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Abstract

We present the fourth-order Raman spectrum of an organic adsorbate on a solid surface.
TiO, (110) surfaces covered by p-nitrobenzoate (pNB) and trimethyl acetate were
observed. In addition to phonon modes of TiO,, a weak band at 572 cm’! was observed
for the surface covered by pNB, and assigned as a molecular vibration. The coverage of
pPNB was estimated to be 13% using XPS. The feasibility of fourth-order Raman
spectroscopy 1is demonstrated in observing organic adsorbates of submonolayer

quantity.



Introduction

Molecules at interfaces play important roles in various chemical reactions. For
determination of the molecular structures at the interfaces, various spectroscopic and
microscopic methods have been developed. Molecular vibrations have been one of the
most informative properties for identification of molecules and their structural changes
in chemical reactions. Since even-order non-linear optical processes have come to be
allowed only on interfaces for centro-symmetric media, sum frequency (SF) generation
has been an interface-selective method to observe molecular vibrations [1-11]. For
measurement of SF spectroscopy, infrared (IR) and visible (VIS) lights are mixed to
generate the signal light. However, applicable interfaces are usually limited to media
with small IR absorption. For that reason, interface-selective vibrational spectroscopy
without IR light is a preferred method. Fourth-order Raman (FR) spectroscopy has
recently been developed as interface-selective vibrational spectroscopy using only
UV-VIS light [11-21]. FR spectroscopy has been applied to several interfaces including
vacuum-solid [11-13,16], air-solid [17], solid-solid [14], air-liquid [15,18,19],
liquid-liquid [20], and liquid-solid interfaces [21]. In FR spectroscopy, vibrational
coherence generated by stimulated Raman process is probed by second-harmonic
generation of probe pulses. Using time domain measurements of FR spectroscopy with
20 fs pulses, low frequency vibrations below 800 cm™ are observable. The FR
spectroscopy is therefore a promising method for characterizing interfaces buried in IR
adsorbing media, especially in water.

However, there has been no reported FR spectrum of adsorbed molecules on



solid surfaces. Recently, we have reported FR spectra of TiO, rutile (110) surface
covered with trimethyl acetate (C(CH3);COQ", hereafter abbreviated as TMA). In the
spectra, several vibrational modes were observed, and we have assigned the observed
bands as phonon modes of TiO, near the surface because there were corresponding bulk
or surface phonon modes of TiO,. On the other hand, no molecular vibration of TMA
was observed in the spectra because TMA has no resonance to fundamental and second
harmonic wavelength of pump and probe pulses (630 nm and its second harmonic at
315 nm). In the present study, we measured a TiO, (110) surface covered with
p-nitrobenzoate (NO,-CsHys-COO", pNB) and first observed molecular vibrations of
adsorbates. We chose pNB as adsorbate because it is substitutable carboxylate from
TMA, and two-photon resonance is expected because pNB has absorption around 300
nm. Second harmonic generation from adsorbed p-nitrobenzoic acid on silica was also
reported [22]. We have demonstrated that TMA anions adsorbed on TiOy(110) are
exchanged with another carboxylate: retinoate [10], fluorescein isomer [23], and a
ruthenium complex [24]. pBN, a carboxylate smaller than the three, can also be

assumed to exchange TMA anions on TiO,(110).

Experimental

TMA covered TiO; (110) crystals were prepared in an ultra-high vacuum
(UHV) chamber. A one-side polished TiO, (110) crystal (10 x 10 x 0.5 mm’, by
Shinkosha, Co. Ltd., Japan) was Ar-ion sputtered at room temperature and annealed at

1000 K in a vacuum of 2 x 10” Torr. The resulting TiO, (110) surface was slightly



reduced to blue in color and had a (1x1) pattern in low-energy electron diffraction. The
TiO, (110)-(1x1) surface was then exposed in trimethyl acetic acid vapor of 1 x 107
Torr for 60 s at room temperature, and a (2x1)-ordered monolayer of TMA was
prepared on the TiO, (110) surface. The resulting TMA covered TiO, (110) was
removed from the vacuum. It is stable in the air [10, 17]. A rutile TiO, (110) surface
covered with pNB was prepared by immersion of the TMA covered TiO, (110) crystal
into 6 mmol/L p-nitrobenzoic acid solution of dichrolomethane for five days.
p-nitrobenzoic acid was used as received from Tokyo Chemical Industry. HPLC grade
dichloromethane was used as solvent which was purchased from Wako Pure Chemical
Industries. The immersed TiO, crystal was removed from the solution and washed by
dichrolomethane for six hours, and used for the experiment in the air. TMA is adsorbed
on the TiO; (110) surface in a bridge-bonded fashion [10]. Benzoic acid also adsorbs to
TiO, surface in a bridge-bonded fashion [25], hence pNB is also expected to be
bridge-bonded on TiO, surface (Figure 1).

