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Abstract

Vibrationally resonant sum-frequency generation (VR-SFG) has been used to characterize the molecular orientation

of the phenyl groups at the interface between polystyrene (PS) films and surface-modified glass substrates. Both the

interface structure and the film adhesion are found to vary as the substrate surface is changed from hydrophobic to

hydrophilic. The improved adhesion on the hydrophilic substrate is attributed to the development of attractive hy-

drogen bonds between surface hydroxyl (OH) groups and the p electron cloud of the phenyl ring. This interaction is
manifest by changes in the orientation distribution of the phenyl rings at the interface. Published by Elsevier Science

B.V.

1. Introduction

Polymer/solid interfaces are critical to many
applications including adhesives, protective coat-
ings, lubricants, and composites. Polymer inter-
faces can differ considerably from the bulk in
important characteristics such as glass transition
temperature, end-group concentration, molecular
mass distribution, amorphous/crystalline ratio
and crosslink density [1]. Functional performance

characteristics, such as practical adhesion of thin
films or tensile yield stress in composites depend
in a complex fashion on both interface and bulk
properties [2]. Nonetheless, there often is a clear
relationship between functional performance and
interface properties [2,3]. Substrate surface mod-
ification is an important tool for the optimization
of polymer/solid interfaces. Rational interface
design is hampered by the lack of molecular level
diagnostics for buried interface structure. Buried
interfaces are inaccessible to charged particle
probes, and X-ray and neutron scattering
techniques have limited interfacial sensitivity. We
have used vibrationally resonant sum frequency
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generation (VR-SFG) spectroscopy to determine
the molecular structure at the interface between a
simple glassy polymer, polystyrene (PS), and a
glass substrate as the substrate surface is modified
from hydrophobic to hydrophilic. The orientation
of the phenyl groups of PS, ðCH2CHC6H5Þn, as
determined by VR-SFG spectroscopy, changes
significantly with substrate modification. The
orientation of the phenyl groups at a hydropho-
bic surface to which PS adheres poorly is very
similar to the orientation of PS at the air inter-
face. The orientation of the phenyl groups at a
hydrophilic surface to which the film adheres
more strongly is different, consistent with a
polymer rearrangement driven by attractive in-
teractions between the hydroxyl (OH) groups of
the hydrophilic surface and the p electron cloud
of the phenyl ring. This work demonstrates that
we now have an in situ probe able to guide
the optimal design of polymer/substrate interac-
tions.
VR-SFG is a nonlinear vibrational spectros-

copy in which one detects a visible photon cre-
ated by the summation (SUM) of a resonant
infrared (IR) photon and a typically nonresonant
visible (VIS) photon. The mixing process is
symmetry forbidden in the dipole approximation
in centrosymmetric media such as liquids and
noncrystalline solids, but allowed by the broken
symmetry of an interface. Therefore, the spec-
troscopy is uniquely suited to the study of sur-
faces and interfaces [4]. When studying thin films,
procedures must be developed to isolate the sig-
nal from the buried interface of interest from the
signal due to the other surfaces in the system,
such as the film free surface and the substrate
backside surface. We have developed a thin film
interference technique that, unlike total internal
reflection VR-SFG [5–7], allows the study of
buried interfaces between any two dielectric
films, independent of the dielectric constant of the
films [8].

2. Experimental

The films of interest, in this case a layer of
spin-on-glass (SOG) and then a film of atactic

PS, are deposited on a Au mirror. The SOG films
were formed by spin coating Dow Corning FOx-
14� 1 at 2000 RPM from methyl isobutyl ketone
solutions onto Au films (�200 nm thick) evapo-
rated on Si wafers. The films were annealed at
300 �C in air for 1 h. The polymer thin films were
atactic 220,000 number-average relative molecular
mass PS, spin coated at 2000 RPM from toluene
solutions and annealed under vacuum for 2 h at
120 �C. All PS and FOx film thicknesses were
determined by spectrometric ellipsometry and are
accurate to �1 nm. AFM studies of the glass prior
to deposition of the PS determined an RMS
roughness of 1.2 nm, while studies of the PS
free surface determined an RMS roughness of
0.5–0.8 nm.
The experiments were performed with a

