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In-situ vibrational sum frequency generation (SFG) spectroscopy has been employed
to investigate the photocatalytic oxidation of two types of well-ordered organic
monolayers, namely, an arachidic acid (AA) monolayer prepared by the Langmuir-
Blodgett method and an octadecyltrichlorosilane (OTS) monolayer prepared by the
self-assembling method, on a TiO, surface under ultraviolet (UV) irradiation. The
extremely high sensitivity and unique selectivity of the SFG spectroscopy enabled
us to directly probe the structural changes in these monolayers during the sur-
face photocatalytic oxidation and further elucidate their reaction mechanisms at a
molecular level. It was revealed that the ordering of the monolayers during the
photocatalytic reaction is strongly dependent on their interaction with the substrate;
the AA monolayer maintains its ordered conformation until the final oxidation stage,
while the OTS monolayer shows a large increase in disordering during the initial
oxidation stage, indicating a different photocatalytic reaction mechanism of the two
monolayers on the TiO, surface. © 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4921954]

Titanium dioxide (TiO,) has versatile applications from dye sensitized solar cell to surface
coating and has attracted much interest as a photocatalyst due to its high activity and stability.'~*
It was reported that small organic molecules can be photocatalytically oxidized on the TiO, sur-
face under ultraviolet (UV) irradiation. The photocatalytic reaction is now widely applied in the
field of environmental protection, such as environmental decontamination and self-cleaning.!™
While most of the previous studies focused on small volatile molecules, there were only a very
few studies on the photocatalytic reaction of long-chain organic molecules in a monolayer with
well-defined structure.”® As a model system for the photocatalytic reaction, the monolayers of
long-chain organic molecules are both of practical and fundamental interests.” Understanding the
photo-induced oxidation mechanism of organic thin-films is crucial for developing novel functional
materials for environmental protection. Although the mechanism for the photocatalytic oxidations
on the TiO, has been extensively investigated,' our knowledge about the photocatalytic oxidation
of such monolayers on the TiO; surface is still limited at a molecular level. For example, how does
the molecular structure of the monolayer change during the reaction? How does the interaction
between the organic molecule and TiO, surface affect the reaction kinetics?

In the present study, by employing vibrational sum frequency generation (SFG) spectroscopy,
the structural changes in the well-ordered monolayers of organic molecules with long alkyl chain
on the TiO, surface under UV irradiation were investigated at a molecular level. Vibrational SFG
is a 2"d-order non-linear optical technique and has been employed to probe molecule structures on
various surfaces and interfaces.'%° In addition to its high surface sensitivity, SFG spectroscopy
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shows a very unique response to the symmetry and ordering of the molecules, providing signif-
icant information about the molecular structures in comparison to conventional vibrational spec-
troscopy.?'2° In the present study, we revealed the different oxidation behaviors of two types
of well-ordered monolayers, namely, the Langmuir-Blodgett (LB) monolayer and self-assembling
monolayer (SAM) of organic molecules with long alkyl chains,’*>® and demonstrated how the
interaction between the organic molecules and substrate affects the oxidation behaviors. This study
provides a molecular level understanding regarding the photocatalytic reaction mechanism on the
TiO, surface.

The polycrystalline TiO, (anatase) films were obtained by a sol-gel method.?® The diluted
titanium tetraisopropoxide solution (NDH-510C, Nippon Soda) was spin-coated on the flat surface
of a hemicylindrical fused quartz surface at 2000 rpm and then sintered at 500 °C for 30 min in air.
This procedure produced a TiO, film with its thickness of 120 nm having a surface roughness of
ca. 1.3 nm.> A LB monolayer of arachidic acid (AA), CH3(CH,);3COOH (AA), was constructed
on the surface of water containing 0.3 mM NaHCO; and 0.2 mM CdCl, (pH = 6.6) in a LB trough
(FSD-500, USI) at room temperature and then transferred to the substrate surface at a surface pres-
sure of 30 mN/m.>>3! A SAM of octadecyltrichlorosilane (OTS) was prepared on the TiO, surface
following the procedures described elsewhere.3?-3

A broad-band SFG system was used to characterize the structure and conformational order-
ing of the two monolayers. Details about the system were described elsewhere.’’-*® A broad-band
femtosecond infrared pulse of 3 uJ (FWHM ~200 cm™!, centered at 2900 cm™") and a narrow-band
picosecond visible pulse of 8 uJ at 800 nm (FWHM ~10 cm™') were spatially and temporally
overlapped at the sample surface with incident angles of 50° and 65°, respectively. An SFG signal
was detected by a CCD detector attached to the spectrograph. The time-resolved SFG spectra were
recorded with the ppp (p-polarized SFG, p-visible, and p-IR) polarization combination and acqui-
sition time of 10 s/spectrum. All the SFG spectra were normalized by a vibrationally non-resonant
SFG signal from a gold thin-film (200 nm in thickness) deposited on the flat surface of a fused
quartz prism with identical shape as those used for TiO, coating. A “black light” lamp with a
365 nm maximum (Toshiba FL4BLB) was used as the UV irradiation source. The UV irradiation
intensity at the sample surface was ca. 5 mW/cm?. The surface hydrophobicity was also evaluated
by the contact angle measurement.

