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We observed the IR-induced reaction of C;HsOH on MoOs3 using a pulsed and tunable infrared free electron laser
(IR-FEL). The IR-FEL-induced reaction showed wavelength dependency and requires light stronger than a certain
threshold level. The C;HsOH was converted mainly to C,Hs only when the MoO; was irradiated with focused IR-
FEL at 967 and 814 cm ™! corresponding to Mo=O stretching modes, whereas IR light at 1200 cm ™' induced no reaction.

The origin of this IR-FEL-induced reaction is discussed.

Metal oxide catalysts are promising for controlling chemical
processes with high selectivity, e.g., selective oxidation of al-
kanes and small oxygenated molecules such as alcohols by
gas-phase oxygen molecules. Unlike metal catalysts, metal ox-
ide catalysts consist of two components: metal cations and lat-
tice oxygen atoms. The former plays the role of a Lewis acid
and the lattice oxygen plays a more important role in selective
oxidation reactions in these oxide catalysts.! The lattice oxy-
gen atoms can abstract the hydrogen from C-H bonds, some-
times with subsequent nucleophilic addition of lattice oxygen
to produce oxygenated compounds. The gas-phase oxygen is
used to reoxidize the metal oxides; it engenders a total com-
bustion reaction if it is directly activated.? The catalytic prop-
erties of lattice oxygen depend on the properties of metal-oxy-
gen bonds, which range from covalent to ionic bonds and have
an anisotropic or asymmetric structure.

We clarify this point using an example: Mo is a typical com-
ponent of selective oxidation catalysts like BiMoOx, Co-
MoOx, and Mo—V-Nb-Te-Ox. The simplest form of the mo-
lybdenum oxide catalysts, MoOs3, catalyzes propene to acro-
lein,>* alcohol to aldehyde,” and methane to formaldehyde.°
MoOs has a crystal structure as shown in Figure 1, and has five
different Mo-O bond lengths.”’8 In these reactions, MoOjs ex-
hibits catalytic anisotropy,’ where the selectivity depends on
the exposed crystal plane. Ziétkowski explained the catalytic
anisotropy in terms of the Mo—O bond-strength model of ac-
tive sites (BSMAS).%!0 If one could excite a specific metal—
oxygen bond of the catalyst surface, one could achieve high se-
lectivity. The metal-oxygen bond is related to a specific vibra-
tional mode in the infrared region. Therefore, infrared light
tuned to each vibration mode can selectively stimulate each
bond. Consequently, a reaction accompanied with that specific
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Figure 1. (a) Crystal and (b) molecular structures of MoOs3.

bond can be brought about selectively. This selectivity control
is the root idea of this study. Stretching frequencies accompa-
nying metal-oxygen bonds are located at 1000-400 cm~!. For
example, MoO; has 968 (B,: M0oO;0O,, asymmetric), 814 (By:
MoO,;0,, symmetric), 560 (A,: Mo-03, stretch), and 450 (B,:
Mo-03, stretch and bend) cm™! vibration modes.'""'> Howev-
er, the vibration energy is readily dissipated to lattice phonon
modes and heats the sample. It would be difficult to distinguish
the infrared-induced photoreaction from the thermal one if we
did not apply a special strategy.

