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Abstract

The surface molecular orientation, buried interface characterization of biaxially stretched poly(ethylene terephthalate) (PET) film, and
its photochemical behavior by UV irradiation have been investigated by using infrared–visible sum-frequency generation (SFG). The SFG
spectra of PET surface showed a pronounced peak at 1705 cm−1 which is characteristic of the C=O stretching vibration in an ester function.
The SFG spectra indicate that the polymer chains at the surface appear to be well aligned parallel to the surface plane. By depositing a
TiO2 film, the C=O and the C=C bonds of PET are tilted from the surface plane. Change of the molecular orientational conformation
distribution is also observed in the case of TiO2/PET interface. In contrast to the case of TiO2/PET, deposition of SiO2 film on PET surface
does not induce changes in the molecular orientational conformation. By irradiating UV pulses, photo-degradation of PET is observed for
TiO2/PET interface, while such degradation is not observed in PET surface and SiO2/PET interface. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Polymeric films coated with inorganic thin films have
many useful properties such as antireflective and protective
optical coatings, gas barrier coatings for food and pharma-
ceutical packaging industry, and numerous applications in
visor, automobile industry, and so on. For the application
to the liquid crystalline display as protective optical coat-
ings, it is important to the interface interaction between
polymer and inorganic coatings and its photo-protective
properties. Physicochemical interaction between metals and
polymers has been widely studied with X-ray photoemis-
sion spectroscopy (XPS) [1–4], near-edge X-ray absorption
spectroscopy (NEXAFS) [5], and high-resolution electron
energy loss spectroscopy (HREELS) [6]. Oxide/polymer
interfaces and the mechanism of the photo-induced reaction
have been also extensively studied for many years by using
many different techniques such as IR, Raman spectroscopy,
XPS [7,8], and atomic force microscopy (AFM). Some of
these techniques require UHV environment, others are not
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surface-sensitive or cannot provide interface information at
the molecular level.

Recently, sum-frequency generation (SFG) vibrational
spectroscopy has been demonstrated to be an effective
surface and interface analytical probe [9–11]. Since SFG
is second-order nonlinear optical process, the process is
electric-dipole forbidden in a bulk with inversion symme-
try, but allowed at interface where the inversion symmetry
is broken. Therefore, it is particularly sensitive to the inter-
facial structure between two centrosymmetric media. The
resonant enhancement of the SF signal occurs when the in-
put IR frequency agrees with a vibrational mode that is both
IR- and Raman-active. Furthermore, input/output polariza-
tion dependence of the spectra provides information about
average orientation of interface molecules. Thus, this spec-
troscopic technique is ideal for studies of chemical com-
position and structure of polymer surface [12–16]. In other
words, SFG provides detailed information of the polymer
surface at the molecular level and can be used to study any
polymer surface or interface that can be accessed by light.

In this work, we report the molecular conformations of the
biaxially stretched PET surface and the buried interface of
TiO2/PET by using SFG. In general, polymers have the ad-
vantage of having high mechanical strength combined with
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a low density and good transparency in the visible region.
However, they present a rather high softness and are easily
damaged. Deposition of TiO2 thin films would certainly
improve these low mechanical and optical properties. Es-
pecially, TiO2 presents very remarkable characteristics not
only thanks to its chemical stability but also to its excellent
properties. It has a high refractive index (n = 2.5) and good
optical transmittance in the visible (below 380 nm) and in
the infrared region. Therefore, good photo-protective prop-
erties are expected by the deposition of TiO2 films on PET
because UV irradiation leads to changes in the surface of
PET as a result of photo-oxidation [17], photo-degradation
[18], and photo graft reaction [19]. Furthermore, TiO2−x

compounds have semiconducting properties depending on
the oxygen vacancy concentration [20]. Thus TiO2, par-
ticularly as thin films, shows much potential for various
applications, such as photocatalytic devices [20,21], elec-
trochromic properties [22], gas sensors [23], interference
filters and antireflection coatings [24], and dielectrics in
optoelectronic [25] and electronic devices.

By using the SFG technique, we investigate the changes
of the molecular structure at TiO2/PET interface. For the
sake of comparison, we also measured the SFG spectra
of SiO2/PET interface. The difference between SiO2- and
TiO2-deposited PET interface is discussed. We also in-
vestigate the effect of UV irradiation to the TiO2/PET
interface. In particular, from the irradiation of UV pulses
to the TiO2/PET system, we could successfully observe the
photo-induced interface reaction. Our aim is to elucidate
potential applicability of SFG to the characterization of the
buried interface of oxide/polymer system.