Figure 1(a) shows the time-resolved ppp-polarized SFG spectra (2800-3000 cm™') of the LB
monolayer of AA on the TiO, surface under UV irradiation. Before the UV-irradiation, three major
SFG peaks were observed at 2878, 2938, and 2967 cm™!. These peaks can be assigned to the C—H
symmetric, Fermi resonance between the C—H symmetric and overtone of C—H bending, and C-H
asymmetric stretching of the terminal CH; group of AA molecules in the monolayer, respectively.
The two shoulders at 2848 and 2920 cm™! were attributed to the C—H symmetric and asymmetric
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FIG. 1. (a) Time-resolved ppp-polarized SFG spectra in C—H stretching region of LB-monolayer of AA molecules on TiO,
surface as a function of UV irradiation time (0-5 min). (b) SFG intensity of CH3 (black squares) and CH, mode (red circles)
as a function of UV irradiation time. Solid lines are only for visual guide.
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modes of the CH, group in the long alkyl chain of AA, respectively.’*3! As already discussed,
the vibration modes of the CH, group in a long alkyl chain with an all-frans conformation are
SFG-inactive due to the centrosymmetric structure; thus, the SFG peaks observed for the CH, group
cannot be used to evaluate its population but mainly used to characterize the number of the gauche
defects in the long alkyl chains.***’ The conformational gauche defects break the all-trans structure
of the alkyl chain and reflect the disordering of the monolayer. Thus, the weak SFG intensity
of CH, compared to that of CH; in Fig. 1(a) indicates that an all-trans conformation of the AA
monolayer with only a very small amount of gauche defects was constructed.’*! The contact angle
measurements showed that the surface is very hydrophobic (>90°). As soon as the UV irradiation
started, the SFG spectra quickly changed. Figure 1(b) shows the peak intensities for the symmetric
stretching modes of the CH3 and CH,; groups as a function of the UV-irradiation time. The peak
intensity for the CHj group dramatically decreased and reached ca. 15% of its initial value within
2 min, then further reduced to a background level after 3 min. In contrast, the peak intensity of the
CH, group was nearly constant during the initial period and started to decrease as the CH3 peak was
almost negligible and finally disappeared after 5 min (Fig. 1), and the surface became completely
hydrophilic. As a control experiment, no change in the SFG signal and contact angle was observed
for the AA monolayer deposited on a fused quartz surface under the UV-irradiation. The decay
behaviors of the two peaks are considered to be a result of the photocatalytic oxidation of the AA
monolayer on the TiO, surface under UV-irradiation.

Since the SFG intensity is proportional to the square of the population of the related species on
the surface, the oxidation kinetics of the terminal CH; group in the monolayer can be determined
from the decay profile (Fig. 1(b)). However, since the surface density of the CH3 group is not neces-
sarily the same as the coverage of the partially oxidized monolayer during the photocatalytic reac-
tion, the time-dependent SFG intensity of the CH3 group (Fig. 1(b)) is no longer a suitable probe for
the monolayer coverage. Thereby, we could not use the ratio between the peak amplitude of CH,
and CHj; groups to specify the ordering of the film as typically done by previous studies.?’-34142
Instead, we could employ the number of the gauche defects, i.e., the peak amplitude of the CH,
group, to characterize the relative ordering of the film during the photocatalytic oxidation reaction.
Based on the assumption, the AA monolayer seems to maintain the same ordering during the first
stage of the oxidation. As the terminal CH; groups were almost oxidatively decomposed, the rela-
tive disordering started to decrease, implying that a very specific ordering change occurs during the
photocatalytic reaction for the AA monolayer on the TiO, surface.

Figure 2(a) shows the time-resolved SFG spectra for SAM of the OTS monolayer on the
TiO, surface under the UV-irradiation. Before the UV-irradiation, the SFG spectrum for the OTS
monolayer was very similar to those of the AA monolayer, i.e., three major peaks attributed to the
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FIG. 2. (a) Time-resolved ppp-polarized SFG spectra in C-H stretching region of SAM of OTS on TiO; surface as a function
of UV irradiation time. (b) SFG intensity of CH3 (black squares) and CH; mode (red circles) as a function of UV irradiation
time. Solid lines are only for visual guide.
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CHj; group were mainly observed with small shoulders for the CH, group. This indicated that a
well-defined SAM of the OTS was constructed on the TiO, surface. The SFG spectra of the OTS
monolayer under the UV-irradiation show quite different features in comparison to the AA mono-
layer (Fig. 1). The SFG intensity of the CH3 group decreased while that of the CH, group initially
increased (0—7 min) and then decreased (Fig. 2(b)). In the first stage, the SFG intensities for the
CH; and CH, exhibited totally opposite changes with the UV-irradiation and reached a somewhat
saturated value at the end of the stage. In the next stage (7 min), the SFG intensity for the CH, group
then decreased and dropped to a background level in 10 min, while the decrease of the CHj3 intensity
slowed down and disappeared at the same time (Fig. 2(b)).

