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Probing polymer surfaces
and interfaces using sum
frequency generation

vibrational spectroscopy
– a powerful nonlinear optical

technique
Xiaolin LU (✉)1, Zhan CHEN2, Gi XUE (✉)3

and Xinping WANG1

Sum frequency generation (SFG) vibrational spectro-
scopy has been proved to be a powerful technique which
substantially impacts on many research areas in surface
and interfacial sciences. This paper reviews the recent
progress of applying this nonlinear optical technique in
the studies of polymer surfaces and interfaces. The
theoretical background of SFG is introduced first.
Current applications of SFG in polymer science are
then described in more detail to demonstrate the
significance of this technique. Finally, a short summary
is presented on this relatively new but widely applicable
spectroscopic technique.
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1 Introduction

Polymer is one of the most widely used materials, with a
variety of applications in coatings, biomedical implants,
microelectronic devices, and composites etc. In these
applications, the polymer surface and/or interfacial properties
are extremely important. These properties are determined by
the molecular structures of the surface or interface. Therefore
in order to optimize the surface/interfacial properties in these
applications, it is necessary to fully understand the polymer

surface/interfacial structure-property relationships, after cha-
racterizing the polymer surface and interfacial molecular
structures. Many surface-sensitive techniques have been
developed in the past several decades, including the
attenuated total reflection infrared spectroscopy (ATR-IR)
[1,2], surface enhanced Raman scattering (SERS) [3,4], X-ray
photoelectron spectroscopy (XPS) [5–7], secondary ion mass
spectroscopy (SIMS) [6,7], and near edge X-ray absorption
fine structure (NEXAFS) spectroscopy [8,9], etc. Even though
excellent research results have been reported by using these
techniques in the studies, each technique has some weak-
nesses in surface/interface characterizations. Some of the
above techniques lack the desired surface sensitivity (e.g.,
ATR-IR), while others need a high-vacuum environment to
operate, which prevents the in situ characterization (e.g., XPS,
SIMS, and NEXAFS). SERS requires special metal surfaces
or particles to enhance the signal, which cannot be applied to
investigate many different surfaces or interfaces.

In the last twenty years, a second-order nonlinear optical
spectroscopy, sum frequency generation (SFG) vibrational
spectroscopy has been developed into a powerful technique to
probe the molecular structures of various surfaces and
interfaces in situ. The first SFG paper was published in
1987, examining the adsorption of methanol and pentadeca-
noic acid monolayers on the glass and water [10]. After that,
tremendous progress has been made in the development of
SFG theoretical description, instrumentation, data analysis,
and applications [11–26]. Nowadays SFG becomes a widely
used technique by a large number of research groups to study
polymer surfaces and interfaces, catalysis, biochemical
processes, self-assembled monolayers, and small molecular
liquids, ionic liquids, water structures on surfaces and at
interfaces. SFG is a nonlinear optical technique and a
molecular vibrational spectroscopy. Therefore scientists
carrying out SFG research are required to have some
background knowledge in nonlinear optics and molecular
spectroscopy. Fortunately, there have already been excellent
books/review articles introducing such background know-
ledge. This paper is a general introduction of SFG vibrational
spectroscopy using concise language (hopefully without
losing its essence), emphasizing on practical applications of
the technique in polymer studies. The recent advances of SFG
studies on the molecular structures of polymer surfaces and
interfaces are presented. For more detailed understanding,
readers are strongly recommended to look into many SFG
review articles [13–26].

2 Theoretical background

As a second-order nonlinear optical technique, an SFG
process involves two incoming photons and one output
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photon. As shown in Fig. 1, in an SFG experiment, a visible
beam with a fixed frequency and an infrared beam with a
tunable frequency temporally and spatially overlapped at a
surface or an interface. Besides the two naturally reflected
beams with respect to the input visible and infrared beams, a
third reflected beam (SFG signal) with its frequency being the
sum of the visible and infrared frequencies may also be
generated, especially when the input infrared frequency is
tuned over a vibrational resonance of the surface/interfacial
molecules. SFG signal is contributed by molecules on
surfaces/at interfaces, due to the selection rule of the SFG
process, which will be discussed further below. An SFG
spectrum is obtained by plotting the intensity of the SFG
signal beam versus the input infrared frequency, which is a
vibrational spectrum like an infrared absorption spectrum.

2.1 Theory

Interaction of photon(s) with a molecule can induce a dipole
moment with different orders, depending on the number of
photon(s) interacting with the molecule [27]. The induced
dipole moment can be written as an expanded power series, as
shown in Eq. (1) [27]. The first term in each order in this
polynomial defines the polarizability of each order, describing
the relationship between the corresponding induced dipole
moment and the interacting photon(s). Sequentially, the first
order, second order, and third order polarizability…, are
defined. In this equation, SFG corresponds to the second item
and is a second-order nonlinear optical process.