The simplest strategy to overcome this difficulty is to use a
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short but intense IR-pulse irradiation with a long interval to
prevent undesirable heating of the whole sample. A free elec-
tron laser (FEL) is the most suitable source for this purpose be-
cause it is wavelength-tunable and intense, having a pulse
shape. The FEL is light emitted from the interference between
light and relativistic electrons passing through a periodic mag-
netic field.'>'# Recently, an IR-FEL facility dedicated to mate-
rials science was constructed at Tokyo University of Science
(FEL-TUS)."> The FEL-TUS possesses a high-powered
(10mJ) tunable IR laser (2000-600 cm™") with a short pulse
width (2 us per macropulse). We applied the free electron laser
to assess the possibility of the selective excitation of Mo-O
bonds in MoO; and to induce photoreaction of C;HsOH. In
an earlier communication,'® we reported that the IR-FEL can
initiate a reaction by exciting the Mo—O bond selectively,
where we claimed that this was the first case of inducing an
infrared photoreaction on a solid catalyst surface through exci-
tation of a specific vibrational mode. It is generally believed to
be difficult because internal vibrational redistribution (IVR) of
the vibrational energy is faster than the up-pumping rate,
which is also limited by anharmonicities (anharmonic bottle-
neck). Recently, Liu et al. reported the resonant desorption
of hydrogen from a Si surface by the resonant excitation of
Si—H using an IR pulse generated from a free electron laser.!”

We carried out further experiments to clarify the IR-induced
chemical reaction on solid surfaces. Results of this study indi-
cated that the IR-induced mechanism can not be explained by
the simple picture described above, that the resonance frequen-
cy of IR simply excites the characteristic bond and provokes
the reaction. We propose, based on our new experimental ob-
servations, that multiphoton absorption of IR photons, fol-
lowed by the Mo—O bond break and the reduction of Mo®*,
is a key process for the present reaction.

Experimental

Materials. 99.5% MoO;3; was purchased from Kanto Chemical
Co., Inc. and used without further purification. XRD indicated the
crystallographic structure of 0-MoOj. The surface area was
1.3m? g~!, as determined by a N, BET adsorption plot. Ethanol
(99.5%; Wako Pure Chemical Industries Ltd.) was purified by
freeze—pump-thaw cycles at 77 K over molecular sieves 3A.

Facility and Experimental Setup. FEL was emitted from an
undulator of FEL-TUS at Noda campus of Tokyo University of
Science. The details of the device have been described else-
where.!>1319 The undulator is a vertical Harbach type of 43 peri-
ods with 32 mm period length. The maximum operating beam en-
ergy of the FEL-TUS is 40MeV. An acceleration energy of
30.8 MeV was employed to merit stable IR generation at longer
wavelengths. The FEL has two types of pulse structure. One is
called macropulse (duration time 2 us; the repetition is 2 Hz in this
work) which is composed of a pulse train of micropulses (dura-
tion = 2 ps with a 350-ps period), as shown in Figure 2.

The IR-power depends on the wavelength and was measured
using a power monitor (Gentec Co.). The details of the wave-
length and the power used are summarized in Table 1. Three
wavelengths were chosen for this measurement. The off-resonance
frequency was 1200cm~!. The other frequencies were 967
and 814cm~!, which corresponded to the Mo=O symmetric
and asymmetric vibrational modes, respectively as shown in
Figure 1.!11220 Tt is noteworthy that those wavelengths corre-
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Table 1. FEL-Power at Different Experimental Wavelength

Wavenumber ~ FEL-power®  C,Hy/mol  CH3;CHO/mol
Jem™! /mJ pulse ™!
1200 3.5 ND ND
967 3.2 2.5 % 1077 1.1 x 1077
814 1.9 23 x 1078 ND
Thermal — ND 7.2 x 1077

a) The power was measured immediately above the lens set on
an IR window made of ZnSe.

Mirror
FEL

Mirror
Focusing mirror (

A mobile focusing Lens 1

@‘—\'\fz

ZnSe
Window

Gas in

—]

Vacuum line or GC
Sanjple container

Figure 3. A schematic drawing of an experimental setup.

spond to the valley of the gas-phase C,HsOH absorption band.
The experimental setup is roughly sketched as shown in Figure 3.
The original beam size was regulated by the IR exit window aper-
ture size (45 mm). The FEL light was focused using a focusing
mirror with 10m focal length. The spot size was about 1mm.
The laser was further focused by a lens above the sample cell to
about 0.1 mm®. By changing the vertical position of the sample,
the laser-beam focus was finely adjusted on the sample.