The experimental setup of the FR measurement is essentially the same as that
in our previous reports [17]. In brief, pump and probe pulses were from a non-colinear
optical parametric amplifier (Quantronix, TOPAS-white) pumped by a Ti:Sapphire
regenerative amplifier (Spectra-Physics, Hurricane). The center wavelength of the
pulses was tuned at 550 nm, and the pulse width was 25 fs as a result of cross
correlation of pump and probe pulses on the sample surface. Pump and probe pulses
were p-polarized and focused on the sample (8 mJ/cm® each). The second harmonic

light generated from the probe pulse was detected by a photomultiplier. The incident



angle of the pump and probe pulses was 55 degrees from the surface normal, and the
angle between the pump and probe pulses was 2 degrees. The time delay was scanned
from -0.3 to 3 ps at 5 fs step. 161300 pulses were integrated to obtain the SH time
profile at each time step for the pNB covered surface. 339125 pulses were integrated for
TMA covered surface. The integration number was dependent on laser stability to
obtain spectra with similar signal-to-noise (S/N) ratio. The irradiated position was
moved on the crystal surface after each scan of the delay at approximately 1500 (pNB)
and 2400 points (TMA). Two samples which were prepared in the same way were used
for the TMA covered surface. In the case of the pNB covered surface, one sample was
used.

For evaluation of the number of adsorbed pNB molecules, XPS measurements
were performed using Al-Ka (1487 eV) with a detection angle of 45 degrees. Both a
TMA covered surface and a pNB covered surface were measured. The samples were
prepared separately from the FR measurement in the same preparation method. The
spectrometer used was ULVAC-PHI Quantum-2000 at Ion Engineering Research

Institute Corporation.

Results and Discussion

The obtained time profile of second harmonic intensity of probe pulses for the
pPNB covered TiO, surface is shown in Figure 2(a). [(2w)/Io(2w) is the pumped SH
intensity relative to the non-pumped SH intensity. A sharp negative peak at time zero

and a decay of second harmonic intensity were essentially the same as the reported time



profile of the TMA covered surface [17].

The electric field of observed second harmonic can be treated as summation of
periodically modulated (E,.,4(2®, t;)) and non-modulated (E,,,(2®, #;)) components.
Because the modulations are originated from vibrational coherences generated by the
pump pulse, E,,q is expressed by the sum of periodic modulations as,

E,oi(20,t,) o 1 (t;) oc 34, expliCe,t, +9,))exple, /T,) ()
where 4,, w,, ¢,, T, and ¢; are the amplitude, frequency, phase, dephasing time of each
vibrational mode and time delay of the probe pulse. #* is fourth-order response of the
interface. The intensity of observed second harmonic is

1(2w,t, ) o ’ (2)

Em)n (26(), td )+ Emod (260’ td )exp(igonon )

where ¢,,, represents relative phase between E,,.(2w, t;) and E,.,(2o, t;). When
|Enon(2o, t7)| >> |Enod(2m, t7)|, the oscillation amplitude becomes proportional to the
heterodyne component, which is

E,, (Zw’td ) E, . (Zw’td ) exp(ip,,, ) < ZAV eXp(i(wvtd to,+ %on))eXp(_ ly /Tv) (3).
In the case of one-photon resonant dye solution interfaces for example, cosine-type
modulations with ¢, + ¢,,, = 0° are reported [15, 20].

For obtaining the modulated component of the FR signal, non-modulated SH
decay was fitted and subtracted by a mixed function composed of a Gaussian function,
two Gaussian convoluted exponential functions, and a Gaussian convoluted step
function for a component with decay constant over 100 ps. The mixed function
reproduced the whole non-modulated SH time profile well. The obtained time constants

of the decay were 130 fs, 1.6 ps, and the full width at half maximum (fwhm) of the



Gaussian function at the zero position was 32 fs. The modulated component which
remained after subtraction is shown in Figure 2(b). To obtain the Fourier-transformed
(FT) spectrum with a better S/N ratio, zero data was added to the end of the modulated
component to 30 ps, and a Gaussian window function with 1 ps half width at half
maximum was multiplied to the data before Fourier transformation. Multiplying the
window function corresponds to a convolution of the FT spectrum with a Gaussian
function having a fwhm of 15 cm™. The resulting FT spectrum of the pNB covered
surface is shown in Figure 2(c). The imaginary part represents sine components of the
oscillation (@, + @un = 90°), and real part represents cosine components of the
oscillation (@, + @0, = 0°).

