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ABSTRACT: We developed a methodology to directly probe molecular ordering at the buried polymer/
metal interface. Using sum frequency generation (SFG) vibrational spectroscopy, we observed ordering of
ester methyl groups at the buried poly(methyl acrylate) (PMA)/silver (Ag) interface. In order to directly probe
the PMA/Ag interface, we collected SFG signal from a thin PMA film sandwiched between a fused silica
substrate and a silver surface. It was found that the observed SFG signal intensity does not depend on the
PMA film thickness. According to the calculated Fresnel coefficients of the fused silica/PMA and PMA/Ag
interfaces with PMA films of different thicknesses, it was shown that SFG signals are solely contributed by the
PMA/Ag interface. Further studies indicated that the ester methyl groups at the PMA/Ag interface tilt away

from the Ag surface.

1. Introduction

Understanding the molecular structure at the buried interface
between two bulk phases is of great importance because the
molecular structure can be correlated to the macroscopic inter-
facial properties like adhesion, friction, wettability, and
biocompatibility.' ™ No matter whether the interaction at the
interface between the two bulk phases is attractive or repulsive,
the molecular ordering at the interface is usually different from
those in the bulk phases. For example, for a polymer/metal
interface, especially an amorphous polymer/metal interface,
because of the soft and “random” nature of the polymer and
the rigid nature of the metal, we should expect a higher interfacial
order of the polymer at the polymer/metal interface compared to
that in the polymer bulk. To detect this “ordering” at a buried
interface, a nondestructive and mono- or submonolayer interface
sensitive technique is needed. Here we will demonstrate that using
sum frequency generation (SFG) vibrational spectroscopy, we
can “directly” probe such an interfacial order at the polymer/
metal interface in situ. Understanding structures at the polymer/
metal interfaces is essential for many important applications such
as anticorrosion polymer coatings and polymer adhesives in
modern microelectronics.

SFG has been extensively applied to study molecular struc-
tures of surfaces and interfaces, including polymer surfaces.” !
In order to use SFG to investigate a buried interface, it is required
that at least one of the two contacting bulk materials is trans-
parent to both visible and infrared beams so that the SFG input
beams can reach the buried interface. SFG has been successfull(y
applied to examine buried solid/solid interfaces,'¢1%27-30:31.33.37.39=
However, polymer/metal interfaces have rarely been investigated
using SFG. The uniqueness of this research is that we showed
SFG can probe polymer/metal interfaces directly. It is not
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necessary to collect SFG spectra from polymer films (on metal)
with different thicknesses, as we did previously.*” Previously, we
have successfully applied SFG to examine buried polymer/metal
interfaces, using the poly(methyl methacrylate) (PMMA)/silver
(Ag) interface as a model.** In that study, SFG spectra were
collected from a PMMA film deposited on a silver surface. To
ensure that the input beams can reach the PMMA/Ag interface,
PMMA thin films had to be used. SFG signals collected from
such a sample were contributed by the PMMA /air interface, the
PMMA/Ag interface, and the nonresonant background. In order
to deconvolute the SFG signals of the PMMA /Ag interface from
the observed “overall” SFG signals, SFG signals were collected
from PMMA films with varied thicknesses. With PMMA films of
different thicknesses, SFG signals contributed from the two
interfaces can interfere with each other in different ways. Then
the observed “overall” SFG spectra can be fitted using such
thickness-dependent interferences; from these fitting results the
contribution from the PMMA/Ag interface can be deduced.*
This method is quite time-consuming because SFG studies on
PMMA with a variety of thicknesses have to be performed. Also,
achieving satisfactory spectral fitting for several SFG spectra
(of films with different thicknesses) simultaneously with the same
set of fitting parameters (only the film thickness can be varied) is
sometimes quite challenging.

In this paper, we developed a new methodology to apply SFG
to directly probe the buried polymer/metal interface using a
poly(methyl acrylate) (PMA)/Ag interface as a model. Instead
of depositing a thin polymer film on a silver surface, here we
sandwiched a thin polymer film between a fused silica surface and
a silver surface. We found that SFG signal contributed from the
polymer/fused silica interface is negligible. Therefore, SFG signal
collected from the polymer film is solely contributed from the
polymer/metal interface. Thus, it is not necessary to make
polymer films with varied thicknesses to probe the polymer/metal
interface, as done in the previous study. Instead, we can directly
probe the polymer/metal interface using SFG. Indeed, here we

© 2009 American Chemical Society
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Figure 1. Schematic showing the SFG experimental geometry for a
sandwiched PMA thin film between a fused silica window substrate and
a silver substrate.

showed that SFG signals collected from the PMA films with
varied thicknesses are more or less similar; they do not depend on
the film thickness. This also indicates that here SFG signals from
the possible bulk contribution beyond the electric-dipole approx-
imation are negligible; otherwise, thickness-dependent SFG
signals should be observed.