2. Experimental

Samples of biaxially stretched PET films without addi-
tives used in this study were supplied from Film Research
Laboratories of Teijin Limited. Their thicknesses were
100 �m. Unoriented film was drawn in one direction, de-
fined as the machine direction (MD), to a draw ratio of 4.
Subsequently, it was drawn in the transverse direction (TD)
to a draw ratio of 4 or larger. Samples were taken from
both the center part and the edge part of the film. It is well
known that the sequentially, biaxially drawn films have op-
tical anisotropy, and the molecular orientation is different
at each point across the TD [26,27].

Titanium dioxide films deposited on PET substrates
were prepared by oxygen-radical beam-assisted deposition
[28,29]. Titanium was evaporated from an electron beam
source. Titanium and oxygen radical beam were simulta-
neously impinged on PET films at room temperature. Typical
Ti evaporation rate was 0.1 nm/s. The thickness of TiO2
was about 30 nm, as monitored by a quartz thickness
monitor. Details of an oxygen-radical beam source were
described elsewhere [28]. The flux of oxygen-radical
beam from the oxygen-radical beam source was 3.8 ×

1015 radicals cm−2 s−1, which was determined by monitor-
ing the change of the resonant frequency of a Ag-precoated
quartz crystal [30]. We also deposited a silicone dioxide
film onto a PET film. In this case, silicon dioxide (fused
silica) was used as a target of the electron beam source.
Typical SiO2 evaporation rate was 0.1 nm/s. The thickness
of SiO2 was about 30 nm.

In IR–visible SFG experiments, a mode-locked Nd:YAG
laser (EKSPLA PL2143D) with 30 ps pulse width and 10 Hz
repetition rate was used as a master light source. A tunable
IR beam was generated by a AgGaS2 crystal by difference
frequency mixing of the fundamental of Nd:YAG laser with
the output of an optical parametric generator (OPG; EK-
SPLA PG401VIR/DFG) pumped by the third harmonics of
the YAG laser. The frequency of the IR beam was calibrated
using a standard polystyrene film. The visible (532 nm) and

Fig. 1. SFG spectra of PET surface in the C=O stretching range in three
different polarization combinations for (a) sps (for s-, p- and s-polarized
SF output, visible input, and IR input, respectively), (b) ssp, and (c) ppp,
at γ = 45◦ and 135◦.
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IR beams were overlapped at the sample surface spatially
and temporally with the incidence angles of 70◦ and 50◦,
respectively. Pulse energies and beam sizes were about 1 mJ
and 0.4 mm for the visible input and 50–200 �J and 0.5 mm
for the infrared input, respectively. Spectral bandwidth of the
IR pulses was ∼10 cm−1. The SFG spectra were normalized
for infrared and visible intensity variations, respectively.

3. Results and discussion

We have measured SFG surface vibrational spectra of
PET in the C=O stretching region. The SFG spectra of the
PET film taken from the edge part were measured in differ-
ent input/output polarization combinations at different sam-
ple orientations specified by the azimuthal angle γ between
the common incidence plane of the visible and IR beams
and the MD direction. The spectra at γ = 45◦ and 135◦
are presented in Fig. 1. The SFG spectra in sps polariza-
tion combination (i.e., s-polarized SFG output, p-polarized
visible input, and s-polarized IR input, respectively) ex-
hibit a pronounced peak at 1705 cm−1. The main peak at

Fig. 2. Square root of the SF intensity of the C=O stretching mode vs. sample rotation angle φ for the edge and the center part of the PET film. φ = 0◦
defines the MD direction of the film. Solid lines correspond to calculated fits to the data.

1705 cm−1 is originated from the C=O stretching vibration
in an ester moiety. In ssp polarization combination, two
peaks are observed at 1705 and 1725 cm−1 at γ = 45◦, and
another two peaks are observed at 1615 and 1693 cm−1 at
γ = 135◦. The peak at 1693 cm−1 is assigned to the C=O
stretching vibration of benzoic acid, characteristic of the
terminal acidic function of the polymer [31]. In ppp polar-
ization combination, SFG signal is hardly distinguishable
from noise, as shown in Fig. 1(c). In Fig. 2, we show the
polar plot of square root of SFG intensity of C=O stretching
mode (1705 cm−1) for the edge and the center part of the
film as a function of γ in sps polarization combination. In
the edge part of the film, the intensity of the C=O stretching
mode is maximum at around γ = 45◦.