broad-bandwidth SFG apparatus in which
broadband (>150 cm�1 FWHM) 3 lm IR pulses,
derived from a �100 fs, 1 kHz, regeneratively
amplified Ti-sapphire laser system, were tempo-
rally and spatially overlapped with narrow-
bandwidth (� 3 cm�1) 794 nm (VIS) pulses at the
sample. The reflected sum-frequency light was
collected, dispersed in a 0.75 m spectrograph,
and detected with a scientific grade CCD array
detector. This allowed the simultaneous acquisi-
tion of a >300 cm�1 wide SFG spectrum. In this
work, the IR and VIS pulse energy, beam di-
ameter, and angle-of-incidence with respect to the
surface normal were typically: 4 lJ, 100 lm, 54�
and 1 lJ, 150 lm, 36� respectively. The displayed
spectra were normalized by the response of a Au
film covered with a perdeuterated PS film, which
corrects for the intensity envelope of the broad-
bandwidth IR pulse. All spectra are presented
with the x-axis as the IR wavenumber, to allow
easy comparison with linear vibrational spec-
troscopies.

1 We identify certain commercial equipment, instruments, or

materials in this article to specify adequately the experimental

procedure. In no case does such identification imply recom-

mendation or endorsement by the National Institute of

Standards and Technology, nor does it imply that the materials

or equipment identified are necessarily the best available for the

purpose.
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3. Results and discussion

The VIS and IR fields at the Au/SOG, SOG/PS,
and PS/air interfaces are determined by interfer-
ence between the incident and reflected beams.
Similarly, the detected sum-frequency radiation is
influenced by interference between direct and re-
flected paths. By appropriate choice of angle of
incidence and film thickness, these interferences
can be used to selectively probe either the free PS/
air or buried SOG/PS interface [8]. Fig. 1 shows
VR-SFG spectra from two Au/SOG/PS/air sam-
ples, one optimized for the PS/air surface, and one
for the buried SOG/PS interface. The C-H
stretching modes of the phenyl ring dominate the
spectra in the 3000–3100 cm�1 range displayed.
The spectra are clearly different, establishing se-
lectivity for different interfaces. This is confirmed
by the spectra in Fig. 1 of the same samples after
UV-ozone treatment of the free PS surface: the
spectrum originating at the exposed PS/air inter-
face is destroyed while that originating at the

buried interface is unaffected. UV irradiation and
plasma treatment of PS free surfaces has been re-
ported to disrupt aromatic SFG signals [9].
The signal in a VR-SFG experiment arises from

the coherent superposition of radiation from res-
onant and nonresonant terms and can be ex-
pressed as [10]:

Signal / Beiu

����� þ
X

r

Ar

m � mr þ iCr

�����

2

; ð1Þ

where u is the relative phase between the vibra-
tional resonances (frequency mr, strength Ar, line-
width CrÞ and the non-resonant background B.
The reflection coefficients for the IR, VIS and
SUM beams are included in B, Ar, and u [8]. The
surface of Au has a strong non-resonant nonlin-
earity [11], completely dominating B. The vibra-
tional resonances of the SOG or PS films may
appear on this nonresonant background as posi-
tive, negative, or asymmetric Lorentzian features,
depending on u. From u one may determine

(a) (b)

Fig. 1. VR-SFG spectra (gray) before and after UV-ozone treatment of the free surface. (a) Sample optimized for study of the free

interface (129 nm PS film on a 198 nm SOG film). (b) Sample optimized for study of the buried interface (129 nm PS film on a 330 nm

SOG film). The lines through the data (black) are fits to the model described in the text. The imaginary parts of the resonant com-

ponents of the fits are also shown offset above the data. All spectra were recorded in a SSP configuration: the detected SUM and

incident VIS pulses were polarized perpendicular to the plane of incidence (S), i.e. with the electric vector maximized in the surface

plane, and the IR pulse was polarized in the plane of incidence (P), i.e. with electric vector components both in the surface plane and