For obtaining the wavenumber and the phase of vibrational coherences, the

spectrum was simulated using sum of Lorentzian functions, which is defined as

S s (@) = Z T exp(id,) 4)

(w—

where 4,, w,, I'y, and 6, are amplitude, center wavenumber, band width and phase of
each mode. The phase is defined as 6, = @, + @ + 90° in eq. (1). Six Lorentzian
functions were used to fit the spectrum of the pNB-adsorbed surface. Five are for
substantial vibrations of 825, 572, 439, 363, 180cm™', while one at 113 cm represents
the residue of the fit. Zero phase (6, = 0) was initially assumed to minimize the number
of fitting parameters. Two bands (825 cm™ and 180 cm™) were successfully fit with 6, =
0, whereas finite phases were necessary for the other three bands to reproduce the

observed spectrum. The obtained fitting parameters are shown in Table 1(a), and the



simulated spectrum is in Figure 2(c). Uncertainty of the simulated phases is dominated
by precision of the zero time delay. The phase uncertainty was estimated and shown in
Table 1, on the basis of the time zero uncertainty, +3.4 fs for pNB-adsorbed TiO, and
+1.7 fs for TMA-covered TiO».

The raw SH intensity obtained from the TMA covered TiO, surface is shown in
Figure 3(a). The non-modulated component was fitted using decay constants of 130 fs
and 1.5 ps and a Gaussian fwhm of 32 fs. The obtained time constants of the fitting
function were almost the same values for both the TMA and pNB covered surfaces.
Because the trapping time of photo-excited electrons has a similar value in particle TiO,
[26-29], we consider that the time constant of 130 fs corresponds to the trapping time of
conduction-band electrons. The reason of the SH decay with picosecond time constant
(1.5 ps) is not definite. Trapping of photo-excited holes following transport to the
surface provides one possibility. Energy dissipation from electronic temperature to
lattice temperature, or thermal diffusion from the surface to the bulk is another
possibility.

The modulated component of the SH intensity and the FT spectrum are shown
in Figure 3(b) and 3(c). The FR spectrum of the TMA covered TiO; surface have a good
S/N ratio. Four major peaks at 824, 440, 366 and 181 cm™ were in good agreement with
what was observed on a TMA covered surface using 630 nm pulses [17]. The obtained
spectrum was fitted with Lorentzian functions. The four major bands of the pNB
covered surface and TMA covered surface were fitted with identical parameters shown

in Table 1. The error of &, in Table 1(2) was also obtained from standard error of zero



position (1.7 fs). Since there are corresponding bulk, or surface phonon modes of TiO,
[30-35], these modes were assigned to phonon modes of TiO, near the surface. Different
phases, 0° for 825 cm™ and 180 cm™ and 36° for 363 cm™ band, suggest different
excitation mechanisms of the phonon modes. Spectral structures below 100 cm™ were
artifacts derived from residue of the fittings.

In addition to the previously reported TiO, phonon bands, a band was observed
at 572 cm’' for the pNB covered surface. There is no corresponding bulk phonon mode
of TiO; in this wavenumber region [30-32], and there is also no reported surface phonon
mode around 570 cm’ by HREELS [33-35]. Hence 572 cm’ band should have
originated from adsorption of pNB on TiO,.

According to a normal mode analysis of Raman and IR spectra of vapor pNB
radical dianion, 550 cm™ (b,) and 509 cm™ (a;) skeletal modes are reported [36]. These
modes are also observed at around 530 cm™ in surface enhanced Raman scattering
(SERS) spectra of p-nitrobenzoic acid adsorbed on metal surfaces [37-42]. Roth et al.
[40] indicated that adsorbed p-nitrobenzoic acid on metal surface was coupled to
4,4'-azodibenzoate  ((OOC-Ph-N=N-Ph-COO") by Ar-ion laser irradiation.
4,4'-azodibenzoate also has a broad SERS band at around 550 cm™ [42]. Hence even if
the same reaction occurs on the TiO; surface, it is difficult to distinguish the molecule
only by this band. Characteristic bands to distinguish pNB and 4,4'-azodibenzoate are in
a higher wavenumber region than those found in our measurement. Both SERS spectra
of p-nitrobenzoic acid and 4,4'-azodibenzoate have relatively strong bands at around

710 cm™ and 860 ¢cm™ in addition to 550 cm™ [40, 42]. The two bands, if any, can be
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masked on our spectrum because of a TiO, phonon mode at 825 cm™. A fourth-order
Raman transition contains a Raman transition and a hyper-Raman transition. The
intensity of the fourth-order response is not necessarily proportional to the intensity of
SERS response. Thus, observed mode at 572 cm™ is most likely to be a molecular
vibration derived from adsorbed pNB or 4,4'-azodibenzoate.

