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Adsorption, thermochemistry, and photochemistry of methyl for-
mate on powdered TiO, have been studied by Fourier-transformed
infrared spectroscopy. Methyl formate is adsorbed on the TiO, sur-
face in two forms. One is molecularly adsorbed methyl formate
showing a red-shifted carbonyl stretching. The other is a structure-
reorganized species showing absorption bands at 2841, 2866, and
2942 cm™! in the CHy stretching region. An orthoester-type inter-
mediate is proposed to explain the observed infrared absorption
bands. In the thermal reactions, all the detected carbon-containing
gas products are derived from CH30¢;) and HCOOg,), which are
generated as surface intermediates in the process of methyl for-
mate decomposition. In methyl formate photochemistry, both O,
and TiO; are essential. The origins of the gas products relating to
the adsorbed species are also discussed.  © 1999 Academic Press

Key Words: FTIR; methyl formate; TiO,; adsorption; photo-
chemistry.

INTRODUCTION

Methyl formate (MF) has been generated by processes
including direct carbonylation of methanol, dehydro-
genative coupling of two methanol molecules, Tischenko
dimerization of formaldehyde, direct synthesis from syn-
thesis gas, esterification of formic acid with methanol, and
oxidative dehydrogenation of methanol (1). A chemical
process (as shown in Scheme 1) for oxidative dehydrogena-
tion of methanol to MF on an oxygen preadsorbed Ag(110)
surface has been proposed (2). In this reaction pathway,
methanol is dissociatively adsorbed to form methoxy
groups (CH3O¢)), which may in turn decompose to form
adsorbed CH,O on the surface. The adsorbed CH,O then
reacts with the CH3O¢, to form hemiacetal alcoholate
intermediate that subsequently undergoes the rate-limiting
decomposition to generate MF. On the other hand, MF has
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been used as a versatile chemical intermediate in a variety
of reactions, such as hydrogenolysis to form methanol,
homologation to elongate the carbon-chain length, and car-
bonyl transfer to amines to form amides (1). Surface vibra-
tional studies of adsorbed MF and/or its thermal reactions
on metals (2-5), metal oxides (6-8), and supported metal
catalysts (9-13) have been reported. It has been pro-
posed that, on an oxygen preadsorbed Ag(110) surface,
MF is adsorbed via the carbonyl oxygen coupling to a
surface Ag atom, followed by a nucleophilic attack at the
carbonyl carbon from surface oxygen ion, forming a
tetrahedral orthoester-type species that subsequently de-
composes to yield CH30,) and formate species (HCOO ,))
(14). Scheme 2 shows the surface reaction process. It is
interesting to note that the decomposition process of MF
as shown in this scheme does not follow the reverse route
for the formation of MF in Scheme 1. A similar reaction
pathway for the formation of MF from adsorbed CH,O
and CH3O¢) on copper-based catalysts via hemiacetal
intermediate has also been proposed (13, 15-17). However,
in decomposition of MF on these catalysts, hemiacetal
species is thought to be the reaction intermediate (18).

In the past few decades, thermal reactions and photo-
chemistry of organic compounds on TiO, have been widely
studied due to their potential for conversion of environ-
mental pollutants into innocuous products and for mak-
ing industrial materials (19, 20). In the previous study of
photooxidative degradation of methanol over TiO; in the
presence of oxygen, MF was generated as a partial oxi-
dation product (21, 22). However, detailed study of MF
interacting with TiO, has not been reported. In this pa-
per, we study adsorption and reactions of MF on TiO;
by Fourier-transformed infrared spectroscopy (FTIR). To
identify the species on the TiO, after MF adsorption fol-
lowed by annealing under vacuum, formic acid (precur-
sor for formate groups), methanol (precursor for methoxy
groups), CH3;OCH,OCHj; (dimethoxymethane, DMM,
possible precursor for hemiacetal species), and ICH,OCHy3
(iodomethyl methyl ether, IMME, another possible precur-
sor for hemiacetal species) are investigated as well.

0021-9517/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



424

CHUANG ET AL.