The band at 1615 cm−1 is derived from the C=C stretch-
ing vibration of phenyl ring (Ag symmetry) [32]. The phenyl
ring of PET (−CO−C6H4−CO−) has D2h symmetry, which
has inversion symmetry, and the Ag mode is IR-inactive
and, therefore, SFG-inactive. In the case of the cis-isomer of
terephthalate moiety, which is contained in the amorphous
region, the symmetry reduces to the C2v configuration. In
this case, the C=C stretching mode of phenyl ring is active in
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both Raman and IR by the reduction of the symmetry from
D2h to C2v. The biaxially stretched film is known to have
bulk crystallinity of ∼56% [33]. Thus, we conclude that
the peak at 1615 cm−1 is originated from the phenyl C=C
stretching vibration of the amorphous part of the surface
region.

From the SFG spectra, we can obtain definitive informa-
tion of the surface molecular orientation of PET. Generation
of the SF signal for the C=O stretching mode requires an IR
polarization component parallel to the C=O axis. The fact
that the mode is very strong in sps spectra (at γ = 45◦) and
absent in ppp spectra indicates that the C=O axis must be
parallel to the surface plane. This result is in good agree-
ment with the result of NEXAFS of biaxially stretched PET
[34,35]. Since the C=O stretching mode is very strong at
γ = 45◦, and almost absent at γ = 135◦, we conclude that
the PET chains are well aligned along γ = 45◦ in the edge
part of the film. In fact, it is well known that the sequen-
tially, biaxially drawn PET film shows optical anisotropy,
and the molecules tend to align along some direction in the
edge region of the films [26,27]. In the case of the PET
sample taken from the center part, the intensity of the C=O
stretching mode is maximum at around γ = 90◦, as shown
in Fig. 2. This result indicates that the PET chains are almost
parallel to the TD direction. These molecular orientation
distributions along TD direction are in good agreement with
the results of the birefringence measurements of biaxially
stretched PET films [26]. It should be noticed that the two
possible molecular orientational conformations should ex-
ist at the surface region, as depicted in the inset of Fig. 2.
From the data of Daubeny et al. [36], the angle between
C=O axis and the chain axis is determined to be 77.2◦. The
distribution of the molecular orientation angle φ can be
deduced when we assume a Gaussian distribution for φ:

f (φ) =
∑

i

Ci exp

[
− (φ − φ0i

)2

2σ 2
φi

]
, (1)

where Ci is a normalization constant, φ0i
the average value

of φ, and σφi
the variance. Better fitting curves are ob-

tained by considering two C=O axes. The solid lines in
Fig. 2 illustrate the fitted curves by Eq. (1) assuming the
presence of the two C=O axes, which are inclined to the
maximum intensity of the angle φ, respectively. The calcu-
lated, averaged orientational distribution of the chain axes
are σφ = 17.9±0.6◦ and σφ = 32.1±0.9◦ for the edge and
center part of the films, respectively. A significantly higher
degree of order is observed for the sample from the edge
part of the film. The variation of the orientation distribution
may cause the non-uniformity of physical properties across
the TD of the film.

In Fig. 3, we show the SFG spectra of the TiO2/PET
interface prepared by oxygen-radical beam-assisted TiO2
film deposition on a PET substrate, which was taken from
the edge part. The peak intensities of the C=O and C=C
stretching modes do not change after the deposition of TiO2

Fig. 3. SFG spectra of PET after deposition of TiO2 by oxygen-radical
beam-assisted method in three different polarization combinations for (a)
sps, (b) ssp, and (c) ppp, at γ = 45◦ and 135◦.

film, as shown in Figs. 3(a) and (b). In the case of the SFG
spectra of the PET surface exposed to the oxygen-radical
beam, however, the intensities of the C=O and C=C
stretching mode are reduced [37]. The oxygen-radical ex-
posure induces the ring-opening reaction leading to new
oxygen-containing species formation accompanied by con-
secutive loss of aromatic character of the polymer surface.
Such effect is small in the case of TiO2-deposited PET, since
PET surface is protected by TiO2 deposited on it. In ppp
polarization combination, both C=C and C=O stretching
modes are appeared, as shown in Fig. 3(c). The appearance
of these bands in ppp polarization combination indicates
that the C=O and the C=C axes are tilted from the surface
plane. This result clearly shows that the TiO2 film deposited
by the oxygen-radical beam-assisted method changes the
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Fig. 4. Square root of the SF intensity of the C=O stretching mode vs. sample rotation angle φ for the PET film after deposition of TiO2 by oxygen-radical
beam-assisted method. φ = 0◦ defines the MD direction of the film. Solid line corresponds to a calculated fit to the data.