along the surface normal. The spectra after UV-ozone treatment have been displaced for clarity.
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whether a particular transition dipole vector
points toward or away from the Au surface [12]. In
Fig. 1 the spectra prior to ozone treatment are fit
to the form of Eq. (1). The fits include seven res-
onant lines for each interface, five fundamental
modes and two combination bands, [13] and ac-
count for minor contributions to the spectra by the
excluded interface. Also shown are the imaginary
parts of the resonant components for the domi-
nant interface; these show the frequency, mr, width,
Cr, and the strength and sign of Ar for each vi-
brational resonance. The three principal features
in the spectrum of the free surface appear at 3024,
3035, and 3067 cm�1 and can be assigned to the
m20B, m7A, and m2 normal modes of mono-substi-
tuted benzene [14]. 2 The SFG spectrum of the free
PS/air surface of PS films spun on silica [9,13] has
been carefully characterized. The spectrum in Fig.
1 agrees with these previous reports. At the free
surface of PS, the phenyl rings point away from
the film, into the air, with a tilt angle h � 60� from
the surface normal [13]. Recent simulations of the
PS free surface [15] are consistent with these
measurements, and suggest that the order of the
phenyl groups extends �1 nm into the film.
The differences between the spectra of the bur-

ied interface in Fig. 1 and the free interface are
mostly due to the different phase u: the free surface
features reflect destructive interference with the Au
non-resonant background, while the buried inter-
face features arise from constructive interference.
This indicates that the buried interface has a vector
orientation opposite that of the free surface; i.e. at
the buried interface, the phenyl groups point to-
ward the Au (and the SOG). Thus at both inter-
faces (buried and free), the phenyl groups point
away from the bulk of the PS film. There is a
notable shift in the frequency of the fully sym-
metric CH stretch ðm2Þ between the free surface
3067 cm�1 and both the buried interface

3062 cm�1 and the bulk 3060 cm�1. This is con-
sistent with the determination that the phenyl
groups point out into the air and the observation
that m2 of gas phase toluene is � 9 cm�1 blue
shifted with respect to the condensed liquid phase
[16]. The bulk-like frequency of m2 at the buried
interface spectra is consistent with confinement at
the solid/solid interface. The strong similarity of
the relative amplitudes of the fit components to the
buried interface spectrum in Fig. 1 indicates that
the orientational distribution at the buried inter-
face is very similar to that at the free surface.
However, the linewidths for the components of the
buried interface are consistently broader than ob-
served at the free surface, suggestive of greater
heterogeneity [8].
Having established that we are observing the

buried PS/SOG interface, and that for untreated
SOG, the PS/SOG buried interface is similar to the
PS/air surface, we now consider modified SOG
surfaces. The SOG, FOx-14�, is a hydrogen sils-
esquioxane (HSQ) with composition HSiO1:5.
Water contact angles 3 on unmodified films were
95�, indicative of a hydrophobic surface. UV-
ozone treatment of the SOG film for times greater
than �5 min resulted in a hydrophilic surface, with
water contact angles HW less than 6� (see Fig. 2a).
The hydrophobic nature of the unmodified SOG is
attributed to a surface layer of silicon hydride (Si–
H) groups. VR-SFG of the SOG films confirms the
presence of surface Si–H (see Fig. 2b). The two
strong features in the VR-SFG spectra at 2284 and
2275 cm�1 agree well with the IR spectra of small
HSQ molecules adsorbed on SiO2 [17]. The low
HW for the UV-ozone treated surface indicates
that the Si–H termination is replaced by Si–OH
consistent with the decrease in Si–H SFG signal.
We estimate a surface hydroxyl coverage of
� 5 nm�2 based on HW studies of quartz surfaces
[18]. The UV-ozone treatment only affects the
surface of the SOG. IR absorption studies of the

2 In our earlier work [13] the feature at 3024 cm�1 was
assigned to 20A based on the ordering of the modes in ab initio

calculations. This assignment is not consistent with the relative

intensity of the features in the IR spectrum. The feature at 3024

cm�1 has been reassigned to one component of a resonance
between 20B and the combination bands 19B+8A and

19A+8B. The reassignment is consistent with [14] and [9].

