 2991
cm™! and 3020 cm™! peaks.

Considering the upper limit while the measured lyyy. /% yyz asl
is 2.75, the possible orientation is between the two extremes of
a tilt angle of 45° with a d-distribution and a tilt angle of 90°
with a distribution width of 40°. Considering the lower limit
while the measured lyyy. /Xyyzas! 15 2.47, the possible orientation
is between the two extremes of a tilt angle of 48° with a
O-distribution and a tilt angle of 90° with a distribution width
of 34°. The possible tilt angles and the angle distributions should
be inside the hatched areas shown in Figure 7. Nevertheless,
the possible tilt angles of the ester methyl groups at the PMMA/
Ag interface are larger than those at the PMMA/air interface.
Therefore the ester methyl groups tilt more toward the surface
at the PMMA/Ag interface comparing to those at the PMMA/
air interface.

As we discussed in the previous publication,'? the two ester
methyl group asymmetric modes should have similar signal
intensities, which means that the contribution of the a-methyl
asymmetric stretch for the 2991 c¢cm™!' peak should have a
negative phase—then its symmetric stretch at ~2940 c¢cm™!

should be positive. While the deduced 2940 cm™! signal has a
negative phase, thus we believe that it is not dominated by the
contribution from the o-methyl symmetric stretch, but the
symmetric stretch of the methylene groups. Therefore such
methylene groups adopt a different absolute orientation compar-
ing to the ester methyl groups.

When PMMA films with different thicknesses are deposited
on the Ag substrates (e.g., 92 and 185 nm), their SFG signal
intensities can differ by 2 orders of magnitudes (Figure 3). The
signal intensity is contributed by many factors, such as the
nonresonant background and the Fresnel coefficients in front
of the resonant contribution terms as shown in eq 10. The origin
of the nonresonant background is quite complicated. We found
that the best fitting of various PMMA samples generated
different values of ,,. In Equation 10, if yng is substituted by
Fyy/merfacey g and the nonresonant background is assumed only
generated from the Ag substrate surface, ynr is still varied when
the film thickness is different, as shown in Table 2. This suggests
that yng is not only from the silver substrate.

5. Conclusion

This research developed a methodology to probe buried
polymer/metal interfaces using SFG. The PMMA/Ag inter-
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Figure 5. Best fit for the ssp SFG spectra of PMMA films with the contributions both from the PMMA/air interface and the PMMA/Ag interface.
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face was used as a model to develop this methodology. SFG
spectra were collected from the PMMA films with different
thicknesses on Ag substrates. Such spectra were successfully
fitted using the interferences between the signals from the
PMMA/air interface, the PMMA/Ag interface, and the
nonresonant background, from which the SFG signal con-
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Figure 7. Calculated values of lyyy. ¥yl as a function of the tilting
angle 6, and angle distribution.

tributed from the PMMA/Ag buried interface can be deduced.
Such SFG signals provide understanding on molecular
structural information of the buried polymer/metal interface.

It has been shown that the PMMA structure at the PMMA/
Ag interface is different from the PMMA surface in air. For
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Table 2. Fitting Results for ynz and yng

thickness (nm) 39 92 125 185 247
XNR 57 108 48 22 38
JNR 384 355 348 304 243

the PMMA surface in air, ester methyl groups dominate the
surface, with an ordered orientation pointing toward the
surface normal. At the PMMA/Ag interface, in addition to
the ester methyl groups, methylene and a methyl groups also
present at the interface. The ester methyl groups at the
PMMA/Ag interface is deduced to point away from the Ag
substrate with a larger tilt angle, tilting more toward the
interface.

This research demonstrates that it is feasible to probe
molecular structures of buried polymer/metal interfaces in situ
using SFG. We believe that continued success in the research
in this direction will develop SFG into a powerful and
nondisruptive tool to study polymer/metal interfaces, providing
important information to optimize interfacial structures to
enhance the properties (e.g., adhesion) of polymer/metal inter-
faces. Currently further SFG studies on many other polymers
at the polymer/metal interfaces are being carried out and
molecular dynamics simulations are being used in the research
to confirm SFG results.
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