�!in ¼ αij$ E
!þβijk : E

!
1E
!
2 þ gijkl : E

!
1E
!
2E
!
3 þ ⋯: (1)

When SFG is used to detect the molecular vibration, it is
easy to use a schematic energy level diagram to describe this
process, as shown in Fig. 2. When a resonance is reached in an
SFG process, a photon in the infrared frequency range (ω1)
matching the vibrational transition energy brings the vibration
from the ground state to the first excited state. Another photon
in the visible frequency range (ω2) then continues to pump the
molecule to a virtual electronic state. The molecule coming

back from the virtual electronic state to the ground state
generates a third photon in the visible range, with the energy
conservation (ω = ω1+ ω2). It can be recognized immediately
from Fig. 2 that an SFG process can be regarded as a
combination of an infrared absorption process and an anti-
stokes Raman scattering process. Therefore, it is easy to
understand that the SFG hyperpolarizability (a second-order
polarizability) can be written as the product of the infrared
transition dipole moment and Raman polarizablity with
respect to the normal coordinate of the vibration, as shown
in Eq. (2) [28], where ε0 is the surrounding medium dielectric
constant; ωq is the angular frequency of the qth vibrational
mode.

βijk ¼ –
1

2ε0ωq

∂αij
∂Qq

∂�k

∂Qq
: (2)

In the macroscopic scale or from the experimental view-
point, it should be noted that, SFG can only detect a collection
of hyperpolarizabilities of a large number of molecules on
surfaces or at interfaces, which is called the second-order

nonlinear optical susceptibility ðχð2Þijk Þ, as shown in Eq. (3)

[11,27], where Ns is the number density of molecules in the
detected surface/interfacial area and the bracket indicates an
average over all orientations of the molecules. The collection
of the induced dipole moments is called “polarization”, as
shown in Eq. (4) [11,27].

χð2Þijk ¼ Ns βijk
� �

, (3)

P
!
in ¼ χð2Þijk : E

!
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!
2: (4)

It is vitally important that, χð2Þijk is a polar tensor, which

means that it changes sign under an inversion operation. In a
centro-symmetric medium, nothing should change under an

inversion operation. This indicates that χð2Þijk for a medium with

Figure 1 A schematic SFG sample geometry

Figure 2 A schematic energy level diagram for an SFG process
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inversion symmetry has to be zero to satisfy both the
conditions described above, as shown in Eq. (5). Most bulk
materials posses inversion symmetry, therefore SFG signal,

which is proportional to the square of χð2Þijk , is vanished. χ
ð2Þ
ijk

can survive at a surface or an interface where the inversion
symmetry is broken, as presented in Eq. (6). Therefore for
many materials, SFG is intrinsically a surface and interface
sensitive technique. This differentiates it from other surface
sensitive spectroscopic techniques like ATR-IR, XPS, and
SIMS, etc., where the penetration depth of the input or output
photons/particles determines the surface specificity.

χð2Þijk ðcentrosymmetricÞ ¼ 0, (5)

χð2Þijk ðsurface=interf aceÞ≠0: (6)

2.2 Data analysis

The SFG output intensity has been derived in the reflection
geometry as shown in Eq. (7) [27,28], where ni(ωi) is the
refractive index of the incident medium at frequencyωi,ω and
β are the frequency and the reflection angle of the output
beam, respectively. β can be deduced based on the moment
conservation of the input and output photons. I1(ω1) and
I2(ω2) are the intensities of the two input fields with
frequencies ω1 and ω2. T is the pulse-width of both input
lasers. A is the overlapping cross section of the two input

beams at the sample, and χð2Þef f is the effective second-order

nonlinear optical susceptibility. The different components of

χð2Þef f can be measured using different polarization combina-

tions of the input and output laser beams in the SFG

experiment. For example, χð2Þef f ,ssp, χ
ð2Þ
ef f ,sps, χ

ð2Þ
ef f ,pss, and χð2Þef f ,ppp

are the components of the effective second-order nonlinear
susceptibility measured in the experiment by collecting the
ssp (s-polarized sum frequency signal, s-polarized visible
input, and p-polarized IR input), sps, pss, and ppp SFG
spectra.