3 All contact angles were measured on sessile drops, within

�5 s of contact of the liquid to the surface. Water contact
angles on the FOx were observed to irreversibly decrease with

time. This is attributed to hydroxylation of the surface Si-H

groups by the water.
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bulk of the film indicated less than a 1% change in
Si–H content. Additionally, atomic force micros-
copy (AFM) measurements indicated negligible
change in the surface RMS roughness upon UV-
ozone treatment.
The practical adhesion of the PS to the SOG

directly correlated to the SOG hydrophilicity. The
PS/hydrophobic SOG interface failed adhesively in
90� peel tests [19], while the PS/hydrophilic SOG
interface passed the peel test. The results of the
peel tests are in qualitative agreement with the
work of adhesion, WA, of the PS/SOG interface as
shown in Fig. 2a. The polar and dispersive com-
ponents of surface tension of PS and the SOG were
determined from contact angle measurements with

water and diiodomethane; WA was calculated from
a geometric mean model of the interface tension
[20]. The increase in WA arises due to the devel-
opment of polar (hydrogen bonding, dipole–di-
pole, induction, and acid-base) interactions
between the modified surface and the PS film.
There is little change in the strength of the dis-
persion interactions with treatment.
The structure of the polymer/glass interface

varied significantly with the hydrophilicity of the
SOG surface, as shown in the VR-SFG spectra in
Fig. 3. There is a marked change in the relative
strength of the feature due to m2 with respect to
that of m20B between the hydrophobic and hydro-
philic substrates. The SFG spectrum of PS on UV-
ozone modified SOG ðHW < 6�Þ in Fig. 3 is very
similar to the spectrum of PS at a PS/sapphire
interface [7] suggesting that the spectrum may be
characteristic of hydrophilic surfaces. Attempts to
quantify the orientational distribution for the
phenyl groups on the hydrophilic substrate based
on the procedure of [13] failed, as the data was
inconsistent with all possible narrow distributions
of w and h. This assumed that PS phenyl groups
had C2v symmetry and normal modes that were
independent of phenyl orientation. Since this ap-
proximation is inadequate to explain the present
data, we have simulated the SFG spectra based on
density functional theory (DFT) calculations 4 for
isopropylbenzene, taken to approximate PS. As
described below, DFT calculations show that some
of the normal modes nominally associated with the
phenyl ring depend significantly on the torsional
angle of the phenyl with respect to the isopropyl
backbone. Proper accounting for this enables the
change in structure of PS on the ozone-treated
SOG to be determined.
The strength of the observed SFG spectra de-

pend on the vector projection of the molecular
hyperpolarizability b on the electric field vectors of
the laser beams (accounted for in ArÞ. As in po-
larization sensitive infrared and Raman spectros-
copy, this is the source of the ability of SFG to

(b)

(a)

Fig. 2. (a) Water contact angle HW for the SOG film as a

function of exposure to UV/ozone (� left axis). Also shown is

the calculated work of adhesion for the PS/SOG interface (d

right axis). (b) SFG spectra of the UV-ozone modified SOG

film as a function of HW, showing a decrease in surface Si–H

with increasing hydrophilicity.

4 The calculations were performed with GAUSSIAN 98

(Revision A.9), [M. J. Frisch et al., Gaussian, Inc., Pittsburgh

PA, 1998] using the B3LYP functional and a 6-31G** basis set.
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determine molecular alignment. When neither the
SUM nor VIS frequencies are near resonances in
the molecule, b can be approximated by

bijk ¼
1

2

aijlk

ðm � mr þ iCrÞ
; ð2Þ

where a is the dynamic Raman polarizability, and
l the infrared transition dipole moment of vibra-
tional mode r [21]. For the simulations a and l are
taken from the DFT calculations while mr and C
are taken from the fits to the data. b is expressed in
the frame of reference x0; y0; z0 of the phenyl ring
(see Fig. 4), while the fields are expressed in lab-
oratory fixed coordinates x; y; z. Ar (Eq. (1)) is then
calculated for a distribution in which h (angle be-
tween z0 and z) is fixed and u (precession of z0

about the z axis) is isotropic. For h > 0, twists of w
about the z0 axis result in tipping the chain in and
out of the plane of the interface (x–y plane). At h
near 90�, w ¼ 	90� places the chain backbone
perpendicular to the interface plane and is un-
physical. Therefore w is averaged from )45� to
45�.
In Fig. 4a are the simulated VR-SFG spectra