We constructed a stainless steel sample cell to pretreat the sam-
ple and to perform infrared irradiation experiments. The cell was
evacuated through a vacuum line using a turbo molecular pump
(100Ls™"). An IR window made of ZnSe was attached to an
ICF flange that was cooled by water flow. The sample was loaded
in a small stainless steel pan and mounted on a sample holder in
the cell. It was heated to 800 K using a cartridge heater under the
sample holder. The temperature was monitored using a thermo-
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couple attached to the pan. Then, the sample cell was put on a
three-axis stage with x, y, and z motions controlled using a person-
al computer. The positions were determined with 100-um preci-
sion.

The MoOs3 was first calcined at 673 K for 2 h in the presence of
oxygen and evacuated for 1 h at 673 K. After cooling the sample to
room temperature in vacuo for more than 8 h, 6 Torr ethanol was
introduced into the chamber and infrared irradiation was started.
The pulse interval was 2 s to avoid heating the sample. No overall
temperature increase was observed using the thermocouple.
The sample was shifted horizontally after each five pulses to re-
duce effects of radiation damage. The gas phase was analyzed us-
ing gas chromatography (GC5A; Shimadzu Corp.) for C,HsOH,
CH;CHO, and C;H4 using a Porapak Q column and for CO,
CO,, and C,H, using an active carbon column. The retention time
and peak intensity were calibrated using corresponding standard
gases.

The thermal reaction was carried out in the same cell in a batch
reaction at a reaction temperature range of 403-443 K. The gas
phase was analyzed using gas chromatography after 30 min
reaction.

Characterization of the Irradiated Sample. The X-ray
photoelectron spectroscopy (XPS) were measured using JPS
9200 (JEOL) in a micro-mode (field of view = 30 um) with an
Al Ko target at 20kV-10mA. The samples were taken from the
IR reaction chamber and were loaded into the XPS chamber. Dur-
ing that procedure, the samples were exposed to air and measure-
ments were carried out without further treatment. The binding
energies were calibrated against bulk Ols photoelectron to be
530eV.

Results

Reactions. Figure 4 shows gas chromatograms of C,HsOH
reaction products on the MoOj3; sample after irradiation of 1200,
967, and 814 cm~!. The samples were placed almost at the fo-
cusing condition using a focusing lens. When the sample was
irradiated with 967 cm—!, which is a resonant wavenumber to
asymmetric stretching of Mo(=0), bonds, the gas chromatog-
raphy yielded peaks at 55, 68, 126, and 178 s which correspond-
ed respectively to C,H4, H,O, CH3CHO, and unreacted
C,HsOH. The gas chromatograms using an active carbon col-
umn in Figure 4b revealed C,H4 and CO, formation, the latter
formation being 1/10 of the C,H4 formation. When the IR
wavenumber was changed to 1200cm™!, which had no reso-
nant vibration mode of MoOs, we observed two peaks in the
Porapak column corresponding to H,O and C,HsOH; no peak
was observed in the active carbon column. The reaction scarce-
ly occurred at this wavelength. At 814 cm™!, which is another
resonance frequency of the symmetric stretching of M(=0),
bonds, we were able to observe production of C,Hy. At that
wavelength, the power was not so large, about 60% of that at
967 cm~! and 50% of that at 1200 cm™!. Although the produc-
tion was small, we observed a distinctive amount of C;H, and
little formation of CO,.

The thermal reaction was carried out at 403—443 K using the
same sample cell in a batch reaction. The gas was sampled af-
ter 30 min of reaction. Figure 5 shows the gas chromatography
output of the reaction at 413K. The main product was
CH;CHO, as reported in the literature.> The activation ener-
gies are 24kJmol~! as evaluated from Figure 5b. Even at
443 K no peak other than CH;CHO was detected.