In comparison to the AA monolayer on the TiO, surface, a longer time is needed to fully
oxidize the OTS monolayer on the TiO, surface under the UV-irradiation. Furthermore, it is inter-
esting to notice that the SFG intensity for the CH, group in the OTS monolayer largely increased
during the first stage and decreased in the second stage, which reflects changes of the number of
gauche defects during the two stages. Based on the same assumption mentioned above, this implies
that the OTS monolayer suffers significant order to disorder change during the first oxidation stage,
while the disordering seems to decrease in the second stage.

To explain the different photocatalytic oxidation features observed in Figs. 1 and 2, a reaction
scheme is proposed (Scheme 1). Since the AA monolayer was transferred from the water subphase
to the TiO, surface at a surface pressure of 30 mN/m by the LB method, the AA molecules in the
monolayer are expected to take a solid-like structure based on the features of the 11-A isotherm.?6-8
This structure has also been confirmed by the SFG spectrum before the UV-irradiation. Further-
more, a very thin layer of water is known to be formed between the organic monolayer and hydro-
philic substrate surface during the transfer process.?’-* On the other hand, it is known from previous
studies that the long-chain fatty acid molecules tend to aggregate together to form condensed do-
mains where an attractive van der Waals interaction works between the AA molecules on the water
surface.”®2® We believe that a similar process also occurs for the AA monolayer on the hydrophilic
TiO, surface during the UV-irradiation. Since there are no covalent bond between the AA’s polar
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SCHEME 1. Schematic model for photocatalytic oxidation reaction for (a) physisorbed AA monolayer and (b) chemisorbed
OTS monolayer on TiO, surface during UV irradiation.
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headgroup and the TiO, substrate, AA molecules can have a higher mobility on the TiO, surface
due to the presence of the thin water layer between the AA monolayer and substrate. When some
of the AA molecules in the monolayer are oxidized by the UV-irradiation, the surrounded AA
molecules can diffuse and reconstruct to form the condensed domains by the intermolecular van
der Waals interaction. These condensed domains have a conformational ordering similar to those
in the monolayer before the UV-irradiation (Scheme 1(a)), and even the total coverage for the AA
monolayer becomes very low. On the other hand, in the case of OTS monolayer, hydrolyzed OTS
molecules are anchored not only on the TiO, surface with the Si—O bond but also bind to each other
by the Si—O-Si network through the silane coupling reaction.*>* The strong chemical interaction in
the OTS monolayer restricts the lateral mobility of the individual OTS molecule in the monolayer.
When some of the OTS molecules in the SAM were oxidized, the remaining OTS molecules could
not repair the oxidized sites (Scheme 1(b)) in order to reconstruct ordered domains by a surface
diffusion process as that happen on the AA monolayer. This is considered as the main reason that
the gauche defects continuously increase during the first stage of the photocatalytic oxidation of the
OTS monolayer (Fig. 2(b)). The number of gauche defects in the OTS monolayer decreased with
the full oxidative decomposition of the monolayer (Scheme 1(b)). The contact angle measurements
showed that the TiO, surface changed from hydrophobic to hydrophilic after the UV-irradiation.
The present SFG measurements were only carried out in the C-H stretching region. Further SFG
measurements in lower frequency regions for possible reaction products and intermediates such as
carboxylate and carboxylic acid groups are still in progress in our group.

The present photocatalytic oxidation mechanism (Scheme 1) is in agreement with previous
morphological observations by atomic force microscopy (AFM). Fujishima and Hashimoto inves-
tigated the UV-induced oxidation of the LB-multilayer of stearic acid on the TiO, surface and
reported that many island domain structures were formed during the photocatalytic decomposition
process.’ This indicates that the unoxidized fatty acid molecules are reconstructed to form stable
domains on the TiO, surface during the photocatalytic process. In contrast, Lee et al. studied the
UV-induced decomposition of the OTS monolayer on the TiO, surface and demonstrated that a
homogeneous reduction of the film thickness, implying that the immobilized OTS molecules were
oxidized from the terminal CH3 group to the other end of the molecule without formation of the
ordered domains during the oxidation process.’

In the present study, vibrational SFG spectroscopy was employed to study the UV-induced
photocatalytic oxidation of two types of well-ordered monolayers on the TiO, surface. By moni-
toring the ordering of the monolayers during the photocatalytic oxidation, we could reveal the
different reaction mechanisms for these monolayers; namely, a physisorbed AA monolayer main-
tains its ordered structure through the lateral diffusion, and a chemisorbed monolayer becomes
more disordered during the reaction due to the limited mobility on the substrate surface. This study
provides essential information for understanding the photocatalytic decomposition of organics with
long alkyl chains on the TiO, surfaces and is intimately related to application of the TiO, as a
photocatalyst and photoactive material for antifouling, antibacterial, and self-cleaning.
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