IðωÞ ¼ 8π3ω2sec2β

c3n1ðω1Þn1ðω2Þn1ðωÞ
jχð2Þef f jI1ðω1ÞI2ðω2ÞAT : (7)

The effective second-order nonlinear optical susceptibility

χð2Þef f can be related to the second-order nonlinear optical

susceptibility defined in the laboratory fixed coordinate (xyz)
system. Normally, z is defined as along the surface normal,
while xz is the plane containing the input and output laser
beams. Therefore we have:

χð2Þef f ,ssp ¼ LyyðωÞLyyðω1ÞLzzðω2Þsinβ2χyyz, (8a)

χð2Þef f ,sps ¼ LyyðωÞLzzðω1ÞLyyðω2Þsinβ1χyzy, (8b)

χð2Þef f ,pss ¼ LzzðωÞLyyðω1ÞLyyðω2Þsinβχzyy, (8c)

χð2Þef f ,ppp ¼ – LxxðωÞLxxðω1ÞLzzðω2Þcosβcosβ1sinβ2χ
xxz

– LxxðωÞLzzðω1ÞLxxðω2Þcosβsinβ1cosβ2χ
xzx

þLzzðωÞLxxðω1ÞLxxðω2Þsinβcosβ1cosβ2χ
zxx

þLzzðωÞLzzðω1ÞLzzðω2Þsinβsinβ1sinβ2χ
zzz
:

(8d)

In Eqs. (8)a-d, χyyz, χyzy, χzyy, χxxz, χxzx, χzxx, and χzzz are
different susceptibility components in the laboratory coordi-
nate system. Lii’s (i = x, y, or z) are the Fresnel coefficients,
and β, β1, and β2 are the angles between the surface normal
and the output sum beam, the input visible beam, and the input
IR beam, respectively.

The Fresnel coefficients (Lii’s) of a surface or interface
sandwiched between two media have been given in the SFG
reflection geometry, as shown in Eqs. (9)a-c [28]. Here n′(ω)
is the refractive index of the interfacial layer, β is the beam
incidence angle, and γ is the refracted angle. These three
equations work for both the input and output beams.

LxxðωÞ ¼
2n1ðωÞcosγ

n1ðωÞcosγþ n2ðωÞcosβ
, (9a)

LyyðωÞ ¼
2n1ðωÞcosβ

n1ðωÞcosβ þ n2ðωÞcosγ
, (9b)

LzzðωÞ ¼
2n2ðωÞcosβ

n1ðωÞcosγþ n2ðωÞcosβ
$

n1ðωÞ
n#ðωÞ

� �2

: (9c)

χð2Þijk (i, j, k = x, y, z) is actually a tensor with 27 components

and is the sum of all the hyperpolarizabilities of the molecules
probed in the SFG experiment. As discussed above,
hyperpolarizability is defined in the molecular coordinate
system. Transformation from the molecular hyperpolarizabil-
ity to the second-order nonlinear susceptibility can be carried
out by the transformation from the molecule-fixed coordinate
system to the laboratory-fixed coordinate system. Here we
discuss this transformation, using a para-substituted phenyl
ring as an example, as shown in Fig. 3. The para-substituted
phenyl ring belongs to C2v symmetry. The molecule-fixed
coordinate system is defined as (a, b, c) system (left graph in
Fig. 3). c axis is in the same direction as the main axis; a axis
is in the direction perpendicular to c axis and inside the phenyl
plane; b axis is in the direction perpendicular to the phenyl
plane. As shown above, the laboratory-fixed coordinate
system is defined as (x, y, z) system. Euler angles (ψ, θ, f)
are usually used to describe the relationship between the (a, b,
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c) system and the (x, y, z) system (right graph in Fig. 3). ψ is
defined as the rotation angle of the phenyl ring with respect to
z axis (also called azimuthal angle); θ is the angle between the
surface normal and c axis (also called tilt angle); f is the
rotation angle of the phenyl ring with respect to its main axis c
(also called twist angle). With the defined Euler angles, Hirose
et al. derived the transformation explicitly expressing the
laboratory-fixed susceptibility tensor components in terms of
the molecule-fixed tensor components, which facilitates the
SFG data analysis by avoiding the lengthy calculation of the
coordinate transformation [29].

The surface or interface is normally an azimuthal isotropic
plane. Therefore, there are only four independent nonzero
second-order nonlinear susceptibility tensor components, as
shown in Eqs. (10) [30].

χ
xxz

¼ χ
yyz
,χ

xzx
¼ χ

yzy
,χ

zxx
¼ χ

zyy
,χ

zzz
: (10)

To avoid the calibration of the absolute SFG output
intensity (Eq. (7)) in the spectral analysis, people usually
collect SFG spectra with different polarization
combination(s). With the help of the coordinate transforma-
tion, the ratios between different χ(2) tensors can be written as
a function of Euler angles. By solving such equations, Euler
angles can be acquired and thus used to characterize the
molecular orientation at the surfaces or interfaces. Because a
large number of molecules cannot adopt the same orientation
at a specific surface or interface, a distribution function is a
better representation instead of a single group of Euler angles.
A Gaussian function distribution has been generally accepted
to approximate the real angle distribution [31,32]; for
example, a Gaussian expression of a trigonometric function

“cosθ” can be written in a form as shown in Eq. (11)a and b.

f ð�Þ ¼ Cexp –
ð� – �0Þ2
2�2

� �
, (11a)

cos�h i ¼ !cos�f ð�Þsin�d�, (11b)

where C is a normalization constant and σ is the root-mean-
square width.