IR-Induced Reaction on MoOj;
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Figure 4. Gas chromatography analyses with different
excitation wavelengths, using Porapak Q (a) and active
carbon (b). 1, C,Hy; 2, H,O; 3, CH3;CHO; 4, C,H5;0H;
and 5, CO,.

Table 1 lists the reaction products after IR-FEL irradiation
and thermal reactions. The products were CH3;CHO and C,Hy:
C,Hs4 was the main product in the IR-induced reactions,
whereas the CH;CHO was formed in the thermal reaction.
The amount of photons at the 967 cm™! irradiation of Figure 4
was evaluated as 2 x 10'7 photons per pulse from the power
(3.2mlJ pulse™"). We introduced 1800 macropulses into the
sample. Consequently, about 4 x 10?° photons (0.7 x
1073 mol) were introduced into the sample. The total convert-
ed C,HsOH was 3.6 x 1077 mol. The apparent quantum yield
was ca. 5 x 107* at 967 cm ™.

To determine the product dependence on the intensity
roughly, we changed the IR intensity by modifying the focus
position. Figure 6 shows photographs of MoQOj after irradia-
tion and gas chromatography outputs using a Porapak column.
We irradiated two infrared wavenumbers that were at 1200 and
967 cm™! under different focusing conditions.

We decreased the power density of IR by removing the lens
and increasing the focus size. Figures 6a and 6b respectively
display photographs of MoOs after gently focused irradiation
of FEL at 1200 and 967 cm™!, using only a focusing mirror.
The beam size was about 1 mm in diameter. We observed no
product formation.

Figure 6¢c shows MoOs after irradiation with 1200 cm™!
FEL using a focusing lens, where beam size was about
0.1 mm® on the sample. We found a plume after every laser
pulse shot, indicating the occurrence of optical breakdown.
We also found holes in the sample after irradiation, as por-
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Figure 5. Gas chromatography output (a) for a thermal reaction at 453 K with a Porapak Q column: 2, H,0O; 3, CH3CHO; and 4,
C,HsOH and Arrhenius plot of CH3;CHO reaction rate against temperature.

trayed in Figure 6¢. Because we moved the sample in a raster
scan sequence to draw a rectangular shape, the corresponding
rectangular holes were formed. The origin of the plume was
plasma created by the high electric field of the FEL. However,
gas chromatography gave only two peaks at retention times of
68 and 178 s, which corresponded to residual H,O and unreact-
ed C,HsOH, indicating that no reaction occurred, even in the
presence of the FEL-induced plasma. We irradiated the sample
twice in different positions A and B, almost at the focus posi-
tion. We adjusted the vertical position of the sample to achieve
a better focal point so that the photon density at the position of
B was slightly higher than the position of A. We observed only
trace amounts of CH;CHO when irradiated at position B, as
shown in Figure 6¢-B though it is difficult to evaluate the for-
mation amount quantitatively.

Figure 6d shows photographs of MoOs after the 967 cm™!
irradiation using a lens. We also observed a plume in this case.
In addition to the plume formation, we noted a color change of
the sample to black. As shown in Figures 6d-A, 6d-B, and 6d-
C, products such as C,H4 and CH3;CHO were present in the
gas phase. When the sample was irradiated at a slightly off-
focal position, the color changed faintly and the production
of C,H, was small as seen in Figure 6d-A. When the sample
was located more exactly at the focal position, the sample col-
or was darker and production of C;Hy4 and CH3CHO increased
in Figure 6d-B and Figure 6d-C in that order. We observed the
strongest plume at position (d-C) (Figure 6d). The rough inten-
sity dependence indicated that the initiation of the conversion
reaction required a threshold power density of FEL. A note-
worthy point is the origin of the color change. Two origins
for the color change can be proposed. One is carbon deposition
after the reaction. Tono et al. reported that anthracene depos-
ited on a NaCl substrate was tanned after FEL irradiation.?!
They analyzed the sample and discovered graphite sheet for-
mation. They observed a white plume only after the sample
was tanned. The other is reduction of the MoQOj3. Reduced
Mo,Os is violet or blue, whereas MoOj is white.??