2. Experimental Section

PMA (M, ~ 40000) was purchased from Scientific Polymer
Products, Inc. Fused silica windows of 1 in. diameter and ! /g in.
thickness were ordered from Esco Products, Inc. Fused silica
substrates were treated sequentially by a sulfuric acid bath
saturated with potassium dichromate, air plasma, and a piranha
solution bath (a mixed solution with 3:7 volume ratio of 30 wt %
H,0, solution and 98 wt % H,SO,). PMA films with different
thicknesses were prepared by spin-coating the PMA toluene
solution onto the cleaned fused silica substrates. Film thickness
was controlled by adjusting the spin speed and the polymer
solution concentration. After the PMA samples were annealed
at 80 °C for 1 h (the glass transition temperature, T,, of PMA is
5 °C), we deposited a 500 nm layer of silver (Ag) on top of the
polymer film using an electron-beam evaporator (1 nm/s, Cooke
Evaporator, Cooke Vacuum Products). The PMA film sand-
wiched between the fused silica surface and the deposited Ag film
was annealed at 80 °C again for 1 h.

SFG theories as well as the SFG setup used in our laboratory
have been reported extensively in previous publications® ** and
will not be repeated here. To collect SFG signals, we adopted a
“face-down” experimental geometry in our SFG experiments in
this study (Figure 1). In this geometry, the SFG input visible and
infrared (IR) beams come from the silica window side. They go
through the silica window substrate and then overlap spatially
and temporally at the PMA/Ag interface. The visible and IR
input angles (before reaching the silica window) are 60° and 54°,
respectively, with beam diameters of ~500 um. The pulse energies
of the visible and IR beams were adjusted to 5 and 90 uJ,
respectively, to avoid burning the samples. In this study, SFG
spectra were collected using ssp (s-polarized SFG signal,
s-polarized input visible, and p-polarized input infrared beam)
and ppp polarization combinations.

3. Results and Discussion

Previously, we have collected SFG spectra from the PMA
surface in air as a comparison when we investigated surface
structures of PMMA in air." In air for both PMA and PMMA,
ester methyl groups dominate the surfaces. These surface dom-
inating ester methyl groups tilt toward the surface normal. As we
mentioned above, we have studied the PMMA/Ag interface by
collecting SFG spectra of PMMA films with varied film thick-
nesses on Ag. SFG signals from the buried PMMA/Ag interface
can be deconvoluted from the observed overall SFG signals
(which were contributed from both the PMMA /air interface
and the PMMA/Ag interface). Usually the SFG signals contrib-
uted from the polymer/air interface are strong. Therefore,
the deconvolution needs to be done very carefully; otherwise,
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Figure 2. SFG spectra of the PMA thin films sandwiched between the
silica window substrate and Ag surface; the PMA thin film thicknesses
of sample a, b, ¢, d, e, f, g, and h are 19, 25, 41, 67, 89, 111, 136, and
153 nm, respectively; the spectra have been offset for clarity. (A) ssp
spectra; (B) ppp spectra.

substantial errors may be induced in the data analysis. It was
found that the PMMA /Aginterface is also dominated by the ester
methyl groups. They tilt away from the Ag surface with a smaller
orientation angle versus the surface normal (lie down more)
compared to those at the PMMA /air interface.

Here SFG spectra were collected from a PMA thin film
sandwiched between a fused silica surface and a silver surface.
For such a sample, both the PMA molecules at the silica/PMA
and PMA/Ag interfaces may generate resonant SFG signals
because of the broken inversion symmetry at the two interfaces.
Assuming that these two interfaces are azimuthally isotropic,*
the SFG ssp signal is then contributed by the second-order
nonlinear susceptibility tensor component y,,,.. of the vibrational
modes at the two interfaces, as shown in eq 1:

ng),ssp _ };vjigca/PMAX;i)lyizca/PMA + I;}llpleA/AgX}?xA/Ag + ng (1)
ng%,ssp is the effective second-order nonlinear susceptibility tensor
component probed using the ssp polarization combination of the
input and output beams; y}hc*/"MA and x4 are the second-
order nonlinear susceptibility tensor components of the vibra-
tional modes of PMA functional groups at the silica/PMA and
PMA/Aginterfaces, respectively; F j‘;‘f“/ PMA and F f}l,\fA/ A are the
apparent Fresnel coefficients for the silica/PMA and PMA/Ag
interfaces, respectively; xgr]f is the nonresonant background
mainly arising from the Ag substrate.