Mathematically, SFG spectra can be fitted using the
following equation:

χð2Þijk ¼ χ
NR

þ
X
q

Aq

ω2 –ωq þ iΓq
: (12)

The χ
NR

term is called the non-resonant background. It is

normally a constant item without changing as a function of the
scanned infrared frequency. However, χ

NR
has substantial

effect on the line shape of generated SFG spectra depending
on the phase difference between χ

NR
and resonant SFG signals

[33]. Somehow χ
NR

is quite useful in that it provides a

reference helping determine the absolute orientation of the
detected functional groups especially when a large nonreso-
nant background exists [34,35]. Aq, ωq, and Γq are the
strength, resonant frequency, and damping coefficient of the
vibrational mode q.

3 Application of SFG in polymer science

Many polymer materials have a large number of flexible long
chains, which are widely used in different applications
ranging from advanced technology to daily life. For example,
polymers can be used as construction materials, templates for
nanofabrication, drug carriers, marine anti-biofouling coat-
ings, and encapsulating materials in microelectronic devices
[36–40]. In many of these applications, polymer surface or
interfacial properties like adhesion, wettability, lubrication,
and friction, etc., are crucial. As mentioned above, polymer
surface/interfacial properties are determined by their surface/
interfacial structures. The SFG vibrational spectroscopy with
the submonolayer sensitivity is an ideal technique to
characterize the molecular level structural information of
polymer surfaces and interfaces, which can be correlated to
the macroscopic surface and/or interfacial properties.

3.1 Polymer surfaces in air and surface restructuring upon
contacting liquids

The first study of using SFG to examine a polymer surface and
to detect surface restructuring in water was to investigate a
polyurethane-type polymer with polydimethylsiloxane

Figure 3 A para-substituted phenyl group in a molecule-fixed
coordinate (a, b, c) system (left) and surface/interface-fixed
coordinate (x, y, z) system (right). Euler angles (ψ, θ, f) are
defined for the coordinate transformation between two systems,
which facilitates the description of the orientation of the functional
groups on a surface or at an interface.

438 Xiaolin LU, Zhan CHEN, Gi XUE and Xinping WANG

Frontiers of Chemistry in China Vol. 5, No. 4, 2010



(PDMS) end groups by Somorjai group [41]. It was found that
in air the hydrophobic PDMS end groups covered most of the
surface area. When immersed in water, the polymer surface
underwent an obvious restructuring with the hydrophobic
PDMS part gradually retreating from the surface and the
hydrophilic polyurethane part gradually moving to the
surface. This surface restructuring was reversible although
the restructuring time scales from air to water (25 h) and from
water to air (3 h) are different. This research leads to an
important conclusion that the characterization of the polymer
surfaces in the working environments is important in order to
properly describe the surface properties. The polyethylene and
polypropylene surface structures were then explored by the
same group [42] and it was found that the methoxy resonant
signals dominated the SFG spectra in commercial PE and PP
samples, indicating that the additives segregated from the bulk
to the polymer surfaces. This finding is important at the
technological level because it proves that SFG can help
determine the surface compositions of commercial polymers
and the surface segregation of the additives.

The surface restructuring behavior of a cross-linked
polymer, poly (2-hydroxyethyl) methacrylate (PHEMA) was
studied by Somorjai group later [43]. They found that the SFG
spectrum of the PHEMA surface in air was dominated by the
methyl symmetric stretching mode while the methylene
symmetric stretching mode from the side ethylene glycol
groups appeared after contacting the surface to water. Based
on this spectral difference, they suggested that PHEMA can
have a hydrophobic conformation or hydrophilic conforma-
tion on the surface depending on the contacting medium.

Shen group systematically studied the surface structure of
polyvinyl alcohol (PVA). This polymer is widely used in the
liquid crystal (LC) display industry as substrates to obtain the
top LC bulk alignment upon rubbing [31,44]. In this research,
a comprehensive orientation analysis of backbone methylene
groups on the PVA surface was presented and all of the three
methylene orientation angles were deduced. It was found that
rubbing can lead to the surface PVA backbones aligning well
in the rubbing direction, which is the reason for the top
homogeneous alignment of LC films. The similar rubbing
induced surface ordering phenomena were also studied for the
poly(vinyl cinnamate) [45,46] and polyimide surfaces
[47,48].