conformation of the molecular chains of PET. In Fig. 4,
we show the polar plot of square root of SFG intensity of
C=O stretching mode observed from the TiO2/PET inter-
face as a function of γ in sps polarization combination.
The calculated, averaged orientational distribution of the
chain axis is σφ = 23.2 ± 1.4◦, which is larger than that in
the case of neat PET. Change of the molecular distribution
indicates that the deposition of TiO2 film induces structural
modification to the PET surface. It should be noticed that
such structural modification is not observed in the case of
the PET surface after the oxygen-radical beam exposure.

Fig. 5 shows the SFG spectra of the SiO2/PET interface.
In contrast to the case of the TiO2/PET interface, there are
no bands in ppp polarization combination, indicating that
deposition of SiO2 film on the PET surface does not induce
changes in the molecular conformation of PET. Thus, we
conclude that the TiO2/PET and SiO2/PET interfaces take
different molecular conformation. The calculated, averaged
orientational distribution of the chain axis obtained from the
polar plot of square root of SFG intensity of C=O stretching
mode is σφ = 21.5 ± 1.2◦.

Finally, we show the effects of UV laser radiation on the
PET surface and the TiO2/PET interface. In Figs. 6(a) and
(b), we show the change of the SFG spectra of the C=O re-
gion of PET after irradiation of the third harmonics (λ =
355 nm) of Nd:YAG laser with 30 ps duration. The radiation

energy was set to 9 mJ/cm2. Its wavelength corresponds to
energy of 3.49 eV, which is slightly higher than the valence
to conduction band energy gap of 3.08 eV for rutile [38]. On
radiation of 355 nm, the C=O mode does not change for the
PET surface, as shown in Fig. 6. After irradiation of 2000
shots, however, a partial swelling occurred. The intensity of
C=O mode is decreased after UV irradiation to TiO2/PET, as
shown in Figs. 6(c) and (d). This result indicates that TiO2
film accelerates the photo-degradation reaction of PET. The
photo-degradation of PET by UV irradiation of wavelength
312 nm proceeds mainly by the mechanism of photo-Fries
rearrangement to form three-dimensional networks by the
primary photolysis process and subsequent photo-oxidation
reaction, resulting in the cleavage of main chains [39]. The
wavelength of 355 nm has no sufficient energy to cause the
initiation of the photo-degradation, since PET has no ab-
sorption at 355 nm. For the sake of comparison, we also
measured the SFG spectra of SiO2/PET after UV irradi-
ation. On radiation of 355 nm, the C=O mode does not
change for the SiO2/PET system, because PET has no ab-
sorption at 355 nm and the bandgap of SiO2 is 8.95 eV [40].
Therefore, this reaction should not be originated from the
photo-induced reaction of PET itself. Details of the mecha-
nism of the photo-degradation process of TiO2/PET interface
is not clear; however, the photo-generated valence band holes
in TiO2 deposited on PET may induce the degradation of



98 T. Miyamae, H. Nozoye / Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 93–99

Fig. 5. SFG spectra of PET after deposition of SiO2 film in three different
polarization combinations for (a) sps, (b) ssp, and (c) ppp, at γ = 45◦
and 135◦.

polymer chain at the TiO2/PET interface and the nucleation
of the radicals, which form the three-dimensional networks.

In conclusion, the surface molecular conformations of
the biaxially stretched PET films and characterization of
the buried interface of TiO2/PET have been investigated
by using SFG. The SFG spectra show that the polymer
chains at the surface appear to be well aligned parallel to
the surface plane with C=O parallel to the surface plane.
By depositing the TiO2 film, the C=O and the C=C bonds
of PET are tilted from the surface plane. In contrast to the
case of TiO2/PET, deposition of SiO2 film on PET surface
does not induce changes in the molecular conformation of
PET. By irradiating UV pulses (355 nm), we could succes-
sively observe the photo-degradation of the C=O moiety
of PET for TiO2/PET interface, while such photo-induced

Fig. 6. Change of the SFG spectra of UV (355 nm)-irradiated PET and
TiO2/PET in (a) sps and (b) ssp combinations for PET, and in (c) sps
and (d) ssp combinations for TiO2/PET, respectively. Spectra at γ = 45◦
are shown.
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degradation is not observed in PET surface and SiO2/PET
interface.
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