for the calculated ground-state of isopropylben-

zene, in which the phenyl torsion angle f ¼ 0. Note
that with f ¼ 0, at no value of h is the strength of
m20B comparable to that of m2. Also note that the
amplitude of m20B is of opposite sign as m2. The
weakness of m20B is to be expected based on the IR
and Raman spectra of bulk PS [13]: m20B has neg-
ligible Raman cross section, while m2 is prominent
in both the IR and Raman spectra. The weakness
of m20B is also consistent with the reported VR-
SFG spectra of other mono-substituted phenyl
rings: phenylsiloxane, [13] thiophenol [22], and
benzoate [23]. However, it was found that the
calculated b depends strongly upon f. Shown in
Fig. 4b are simulated VR-SFG spectra in which
f ¼ 30�. The simulated spectra for h � 50�, are in
qualitative agreement with the spectra in Fig. 3:
m20B is strong, and of the same phase as m2. The
sensitivity of b to f arises from the lowering of the
symmetry of the ring, as evidenced by the H dis-
placement patterns for the calculated normal
modes shown in Fig. 4. The approximations used
in calculating the spectra in Fig. 4 (neglect of the
Fermi resonance in the calculated b, use of the
simple perturbation expansion expression for b,
use of a finite basis set in the calculations, etc.) are

Fig. 3. (a) SFG spectra of the buried interface for unmodified (hydrophobic) and UV-ozone modified (hydrophilic) SOG substrates.

The lines through the data are fits to the model described in the text. (b) The imaginary part of the resonant components of the fits. The

components for m20B (. . .) and m2 (- - -) are as labeled.
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such that quantitative determination of the orien-
tational distribution is not merited. However the
qualitative differences in the modeled spectra
present a compelling case that the hydrophilic in-
terface is composed of phenyl rings at �50� tilt
angles with �30� torsional angles with respect to
the backbone.

The torsion of the phenyl ring with respect to
the chain backbone is reasonable for the hydro-
philic substrate. In the benzene–water dimer [24],
the most favorable configuration for p-hydrogen
bonding is with the H centered on the p system of
the ring, and the OH bond nominally perpendic-
ular to the ring. This suggests an interface struc-

Fig. 4. Calculated SFG spectra for polystyrene with a ring torsion angle f ¼ 0� (a) and f ¼ 30� (b). The illustrations depict isopro-
pylbenzene with f ¼ 0� (left) and f ¼ 30� (right). The H-bond between the p electron cloud of the phenyl ring and a surface OH is
depicted schematically for f ¼ 30�. The coordinate system of the phenyl ring (x0; y0; z0), the torsion angle f, and the Euler angles (h;/;wÞ
between the (x0; y0; z0) frame and the laboratory frame (x; y; z) are also shown. Color scheme is H, black; C, dark gray; O light gray. The
three bonds defining the torsion angle f are highlighted in light gray. The heavy dark gray lines in the right illustration indicate the
polymer backbone.
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ture with the ring plane close to parallel with the
substrate, allowing p-hydrogen bonding with the
substrate OH. This favors large values of w and h.
As stated above, the chain backbone must lie in
the plane of the surface, thus the ring
 
 
HO in-
teraction will torque the ring away from the pre-
ferred configuration of f ¼ 0�. The attractive
interaction of benzene [25] with a single OH of
10.2 kJ mol�1 is approximately equal to the cal-
culated torsional barrier of 10.0 kJ mol�1. This
observation supports the model of the PS orien-
tation on the hydrophilic SOG, since the H- bond
formation is capable of providing the energetic
driving force for the reorganization.
The interplay between polymer self-interactions

and polymer–substrate interactions that determine
the interface structure is complex. This is demon-
strated by the behavior of the related polymer
poly-4-hydroxystyrene ðCH2CHC6H4OHÞn, PHS.
One might expect that the buried interface of PHS
on hydrophilic glass would show extensive polar
order due to the strong hydrogen bond between
the polymer OH and the substrate. However, in
preliminary measurements, the buried interfaces of
PHS on both hydrophilic and hydrophobic sub-
strates exhibit no polar order. This suggests that
the PHS self-interaction is sufficiently strong to
produce an amorphous interface, even in the
presence of a substrate shown to order PS. These
results demonstrate the importance of in situ di-
agnostics for the interfaces between polymers and
engineered substrates. VR-SFG can provide the
experimental data necessary for understanding the
relationship between microscopic molecular order
and macroscopic functional properties.
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