The surface structures and restructuring behaviors in water
of polymethacrylates with different side chains were systema-
tically investigated by Chen group [49–52]. It was discovered
that the polymethylmethacrylate (PMMA) surface in air was
dominated by the ester methyl groups with more or less a
normal orientation to the surface, with a tilt angle between two
extremes of 33° supposing a δ-distribution and 0° with a
distribution width of 31° assuming a Gaussian distribution

[49]. No substantial structural change of the PMMA surface in
water was observed. The SFG spectral intensity difference of
the PMMA surface in air and in water were attributed to the
refractive index difference of the air and the water; the spectra
of the PMMA surface in air and in water after normalized by
Fresnel coefficients were similar in features and intensities
[50]. When the side chain length increases, as polybutyl-
methacrylate (PBMA) and polyethylmethacrylate (PEMA),
substantial SFG spectral change in water (compared to that in
air) was observed, indicated by different symmetric and
asymmetric stretching signal intensities. Detailed analysis
suggested that the side chain end methyl groups “standed up”
with a broad tilt angle distribution in air and “lay down”with a
narrow tilt angle distribution in water on the surface [50–53].
When the side chain length further increases, as poly(n-
octylmethacrylate) (POMA) and poly(n-octadecylmethacry-
late) (PODMA), spectral differences in water were also
observed [50]. Interestingly, except for POMA, all the other
polymethacrylates showed reversible structural changes in
water as evidenced by the recovery of the SFG spectra after
the samples exposing to air from water again [50,53]. The
chain rigidity as a function of the side chain length was
believed to be the reason for the observation. PMMA is a rigid
polymer and the ester methyl groups of PMMA are more
hydrophilic than the normal methyl groups of other
polymethacrylates. Such ester methyl groups did not need to
change the orientation when contacting water to adapt to the
hydrophilic environment. The unfavorable interactions
between the normal methyl groups of other polymethacrylates
on the surface and water molecules drove the normal methyl
groups to orient more toward the surface. As the side chain
length increases, the chain rigidity decreases and the back-
bone reorientation occurs. Therefore the irreversible surface
restructuring was observed for POMA. As the side chain
length further increases, the high backbone mobility makes
the backbone relaxation fast enough in a time scale through
which the intermediate relaxation cannot be sensed by SFG
(PODMA) and only the surface structure in air and water of
fully relaxed states can be detected [53].

The polymer/silane interfacial ordering was also systema-
tically examined by Chen and Loch et al. using SFG [54–56].
Depending on the chemical structures of polymers and silanes
(head, backbone, and end groups), the silane molecules can
form different ordered states at the polymer/silane interfaces,
from which the molecular mechanism of the polymer
adhesion could be elucidated.

The SFG study of polystyrene (PS) surface in air and buried
interface with sapphire in total reflection geometry was
performed by Dhinojwala group [57]. (For more details, see
Section 3.2). The SFG spectra of PS surface in air were found
to be dominated by the symmetric C-H vibrational modes of
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the phenyl rings. The orientation of the phenyl rings was
quantitatively evaluated according to the SFG signals from the
ν7a and ν20bmodes and it was found that the phenyl rings were
more likely parallel in air (tilt angle around 20°) with respect
to the surface normal [57].

Richter and his colleagues examined the PS surface
structure in air using PS thin films on oxidized Si substrates
[58]. By analyzing the SFG signals contributed by the ν2 and
ν7a modes in the ssp and sps spectra, they claimed that the
pendant phenyl groups adopted a tilt angle of 57° with a twist
angle of 48°. By comparing the PS SFG spectra to those of a
self-assembled monolayer of phenylsiloxane, they concluded
that the pendant phenyl groups were orientated away from the
PS film to achieve the maximum free volume. Also this was
possibly due to the lowest free energy conformation that
smoothed out the abrupt change in density from the presence
of the free surface [58]. It should be noted that the twist angle
they obtained (48°) can be hardly differentiated from an
isotropic distribution of the twist angle. The tilt angle they
obtained (57°) is different from the tilt angle obtained by
Dhinojwala group (around 20°) [57]. Such an angle difference
may be due to the different substrates used in making PS films
or other reasons. Richter and his colleagues also carried out
research to selectively probe the free and the buried interfaces
of PS thin films on spin-on glass (SOG) substrates [59], based
on the dependence of the Fresnel coefficients of the free
surface and the buried interface on the film thickness. They
discovered that the pendant phenyl group orientation at the
buried PS/SOG interface was similar to that of the free
surface, with the phenyl groups pointing away from the bulk
PS [59].

In addition, Richter et al. studied the restructuring of the PS
surface upon exposure to both the low-surface-tension liquids
(hexane, methanol, and ethanol) and high-surface-tension
liquids (water and glycerol) using SFG [60]. It was observed
that the pendant phenyl groups on PS in the low-surface-
tension liquids adopt low tilt angles, and in the high-surface-
tension liquids adopted a near flat orientation with respect to
the PS surface plane [60]. The PS surface restructuring was
also studied by Somorjai group under the saturated toluene
vapor environment [61]. The surface order of pendant phenyl
groups disappeared after exposing the PS surface to the
toluene vapor, and recovered after removing the surface from
the vapor. It was believed that the toluene vapor can solvate
the PS surface and thus destroy the surface order; and the
partially solvated PS surface can easily recover because of its
high mobility [61].