D OCH;j OCHj

D e
AN / D / 7 D / 3 D OCH3

e | D ;r(

il ' :
1T S
* 'Ik *k k * >i< ok %

% metal atom hemiacetal transition
alcoholate state
SCHEME 1

EXPERIMENTAL

The experiments were carried out in a high-temperature
stainless-steel infrared cell with two CaF, windows for IR
transmission down to 1000 cm~! and a quartz window
for UV transmission (23). The IR cell was connected to
a gas manifold that was pumped by a 60 liter/s turbo-
molecular pump with a base pressure of ~1 x 10~ Torr.
The powdered TiO; used in the study was supported on
a tungsten grid of ~6 cm? This grid was held in a pair
of stainless-steel clamps that were attached to the power
leads of a power/thermocouple feedthrough. Temperature
of the TiO, was measured by a K-type thermocouple spot-
welded on the tungsten grid, raised by resistive heating, and
controlled by a temperature programmer. The TiO; sup-
ported on the tungsten grid was prepared according to the
procedure reported previously (24). In brief, TiO, powder
(Degussa P 25, ~50 m?/g; anatase, ~70%; rutile, ~30%)
(25) was well dispersed in water/acetone solution to form a
uniform mixture that was then sprayed onto the entire area
of the tungsten grid. The TiO, sample was subsequently
mounted in the IR cell and positioned with its normal di-
rection ~45° to both the IR and UV beams for simultaneous
photochemistry and FTIR. The sample in the IR cell was
then outgassed at 480°C under vacuum for 24 h to remove
adsorbed hydrocarbons. Before each run of the experiment,
the TiO;, sample was outgassed at 480°C for 2 h under vac-
uum and cooled back down to ~35°C for gas exposure. Oxy-
gen (99.998%, Matheson), MF (99%, Aldrich), formic acid
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(>98%, Merck), methanol (99.8%, BDH), IMME (95%,
Aldrich), and DMM (98%, TCI) were used in this research.
All of the liquid compounds were further purified by sev-
eral cycles of freeze-pump-thaw. Pressure of the system
was monitored by a Baratron capacitance manometer and
an ion gauge. The UV light source used was a 350-W Hg
arc lamp (Oriel Corp.) with a water filter in front of the
photon exit. The power, measured in the air by a power
meter, at the position of the TiO, sample was ~0.9 W/cm?.
Infrared spectra were obtained with 4 cm™! resolution using
aBruker FTIR spectrometer with a MCT detector. The en-
tire IR optical path was purged with CO,-free dry air. The
infrared spectra presented in this paper have been ratioed
against a clean TiO; spectrum.

RESULTS

Adsorption of formic acid. Figure 1 shows the IR spec-
tra after formic acid adsorption on TiO; followed by evac-
uation at the indicated temperatures. For the TiO, sample
at 35°C, absorption bands at 1275, 1324, 1371, 1552, 1675,
1725, 2737, 2871, and 2952 cm™~! are observed in the spec-
trum. After heating the sample under vacuum to 150°C, the
most obvious change in the spectrum is that the bands at
1675 and 1725 cm~! become barely visible and a small new
band is revealed at 1670 cm~!. The band at ~1278 cm™!
becomes more resolved. Besides, two narrow bands appear
at 1386 and 1413 cm~1. The other bands show their po-
sitions at 1332, 1359, 1370, 1537, 1552, 2754, 2872, 2952,
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FIG. 1. Infrared spectraof the TiO, at 35°C after being in contact with
2 Torr of formic acid followed by evacuation at the indicated temperatures
for 1 min. All the spectra were obtained with 50 scans. The TiO, powder
used was 0.085 g. The absorption frequencies at the marked positions are
listed in the text.