Figure 2 shows the ssp (A) and ppp (B) spectra of the
sandwiched PMA films with different thicknesses, and Table 1
shows the fit parameters for such spectra. The ssp spectra
collected from the PMA samples with different film thicknesses
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Table 1. Fit Parameters for SFG Spectra Collected from the PMA Thin Films Sandwiched between a Silica Window Substrate and a Silver Surface
(Figure 2): (A) for ssp; (B) for ppp

A
2955cm ! 2895 cm !
thickness (nm) A; T; A; T; ANR phase (rad)
19 305+£12 10 48+5 8 5442 —1.4+£0.1
25 332415 10 33+4 8 S7+£3 —1.34+0.2
41 342+13 10 28+4 8 59+4 —1.4+£0.1
67 30011 10 25+3 8 5243 —1.4+£0.1
89 296+ 17 10 30+4 8 56+£3 —1.34+0.1
111 293+£13 10 23+3 8 5543 —1.4+£0.1
136 286+ 15 10 3343 8 5842 —1.5+£0.2
153 290+ 14 10 25+4 8 5542 —1.5£0.1
B
2955 cm™!
thickness (nm) A; T; ANR phase (rad)
19 268 +£21 10 18243 —1.4£0.1
25 259+ 17 10 181+4 —1.440.1
41 241+£26 10 193+£5 —1.3+£0.2
67 279 +£23 10 170+ 4 —1.6+0.1
89 249+ 17 10 179+ 6 —1.3£0.1
111 245+24 10 1782 —1.3+0.1
136 250+ 17 10 184+3 —1.6+0.1
153 251+£20 10 178 £5 —1.4£0.1
2.5 believe that the observed SFG ssp spectra should be contributed
from the PMA/Ag interface because they are not dependent on
204 the film thickness, matching with the calculated Fresnel coeffi-
- | Esiicarun | cient at the PMA/Ag interfac.e.. If they are generated by. the silica/
k5 ] wz PMA interface or both the silica/PMA and PMA/Ag interfaces,
2 157 SFG spectra should be dependent on the film thickness.
§ Table 1 shows that y&yy does not depend on the PMA film
T 1.0 thickness as well. We believe that Xl:fr]f is mainly contributed from
o the Ag substrate surface. We also noticed that the phase differ-
[V . -1 -
0.5+ IF f;zWNAgI ence between Xﬁg and the negative peak at 2955 cm ™' is constant,
independent of the film thickness. This also suggests that the 2955
0.0 : — i cm™ ' peak in the ssp SFG spectra (Figure 2A) are dominated by
0 20 40 60 80 100 120 140 160 the PMA/Ag interface. Otherwise, a substantial phase change of

Thickness (nm)

Figure 3. Absolute Fresnel coefficients calculated for the silica/PMA
interface and the PMA/Ag interface as a function of the PM A thickness
for the ssp spectra.

are dominated by a negative peak at 2955 cm™'. This peak is
assigned to the ester methyl symmetric stretching (ss) mode. For
SFG ppp spectra collected from the PMA films with different film
thicknesses, only a discernible negative peak at 2955 cm™' is
observed. The observed SFG spectra do not depend on the film
thickness. This is different from the signals collected from the
polymer films deposited on a Ag surface with different thick-

nesses which we studied previously.*

We calculated both \Iﬂﬂg““/ PMA | and \Iﬂ?fA"ng\ as a function of

the film thickness using a thin-film model**** (Figure 3). It was

found that | F5,¥" /"% remains more or less the same (~0.31) when
the film thickness is varied, while |F3ilica/PMA

yyz
film thickness dependence. The constant |

| shows substantial
PMA/Ag
Fyyz

preted by the similar refractive indices of fused silica and PMA.
Because of the similar refractive indices, the SFG signal generated
from the PMA/Ag interface would not have multiple reflections
inside the PMA film, leading to no thickness dependence. We

| can be inter-

this peak relative to that of the nonresonant background should
be observed.