When the polymers are hydrophilic, the hydrogen bonding
may play an important role for the surface restructuring. Ye
et al. studied the surface carbonyl stretching mode of a
biocompatible polymer, poly(2-methoxyethyl acrylate)

(PMEA) upon contacting water and bisphenol A using SFG
[62]. Three different surface states based on positions of the
SFG peak centers were suggested. The three peak centers
were attributed to the free carbonyl groups at 1740 cm–1,
carbonyl groups hydrogen-bonded to water at 1722 cm–1, and
carbonyl groups hydrogen-bonded to bisphenol A at
1715 cm–1, respectively. The reversible surface restructuring
behavior of a biphenyl type phenol resin (BPP) exposed to
humid air was examined by Chen group [63]. Two main SFG
spectral feature changes were observed. One was the
increased signal from the ν2 mode (or total symmetric
stretching mode) at 3063 cm–1 for the ssp spectra after
exposing to humid air (or water adsorption). The other was a
red shift of the hydroxyl vibration from 3540 cm–1 to
3520 cm–1. These spectral changes were explained by the
formation of hydrogen bonds between the phenol groups and
water molecules adsorbed on top of the BPP resin, causing the
surface phenol groups to adopt a “perpendicular-like”
orientation.

Wang and his colleagues studied the surface strucutures of
random copolymers composed of methacrylates and fluori-
nated units solidified from the solution using SFG and other
techniques [64–66]. It was found that: when the fluorinated
unit content was low, the entropic force may dominate the
surface structure since the random coil conformation in the
solution can greatly affect the final conformation of the
copolymer chains at the surface; when the fluorinated unit
content was high, the enthalpic force may dominate the
surface structure since the fluorinated moieties were prone to
segregate to the surface [64]. Besides, the effects of different
solvents and the film-forming methods were also discussed
[65,66].

3.2 Polymer/Solid interfaces

The polymer/solid interface was first probed by Dhinojwala
group using a total internal reflection geometry [57]. The high
refractive index sapphire prism was used in their study with a
relatively low refractive index polystyrene film deposited on
one side of the prism so that the total internal reflection can
happen at the sapphire prism/PS interface. As shown in Fig. 4,
by selecting the appropriate incident angles for the visible and
infrared beams, the PS vibrational signal at the sapphire/PS
interface (incident angles near 64°) as well as the PS surface
signal in air (incident angles near 36°) can be detected
separately. In their case, changing the incident angles led to
the change of the relative Fresnel coefficients between the PS
surface in air and the PS/sapphire interface so that the
selective detection of the surface or buried interface was
feasible. It was found that both the ssp and ppp SFG spectra at
the sapphire/PS interface were dominated by the phenyl C-H
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stretching vibrational modes instead of the methylene
stretching vibrational modes. Using the signals contributed
by the ν20b and ν7a modes, they found that the phenyl groups
at the sapphire/PS interface nearly lay down [57]. The two
interfaces between the PS and poly(vinyl n-octadecyl
carbamate-co-vinyl acetate) (PVNODC) and between the PS
and poly(octadecyl acrylate) (PA-18) using the same total
internal reflection geometry were then studied [67,68]. At
both interfaces, the observed strong methylene SFG signals
suggested the presence of gauche defects in the side alkyl
chains. The orientation of methyl groups at the PS/PVNODC
interface was found to be similar to that on the PVNODC
surface in air, i.e., adopting a low-tilt-angle orientation. They
also found that the phenyl groups at both the PS/PVNODC
and PS/PA-18 interfaces adopted a similar orientation as the
PS/sapphire interface, i.e., adopting a high-tilt-angle orienta-
tion [67]. In-depth studies on the understanding of the
molecular structures of buried interfaces upon interfacial
motion were also carried out by Dhinojwala and his
colleagues. The two interfaces between PDMS and PS, and
between PDMS and PVNODC were probed under external
pressure using SFG [69]. It was found that the friction force
between PDMS and PS was a factor of 4, higher than that
between PDMS and PVNODC. The difference of the friction
force was explained according to the difference of the
interfacial structures under pressure [69]. In the case of
PDMS/PS interface under pressure, PDMS and PS chains at
the interface interpenetrated, which was sensed by SFG, and a
high friction force was measured by a mechanic sensor. In the
case of PDMS/PVNODC interface, the PVNODC side chain
crystallization prevented interfacial restructuring, which was

also detected by SFG, and a low friction force was measured
by a mechanic sensor. In another paper discussing the
adhesion between PDMS and the sapphire substrate in the
presence of water, Dhinojwala group found that the friction
coefficient (defined as the shear force/normal force) was much
larger than that estimated from a model assuming the
existence of a uniform water layer between PDMS and the
sapphire substrate [70]. By detecting the interfacial molecular
structures using SFG, they concluded that the PDMS/sapphire
interface was heterogeneous with two distinct regions: one
was the region where the PDMS chains were directly in
contact with the surface hydroxyl groups on the sapphire
substrate as evidenced by an SFG peak at 3690 cm–1, the other
was the region where a thin layer of water (many layers of
water molecules) was trapped between PDMS and the
sapphire substrate; and the first region was responsible for
the observed high friction coefficient [67].