and 2977 cm~L. The disappearance of the bands at 1675
and 1725 cm™, assignable to carbonyl stretch, can be at-
tributed to the desorption and/or dissociation of adsorbed
formic acid molecules. Its carbonyl stretching frequencies
are lower than the carbonyl stretching frequency of formic
acid in gas phase by ~15-65 cm~1. The bands at 1278, 1332,
and 1670 cm~! are probably due to more strongly adsorbed
formic molecules. The first two bands may be assigned to
the C-O stretching or C-H bending and the third one to
the carbonyl stretching (26). The bands at 1359, 1370, 1386,
1413, 1537, 1552, 2754, 2872, 2952, and 2977 cm™?, based
on previous reports (27, 28), are due to adsorbed formate
species. The bands at 1359 and 1370 cm™! are attributed to
—-CO,— symmetric stretch, at 1386 and 1412 cm~ to C-H
deformation or —-CO,- rocking (29), at 1537 and 1552 cm~*
to —CO,- antisymmetric stretch, at 2754 cm~! to a combi-
nation mode of symmetric -CO,- stretch and CH deforma-
tion, at 2872 cm~1 to CH stretch, and at 2952 and 2977 cm ™1
to a combination of antisymmetric —-CO,— stretch and CH
deformation. Furthermore, the frequency differences be-
tween the —-CO,- antisymmetric and symmetric stretches
are close to those of formate ions or formate salt, indicat-
ing that most of the formate groups on the TiO, surface are
adsorbed with bridging coordination; i.e., the two oxygen
atoms of the formate groups are bonded to two different
Ti ions on the surface (29). After raising the TiO; to higher
temperatures, all of the bands are considerably reduced in
intensity.

Adsorption of methanol. Figure 2 presents the IR spec-
tra after methanol adsorption on TiO, followed by evacu-
ation at the indicated temperatures. Our results are simi-
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lar to the previous studies of methanol adsorption on TiO,
(30-32). For the spectrum at 35°C, bands at 2820, 2846,
2890, 2910, 2926, and 2947 cm~! are observed. Two identi-
fiable species are present on the surface. One is adsorbed
methanol molecules with the major absorptions at 2846 and
2947 cm~1. The other one is adsorbed methoxy groups with
the major bands at ~2820 and ~2926 cm~. They are assi-
gned to symmetric and antisymmetric -CHs— stretches, re-
spectively. After raising the surface temperature to 150°C,
the surface concentration of methanol is significantly dimin-
ished and the surface is dominated with methoxy groups.
After increasing the TiO;, temperature above 250°C, the
amount of the methoxy is largely decreased.

Adsorption of methyl formate. Figure 3 presents the IR
spectra after MF adsorption on TiO, followed by evacu-
ation at the indicated temperatures. For the spectrum at
35°C, the absorption bands at 1263, 1355, 1388, 1412, 1438,
1458, 1545, 1588, 1675, 2757, 2827, 2862, 2895, 2928, 2938,
2960, and 3040 cm~ ! are observed. The residual surface OH
groups on the TiO; are reduced in intensity upon MF ad-
sorption as shown in the region of 3500-3800 cm~1. After
heating the TiO, sample under vacuum to 150°C, the bands
at 1263, 1438, 1458, 1675, 2960, and 3040 cm~* almost disap-
pear. Other bands show their positions at 1355, 1388, 1412,
1530, 1584, 2760, 2832, 2866, 2897, and 2943 cm~*. By com-
paring the absorption frequencies in Fig. 3 with standard
infrared absorption ones, previously reported results, and
our experimental results in Figs. 1 and 2, the assignment for
the bands in Fig. 3 can be made. First of all, the absorption of
1675 cm~tin the spectrum at 35°C in Fig. 3 is within the pos-
sible frequency range of carbonyl stretch and is ~80 cm™!
less than that of MF in the gas phase (1755 cm™?). This red-
shifted absorption is very likely due to the adsorbed MF
interacting with the TiO, surface. The possible reason for
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FIG. 2. Infrared spectra of the TiO, at 35°C after being in contact with
2 Torr of methanol followed by evacuation at the indicated temperatures
for 1 min. All the spectra were obtained with 50 scans. The TiO, powder
used was 0.085 g. The absorption frequencies at the marked positions are
listed in the text.
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FIG. 3. Infrared spectra of the TiO, at 35°C after being in contact

with 2 Torr of methyl formate followed by evacuation at the indicated
temperatures for 1 min. All the spectra were obtained with 50 scans. The
TiO, powder used was 0.085 g. The absorption frequencies at the marked
positions are listed in the text.

the lower carbonyl absorption frequency and the compar-
ison with previously reported MF adsorption on various
surfaces is discussed in the next section. Upon raising the
TiO, temperature to 150°C, this carbonyl absorption be-
comes barely visible, accompanying the disappearance of
several bands at 1263, 1438, 1458, 2959, and 3040 cm~L. The
loss of these bands may result from the MF desorption from
and/or reaction with the TiO; surface. Second, the bands at
1355, 1388, 1412, 1530, and 1588 cm~! in Fig. 3 are identified
as arising from surface formate groups. Third, the bands at
~2830and ~2930 cm~*in Fig. 3 are assigned to the symmet-
ric and antisymmetric —-CH3- stretch of adsorbed methoxy
groups, respectively. Last, under Discussion, the bands of
2862 and 2943 cm~! at 150°C in Fig. 3 are identified. After
raising the TiO, temperature to 200°C, the surface amount
of formate groups is decreased in addition to the decreas-
ing intensities of 2866 and 2943 cm~. For higher annealing
temperatures, all of the surface species are further reduced
in concentration.