The former possibility is less likely because we observed a
color change of the sample when the sample was irradiated
without C,HsOH at 967 cm™!. In order to obtain further evi-
dence, we measured XPS to determine the surface chemical
composition.

XPS. Figure 7 shows a wide scan of XPS spectra of MoOj3
before (a) and after (b) irradiation at 967 cm~!. Fundamental-
ly, no great difference was apparent in the wide-scan spectra.
We observed the Cls peak in every sample with almost equal
intensity. Thus, we were able to reject the possibility of graph-
ite formation because no increase in carbon content was ob-
served after irradiation. The Mo peak was broadened to the
lower binding energy in the sample excited by 967 cm™!, as
shown in Figure 8b, indicating reduction of the Mo species af-
ter the irradiation at 967 cm~!. The peak deconvolution analy-
sis of Mo3ds,, as shown in Figure 8c indicated that two peaks
appeared at 233 and 231.4eV, which correspond to those of
Mo%* and Mo+ 232* The peak area ratios were 2:1. Thus,
Mo>* was the origin for the post-irradiation dark coloration.

Small shoulders were visible in the Ols spectrum after the
reaction as shown in Figure 9. Peak deconvolution analysis in-
dicated two peaks at 530.2 and 528.6eV. The peak area ratio
of the 528.6eV peak to the 530.2eV peak was about 1:4.
The 530.2eV peak can be assigned to lattice oxygen. Howev-
er, it is difficult to assign the 528.6 eV peak. There are two pos-
sibilities to explain the peak. One is the oxygen bound to
Mo>*. However, the Ols peak is unchanged or shifted slightly
to a higher binding energy when its central atom (Mo>*) is re-
duced.?> The other is surface OH groups which are found in
XPS of oxide surfaces. But the Ols of the OH group appears
at 2eV higher than the lattice oxygen peak.’® Thus, the
528.6 eV peak is not the case. Simply judging from the binding
energy of Ols of 528.6eV, the oxygen species should be more
negatively charged: probably ionic oxygen. We are unable to
assign the lower binding energy Ols peak and in situ experi-
ments are necessary to determine the origin of negatively
charged oxygen.

Discussion

Normally in thermal reaction on MoQOs, ethanol is converted
mainly to acetaldehyde with a very small amount of
(C2Hs),0.° In fact, we can find only the production of
CH3CHO in the thermally excited case. On the other hand,
IR-FEL irradiation gives C,Hy as its main product. This is
one remarkable feature of IR-FEL-induced reaction. The reac-
tion proceeds in a different manner from that of the conven-
tional thermal reaction.
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Figure 6. Photographs of the sample after the FEL irradiation and gas chromatography outputs. (a) and (b) were irradiated with
1200 and 967 cm~! focused gently with a mirror, respectively. (c) and (d) were irradiated with 1200 and 967 cm~' light focused
strictly with a lens, respectively. (c-A), (c-B), (d-A), (d-B), and (d-C) indicate the positions with different focusing conditions.
(c-B) and (d-C) were the cases in which the sample was placed at most strictly focused position while (c-A) and (d-A) were
the ones with the mildest focusing conditions.

The second important feature of the present investigation is ~ when we irradiated the sample at 1200cm™!, although the
wavelength specificity. CoHy was produced when the sample ~ power was stronger than that at 967 cm™'. We observed ethyl-
was irradiated with 967 cm~! IR light. We found little product ene formation even at 814cm™!, whose IR power was half of
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Figure 8. Mo3d XPS spectra of MoOs (a) before irradia-
tion, (b) after irradiation at 967 cm™! infrared FEL. (c)
Peak deconvolution of Mo3d peaks into two Mo compo-
nents. Broken and dotted lines: component XPS spectra,
thin and thick lines: synthesized and observed data, re-
spectively.

that at 1200 cm~". Both 967 and 814 cm™' correspond respec-
tively to Mo(=0), asymmetric and symmetric vibration
modes assuming Cy, local symmetry. Thus, the IR-FEL indu-
ces a reaction at the resonant wavelength of Mo(=0),.