Somorjai group studied the PMMA/sapphire and PBMA/
sapphire interfacial structures under pressure using SFG [71].
The SFG spectrum of the PMMA/sapphire interface was
dominated by the signal from the ester methyl symmetric
stretching mode; when pressure was applied, there was no
substantial spectral change. The SFG spectrum of the PBMA/
sapphire interface was dominated by the signal from the end
group methyl symmetric stretching mode; but when pressure
was applied, there was substantial spectral change observed,
indicating that the interfacial restructuring did occur. Somorjai
et al. attributed the different interfacial restructuring behaviors
of the PMMA/sapphire and PBMA/sapphire interfaces to the
different chain mobilities at the room temperature. At the
room temperature PBMA (Tg= 15°C) is in the rubbery state so
that the high chain mobility was the reason for the observed
PBMA interfacial restructuring. At the room temperature
PMMA (Tg= 105°C) is in the glassy state so that it is difficult
for the interfacial restructuring to happen [71].

The polymer/metal interfacial structures were probed using
SFG by Chen group [35,72]. Considering the SFG resonant
signals generated from both the interfaces for a PMMA film
on a silver (Ag) substrate, deconvolution of the PMMA/air
and PMMA/Ag interfacial signals can be done by including
the Fresnel coefficients of the two interfaces into the spectral
fitting and analysis for PMMA films with varied thicknesses
[72]. It was found that the ester methyl groups of PMMA at
the PMMA/Ag interface tilted more from the surface normal
compared to those at the PMMA/air interface. An SFG
experimental geometry by sandwiching a polymethylacryalte
(PMA) thin film between a fused silica and a Ag substrate was
then developed [35]. The advantage for this experimental
geometry is that the hydrophilic nature of the silica surface
can suppress the order of the hydrophobic ester methyl groups
at the PMA/silica interface, leading to no detectable SFG

Figure 4 The SFG intensity Issp as a function of incident angle αi
for two wave numbers (ω2), 3027 cm

–1 (squares) and 3067 cm–1

(circles). The data represented by circles are scaled by a factor of 5.
The solid line is a visual guide to illustrate the spectral trends.
(Reproduced with permission from Phys. Rev. Lett. 85: 3854–3857
(2000). Copyright 2000 American Physical Society)
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signal from this interface. As a result, the molecular order of
the ester methyl groups at the PMA/Ag interface can be
directly probed without considering the interference from the
PMA/silica interface. Besides, by comparing the phase
difference between the resonant ester methyl symmetric
stretching signal and the nonresonant background for the
PMA/Ag interface and a SAM of methyl 3-mercaptopropio-
nate on Ag surface, the absolute orientation of the ester methyl
groups at the PMA/Ag interface was deduced: They tilt away
from the Ag surface.

3.3 Surface and interface dynamics

The study of the dynamic behavior of the polymer surfaces at
different temperatures using SFG was first performed by
Somorjai and Shen et al. [73]. By comparing the SFG
intensity ratio of methylene and methyl symmetric stretching
modes as a functional of environmental temperature, the
surface glass transition temperatures (Tgs) of atactic poly-
propylene (APP) and isotactic polypropylene (IPP) were
determined, which were the same as the bulk Tgs of APP and
IPP [73]. Shen group measured the surface Tg of PVA in air by
using SFG to monitor the temperature-dependent spectral
change from the rubbing-induced azimuthal anisotropy to
isotropy [74]. It was found that the surface relaxation of PVA
was two-dimensional, parallel to the surface, and the obtained
Tg ((58�2)°C) was essentially the same as that of the bulk
PVA detected by DSC ((59�1)°C). Shen et al. believed that
the rubbing induced PVA surface was composed of aligned
PVA chains which cannot relax before the underlying chains
in the bulk start to relax [74].

Somorjai group also studied the segregation of polymer
blends consisting of atactic polypropylene (aPP) and aspecific
poly(ethylene-co-propylene) rubber (aEPR) at the hydrophilic
solid sapphire and hydrophobic air interfaces. The preferential
segregation of aPP component at both the interfaces after
annealing was detected by SFG [75]. The driving force to
promote the segregation at both the interfaces was aPP’s high
conformational entropy resulting from its relatively short
segmental length.