The SH light intensity was not enhanced by the presence of pNB. This suggests
that the SH light is mainly generated at the TiO, surface. When the fourth-order band at
572 em™ is generated by adsorbed pNB, some enhancement by two-photon resonance
should be present. When the 4,4'-azodibenzoate is responsible for the 572 cm™ band,
one-photon resonance may occur in the fourth-order transition. The absorption of the
4,4'-azodibenzoate is expected at around 500 nm on the basis of the absorption of
azobenzen derivatives.

The XPS results for Ti(2p) and N(1s) are shown in Figure 4. A peak was
additionally observed at 407 eV for pNB covered TiO, which was the reported peak
position of N(1s) in p-nitrobenzoic acid [43]. This result indicates the existence of
adsorbed pNB on the TiO, surface. The larger peak at 401 eV is probably originated
from impurities of the substrates because they were observed on both surfaces. In order
to estimate the quantity of pNB, peak areas of N(1s) and Ti(2p3,) were compared. The

intensity ratio of the Ti(2ps;») and N(1s) peak areas was [,,, /I ri2p,, = 0.0033. The

ratio can be described as,

Oy, Oy

]le/]mp},z = (5)

Orizp,,, O "ﬁ{n’o2 -cosa/dnoz
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where o,,, =5.22and o,, = 1.80 are photoelectron emission cross sections relative
to C(Is), @, and 6, are the atom density of each layer (8,,= 10.4 nm™), Agio, 18 the
electron inelastic mean free path of TiO» (4, = 1.6 nm at 1000 eV [44]), a=45°is the
detection angle, and d;, = 0.324 nm is the layer-by-layer spacing of TiO (110). 6, =
0.35 nm™ was obtained as a result. Here we assumed no screening effect of the Ti signal

by adsorbed molecules because of low molecular coverage. Because a pNB has one

nitrogen atom, the resulting 6, corresponds to the molecular number density of the
TiO; (110) surface.

A TiO; (110) surface covered with the TMA monolayer has a (2x1) order.
Because a pNB has one carboxyl group as well as TMA, we assumed a similar ordered
(2x1) monolayer for pNB at full coverage (Figure 1). In the case of 100% of TMA
being exchanged to pNB, molecular number density is 2.6 nm™. The estimated number

of N atoms corresponds to 13% of TMA exchanged by pNB.

Conclusion

In this study, we have observed fourth-order Raman response of an organic
adsorbate on the TiO, (110) surface. A band appeared at 572 cm™ on a pNB covered
surface, in addition to stronger phonon modes of TiO, at 825, 439, 363, and 180 em™.
The 572 cm” band was most likely the skeletal vibration of adsorbed pNB or
4,4’-azodibenzoate. This provides a first successful application to organic adsorbates.

Possible application to a wide range of adsorbates is expected.
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Figure 1. An expected structure of p-nitrobenzoate adsorbed on TiO, (110) surface.

Open circles indicate oxygen and black circles indicate titanium positions of TiO,.

Figure 2. (a) Intensity change of the reflected second harmonic light from TiO, (110)
surface covered with pNB. (b) Modulated component which remained after subtraction
of the fitting curve. (c) Broad gray line is the FT spectrum of FR response of TiO; (110)

covered with pNB. Black broken line presents spectral simulation.

Figure 3. (a) Intensity change of the reflected second harmonic light from TiO, (110)
surface covered with TMA. (b) Modulated component which remained after subtraction
of fitting curve. (c¢) Broad gray line is the FT spectrum of FR response of TiO;, (110)

covered with TMA. Black broken line presents spectral simulation.

Figure 4. XPS results of TiO, (110) surface covered with pNB and TMA. (a)-(b): Tiy,
peaks of TiO; (110) surface covered with (a) pNB and (b) TMA. (c)-(d): N5 peaks of
TiO; (110) surface covered with (c) pNB and (d) TMA. Circle or cross markers indicate
data points of XPS. Dotted lines indicate baselines used for subtraction in coverage

calculation of pNB.
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Table 1. Fitting parameters of FR spectra of TiO, (110) surface covered with (a) pNB

and (b) TMA.
(a) pNB covered TiO,
w,/em? T,/cm? 4, 6,/ deg. error of 6,
825 37 5.8 0° (fixed) 30°
572 14 0.2 32° 21°
439 17 2.2 -23° 16°
363 11 0.8 -36° 13°
180 24 6.1 0° (fixed) 7°
baseline
113 148 -15 -44°
(b) TMA covered TiO,
@, /cm’ T,/cm?' A4, 6,/ deg. error of 6,
824 31 2.4 0° (fixed) 15°
440 19 1.2 -24° 8°
366 10 0.5 -35° 7°
181 22 2.7 0° (fixed) 3°
baseline
125 174 -7.5 -39°
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