The SFG ppp polarization combination of the input and
output laser beams detects the second-order nonlinear suscept-
ibility tensor components of ¥z, Xz Xzxxs a0d %..., at the two
interfaces (silica/PMA and PMA/Ag), as shown in eq 2:

__ psilica/PMA
- Fxxz 4

silica/PMA , silica/PMA PMA/Ag, PMA/Ag
F Xzx Xxzx + Fx:x Xxzx +

) silica/PMA PMA/Ag, PMA/Ag
Xeff .pPpp XXz + Fxxz Xxxz +

silica/PMA
FZ,\'X X

Fsilica/ PMA

zzzZ

silica/PMA | -PMA/Ag, PMA/Ag
ZXX + FZ,\'X +

XZ,\'X
e

(2)

where X(e%%ppp is the effective second-order nonlinear susceptibility

tensor component detected using the ppp polarization combina-
s . silica/PMA - silica/PMA | silica/PMA | silica/PMA | PMA/Ag , PMA/Ag
t10n7 XXX,'Z b XXZX ! b XZX.’C ! b XZZZ b X.’C,\’Z b X,\’Z.’C bl

XIXA/ AL and x];};m/ A% are the corresponding tensor components

of the vibrational modes of PMA molecules at the silica/PMA

and PMA/A%’ interfaces, respectively; Fiica/PMA =g PMA/Ag
silica/PMA -PMA/Ag psilicaPMA -PMA/Ag posilica/ PMA PMA/Ag
FXZX bl XZX b FZXX bl F:x)( bl FZZZ b a'nd FZZZ

are the apparent Fresnel coefficients of the fused silica/PMA and
PMA/Ag interfaces, respectively; XII::)% is the nonresonant background.
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We also proved that the ester methyl symmetric stretching
peak at 2955 cm ™" in the ppp spectra is dominantly contributed
by the PMA molecules at the PMA/Ag interface. In the case of an
azimuthally isotropic interface, only four independent nonvan-
ishing components for the second-order nonlinear susceptibility*’
exist:

Xxxz = nyz* Xxzx = %yzy’ Xzxx = Xzyy’ Xzzz (3)

From our above discussion on the ssp spectra, we can deduce
that XS\ZAA"'Ag > Xf‘:‘;dp MA (because signals can only be detected
from the PMA/Ag interface in ssp spectra); we thus have yre /A2
> 5lica/PMA The ester methyl group can be treated as having a
Cy, symmetry.***’ According to the relationship between the
measured y components in the lab-fixed coordinate system and
the molecule-fixed coordinate system for the symmetric stretch-

ing mode in Cs, symmetry,*” we have

1
Kooz = Xy = 5 NsGcee [cos O(1 +7)—cos* O(1—r)] (4)

1
Xx:x = szx = Xyzy = X:yy = ENSO'CCC [COS 60— COS3 0](] _r) (5)

Koz = s(lcz‘c[r cos O+ COS3 6(1 — l‘)] (6)

The r value for the ester methyl group was determined to be 1.8 in
our previous research.'® Therefore, we have

Ywz = Lyyz = NsOeee[1.4 cos 6 + 0.4 cos® 0] (7)
Xxzx = Xzxx = Xy:y = X:yy = _0'4NS(X'CCC [COS 0 — COS3 0] (8)

Lore = NyOee[1.8 cos 0 — 0.8 cos® 6] 9)

We found from eqs 7—9 that y... and .., are much smaller
than y... and ... (see Supporting Information), while y... is in
the same order as y,.,.. Since from the previous discussion on ssp

SFG spectra, we know that ySiVPMA js much smaller than y PMA/Ae,

here we can conclude that ySc/PMA = silica/PMA =, silica/PMA
and ySle/PMA are much smaller than yPMA/A2 and thus can be
neglected in the data analysis for the ppp spectra. Furthermore, if
we inspect the four Fresnel coefficients at the PMA/Ag interface,
we find that [FinNA/A¢ (~0.073) and [FENA/A2| (~0.065) are
much smaller than [FEMAAE (~0.54) and [FEMAAL (~0.68)
(Figure 4). Therefore, the ester methyl symmetric stretching peak
at2955cm ' in the ppp spectra is dominated by the contributions
from y PMAAL and y IMA/AL at the PMA/Ag interface.

We calculated the Fresnel coefficients of the PMA /fused silica
and PMA/Ag interfaces as a function of film thickness in the ppp
spectra (Figure 4). The calculated results indicate that Fresnel
coefficients for the PMA/Aginterface is independent of the PMA
film thickness, while those for the PM A /fused silica interface have
substantial changes as a function of film thickness. Figure 2b
shows that the experimentally observed SFG ppp spectra do not
depend on the film thickness; therefore, they should be contrib-
uted solely from the PMA/Ag interface, not the PMA /fused silica
interface or both the two interfaces.