The third is that the reaction has a threshold laser intensity.
If the infrared beam was gently focused onto the sample, we
observed neither a plume nor any reaction product. The plume
consists of plasma that emits white light through several mech-
anisms.?!"?-33 Plasma is first created through ionization that
occurs because of the strong electric field owing to several ion-
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ization mechanisms such as (1) multiphoton ionization (MPI);
(2) tunnel ionization (field ionization) (TI); and (3) thermo-
ionization process. For whatever reason, an ionization occurs
and a plume was produced on the MoOj; as a result of the in-
tense IR irradiation. However, the plume in itself yields little
products as clarified in the case of 1200 cm™! irradiation. That
might be due to the low density of active species in the plasma
and the amount of products was less than the detection limit.
The color change seems to be an important phenomenon re-
lated to the reaction. When the sample is irradiated with the
967 cm~! beam, both color change and the reaction occur.
The sample color change occurs only as a result of irradiation.
Subsequent analysis by XPS reveals that the dark color origi-
nates not from carbon contamination but from Mo reduction.
The MoOs; is reduced by infrared irradiation. We observed
a plume immediately after every infrared laser shot at
1200cm™!, indicating that the power was sufficient to create
plasma while the color remained white. Therefore, the color
change and plume formation are independent events of the ir-
radiation process. Intense light not only induces ionization but
also bond dissociation between Mo and O after multiphoton
absorption and ladder climbing of the vibrational states.

2Mo®*t=0 + nhv — Mo>*),0 + 0O (D

As a result, reduced and coordinatively unsaturated Mo spe-
cies are formed, which may reveal high activity. The C;HsOH
dehydrogenation reaction occurs on the partially reduced
Mo>* species, which has been created by the IR-FEL. The
IR-FEL tuned at the Mo=0 wavelength is important for disso-
ciation of the Mo=0 bond and reduction of Mo®*.

Our original aim was to excite the Mo—O bond and provoke
selective reaction. For this purpose we used a pulse infrared
light, IR-FEL, in order to distinguish laser-driven reactions
from thermal ones. We found the resonant IR wavelengths
on specific vibrational modes of MoOj3 could initiate a reac-
tion. However, simple single photon absorption could not in-
duce the reaction. Focusing of intense IR light was essential
for the reaction, suggesting that multiphoton absorption is in-
volved. Before the experiment we were afraid that intense IR
light might induce optical breakdown and plasma which would
make reaction control difficult. However, the current reaction
was not the case; plasma might not be a key phenomenon
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for the oxidation reaction of C,HsOH on MoQOs. Instead the se-
lective bond cleavage by the multiphoton absorption is impor-
tant for the further reaction. This finding can open a possibility
to create a new active site by IR-FEL irradiation. For example,
Ni,P catalyst is active for hydrodesulfurization reaction.’* EX-
AFS investigation revealed that the active phase is NiP,S,
which is created during the reaction.>37 There are several
Ni-P bond in this catalyst.>®* If a Ni-P bond is selectively
activated by IR-FEL and is substituted with a Ni-S bond,
one may know which Ni-P and Ni-S bonds are important
and prepare more active catalysts effectively.

Conclusion

Our study has first demonstrated that pulse IR-FEL excites a
Mo-0 bond and activates a reaction path that is different from
that excited thermally. The multiphoton excitation of the Mo—
O bond at a resonance frequency dissociated the Mo—O bonds
and created an active Mo’ T state where dehydration reaction
occurs. In addition, the plasma seems to be ineffective for
C,H50H dehydration and dehydrogenation reactions.
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