The surface and interface transition temperatures of the
alkyl-side chain-acrylate comb (poly[vinyl n-octadecyl car-
bamateco-vinyl acetate], PVNODC) polymers in air and with
the sapphire interface respectively were measured by
Dhinojwala group [67,68,76]. Two transitions at the polymer
surface in air and one transition at the polymer/sapphire
interface were observed based on the dominate peak intensity
(methyl at the polymer surface in air and methylene at the
polymer/sapphire interface) change as a function of tempera-
ture. Based on their experiment, a stable intermediate smectic-
like surface ordered state above the bulk transition tempera-

ture in air was proposed, which was believed to be stabilized
by the surface free energy [67,68]. Dhinojwala group then
used SFG to study the water contact angle hysteresis of the
same polymer (PVNODC) and the self-assembled monolayer
(SAM) of octadecyltrichlorosilane (OTS) as a comparison
[76]. The SFG spectra of the PVNODC surface in air were
dominated by the side chain methyl vibrations, and when the
PVNODC surface was in contact with water, the side chain
methylene vibrations appeared and the intensity of the side
chain methyl vibrations did not change. For both the OTS/air
and OTS/water interfaces, the SFG spectra were dominated by
the side chain methyl vibrations. Based on this, Dhinojwala
et al. suggested that the PVNODC surface was heterogeneous
with crystalline domains of side chains enclosed by less
ordered, grain-boundary regions. When the PVNODC surface
was exposed to water, the surface restructuring occurred in the
less-ordered regions, which was the reason for the appearance
of the methylene vibrations in the SFG spectra and the contact
angle hysteresis; while the OTS surface was covered by a
homogeneous crystalline SAM layer, the surface restructuring
cannot happen and the surface contact angle hysteresis was
thought due to the surface roughness effect, supported by the
AFM characterization [76].

To study the interfacial motion between the PS and alkanes,
Dhinojwala group used SFG to detect the SFG intensity
change of the ν2 mode of the PS phenyl groups and the
symmetric stretching mode of the alkane methyl groups as a
function of temperature [77]. Based on the temperature
dependent intensity change, it was found that the PS
interfacial motion was coupled with the alkane transition
temperature and decoupled from the bulk Tg of PS. The
possible reason was that the observed transitions were due to
the sub-Tg motions or the faster segmental relaxations on the
PS surface. No matter which reason (sub-Tg motions or faster
segmental relaxation) was correct, the strong coupling
between the interfacial motions of PS and alkanes confirmed
that the interfacial interaction can play an important role in
determining the polymer interfacial dynamics. Another study
by Dhinojwala group using hexadecanol also proved that the
interfacial interaction can have a substantial or even a decisive
effect on the dynamics and the resulting structure at the
interfaces [78].

In examining the dependence of the shear stress between
the cross-linked PDMS lens and the glassy polyacrylates on
the aging time, Dhinojwala group found that XPS and contact
angle measurement cannot give the explainable information,
but SFG revealed the interfacial structural difference upon
applying the shear stress [79]. When a shear stress was
applied, a dramatically increased methyl symmetric vibration
peak of PDMS at 2910 cm–1 was observed with the aging time
increasing. A model was proposed to explain the aging effect

442 Xiaolin LU, Zhan CHEN, Gi XUE and Xinping WANG

Frontiers of Chemistry in China Vol. 5, No. 4, 2010



on the surface structure of PDMS. It was believed that aging
can result in PDMS chain scission and produce the dangling
PDMS chain tethered with one end chemically attached to the
cross-linked PDMS network and the other end free on the
surface; these tethered PDMS chains on the surface can easily
be aligned into a well ordered state under the external
mechanic shear [79]. This model explained why the side
methyl groups of the aged PDMS surface were highly ordered
upon the application of a shear stress, demonstrating that the
polymer surface dynamics as well as the surface structure can
easily be changed on account of prolonged aging or exposure
to air by accumulated minor chemical process.

Chou and his colleagues studied the surface structure
relaxation of PMMA [80]. Two surface transition tempera-
tures were observed at 107°C and 67°C respectively. They
believed the first transition (107°C) was the bulk-induced
structure relaxation since it agreed well with the bulk Tg of
PMMA. They proposed that the second transition (67°C)
might come from either the surface Tg (α-relaxation) or β-
relaxation since the detected signal comes from the side chain
ester methyl groups [80].

4 Summary

SFG is a novel second-order nonlinear vibrational spectro-
scopy with excellent surface/interface specificity and mole-
cular orientation sensitivity. It is a unique technique which can
provide in situ molecular information regarding surface and
interfacial structures, helping to elucidate the structure-
property relationships in extensive research areas associated
with surface and interfacial sciences. Here we discussed its
power and success in studying polymer surfaces in air,
polymer surface restructuring in different chemical environ-
ments, buried polymer-solid interfaces, and polymer surface
and interfacial dynamics. There are several other important
SFG research directions related to polymer science which are
not covered in this review paper, including biomedical
polymers, biologic polymers, and conductive polymers. For
these systems, SFG was also demonstrated to be an important
analytical probe to advance our understanding on the
structural origins of their surface or interfacial properties at
the molecular level. The prediction that “the mature years of
Sum-Frequency Generation are ahead” [81] is becoming true.
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