Theoretically, we should be able to deduce the tilt angle of the
ester methyl groups at the PMA/Ag interface from the measured

ratio of %SIZE/IA/ AL over X;;)\gA/Ag since both the ssp and ppp spectra
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Figure 4. Absolute Fresnel coefficients calculated for the silica/PMA
interface (A) and the PMA/Ag interface (B) as a function of the PMA
thickness for the ppp spectra.

are dominated by the ester methyl symmetric resonant signals at
the PMA/Ag interface. However, when we calculated the Fresnel
coefficients of the two interfaces, we need to use the refractive
indices of PMA at the PMA/Ag interface. We assumed that they
are the same as those of the bulk PMA. In reality, the refractive
index of the interfacial layer may be different from that of the
bulk material.*** How to evaluate the interfacial refractive index
to minimize the error in the data analysis to deduce the functional
group orientation has been extensively discussed.** Here we
would not quantify the tilt angle of the ester methyl groups at the
PMA/Ag interface. Instead, we want to determine its absolute
orientation, that is, whether the ester methyl groups at the PMA/
Ag interface tilt toward the PMA bulk or the Ag substrate.

It has been reported previously that in SFG experiments a
metal surface can generate large nonresonant backs%round signal
which can interfere with the SFG resonant signals.” The relative
phase between the nonresonant background and the resonant
peak can help deduce the absolute orientation direction (away or
toward) of the detected functional groups since they can interfere
with each other constructively or destructively based on their
relative phase.”**" A self-assembled monolayer of methyl
3-mercaptopropionate (MMP) was prepared on the Ag sub-
strate. A SFG ssp spectrum was collected from such a layer
(Figure 5), in which a negative peak at 2955 cm™ ' was observed.
This peak is contributed from the ester methyl symmetric
stretching mode. The negative peak indicates that this mode
has a different phase compared to the Ag nonresonant back-
ground. This is the same as what was observed from the ester
methyl group symmetric stretching mode at the PMA/Ag inter-
face, indicating that the ester methyl groups in the two cases
adopt the same absolute orientation. As shown in Table 1
and Table 2, the phase differences between the nonresonant



9056 Macromolecules, Vol. 42, No. 22, 2009

Methyl 3-mercaptopropionate on Ag, ssp

-
~ o
(3,1 o
1 1

[$)
o
!

SFG Intensity (a.u.)

N
[$,]
1

2800 2900 3000 3100 3200

Wavenumber (cm™)

Figure 5. SFG ssp spectrum collected from a self-assembled monolayer
of methyl 3-mercaptopropionate on the Ag substrate surface.

Table 2. Fit Parameters for SFG ssp Spectrum Collected from a Self-
Assembled Monolayer of MMP on the Ag Substrate Surface

(Figure 5)
2955 cm™! 2914 cm™! 2850 cm ™!
A; TI; A; I A; I; ANR phase (rad)

46+£3 10 10£2 9 172 9 934+02 —-14+0.1
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g
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Ag
(€3))
CH
R
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Figure 6. Possible conformations of the ester methyl groups of MMP
on Ag surface (A) and of PMA at the PMA/Ag interface.

background and the resonant ester methyl symmetric stretching
for both the silica/PMA/Ag and MMP/Ag systems are ~—1.4.
For the MMP layer, the ester methyl group should tilt away from
the Ag surface because of the Ag—S chemical bonds at the
interface and the hydrophobicity of the methyl groups
(Figure 6a). Therefore, at the PMA/Ag interface, ester methyl
groups also tilt away from the Ag surface. This result agrees with
our previous study of the PMMA/Ag interface.*> The ester
compounds are widely used in formulations of adhesion promo-
ters for adherence to metals. The observed interfacial order and
interfacial absolute orientation would favor exposing the elec-
tronegative oxygen atoms to the Ag side and help form strong
interactions between the metal and the ester groups, as depicted in
Figure 6B.

4. Conclusion

In this paper, we demonstrated that polymer molecular order
at a buried polymer/metal interface can be directly probed by
SFG. Using a PMA film sandwiched between a fused silica
surface and a silver surface, we showed that SFG signals collected

Lu et al.

from the PMA film do not depend on the film thickness. By
evaluating the Fresnel coefficients of the fused silica/PMA and
PMA/Ag interfaces, we concluded that SFG signals are domi-
nated from the polymer/metal interfaces in both ssp and ppp
spectra. The SFG spectra are dominated by the symmetric
stretching signal from the ester methyl groups in PMA. Accord-
ing to the SFG phase measurement, absolute orientations of
functional groups at interfaces can be deduced. Compared to the
SFG signal collected from a MMP monolayer on Ag, it was
found that ester methyl groups tilt away from the Agat the PMA/
Aginterface. Itisimportant to investigate molecular structures of
interfaces because they determine interfacial properties. We
believe that this research will impact studies on polymer/metal
interfaces as well as other organic/metal interfaces and organic/
metal hybrid materials, which are important in many import-
ant application areas of composites, coatings, and modern
electronics.
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