Thermal reactions of MF over TiO,. Figure 4 shows the
IR results of thermal reactions of 2 Torr of MF over TiO..
The spectrum at 35°C in Fig. 4 is similar to that of MF in
the gas phase. The IR absorption signals from the surface
species in Fig. 4 are much smaller than those from the sur-
face species in Fig. 3, because the amount of TiO; used is
also much less than that used in Fig. 3. Upon linearly heat-
ing the TiO; at 2°C/s to 290°C, the signals of the gas phase
MF are significantly reduced. About half of the MF has re-
acted to form HCOO ) (~1370, ~1560 cm~*) and CH3Oy)
(2827 cm™) as well as gas phase CH3OH(g) (1032 cm™Y),
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CO(g) (2143 cm™), and COyq) (2349 cm~?). After increas-
ing the TiO, temperature to 400°C, the gas phase MF and
HCOO,) almost totally disappear. The signal of CH3O)
also largely reduces in intensity. Formation of CHyO(g
and CHy(g) is identified by their characteristic absorptions
at 1745 and 3017 cm™?, respectively. HO(g is present
with characteristic bending absorptions between 1400 and
1650 cm~1. Detailed relations between relative concentra-
tions of gas products and TiO, surface temperatures are
shown in Fig. 5. The concentration of MF in the gas phase
decreases only slightly below ~200°C. Above this temper-
ature, depletion of MF is accelerated, accompanying evo-
lution of the gas products. As shown in Fig. 3, the TiO,
surface is mainly adsorbed with HCOO(, and CH3O) at
temperatures above 200°C, so the gas products from MF
decomposition are expected to be due to the reactions of
these adsorbed species with the TiO; surface. HCOOyy, is
the key species for the formation of COgy and COx(g). Their
appearance temperature in this study is consistent with pre-
vious reports of HCOO) decomposition on TiO; (33-35).
Onthe other hand, CH3O¢y) is the species initiating the reac-
tions for the generation of CH>Og) and CHag) (31, 32, 36).
It may dehydrogenate to generate CH,O, and decom-
pose very likely via methoxy C-O bond scission to produce
CHy(g). Thermal reactions of MF over TiO; in the presence
of O, were also studied. In the reactions of TiO; in contact
with 2 Torr of MF and 5 Torr of O, no CHy, is found.
As a contrast, the concentrations of HO(g), CO(g), CO2(g),
and CH,O(q are 2-3 times those from the reaction in the
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FIG. 4. Development of infrared spectra of 2 Torr of methyl formate
over the TiO, surface heated at a rate of 2°C/s. All the spectra were
recorded with 5 scans at the indicated temperatures. The TiO, powder
used was 0.034 g.
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FIG.5. Relative concentrations of the gas species involved in the ther-

mal reactions of 2 Torr of methyl formate over TiO, as a function of sur-
face temperature increased at a rate of 2°C/s. The maximum amount of
each gas species during the heating process is scaled to 100%.

absence of oxygen. Previous studies (35, 36) have suggested
that CHy(g) formation from decomposition of CH3O¢, on
TiO, is probably initiated by C—O bond scission to fill sur-
face oxygen vacancies, forming CHj species. A portion of
these methyl groups may dissociate to generate hydrogen
on the surface at the reaction temperatures. The hydro-
gen rapidly reacts with remaining methyl groups to form
CHy(g). It is not surprising that the CHy(g) formation chan-
nel is blocked as these vacancies are effectively filled in the
presence of oxygen. Presumably, carbon atoms originally
consumed in the desorption of CHag are now used in the
formation of the oxidized products of CO(g, COy, and
CH2O(g in the presence of O,. Similarly, hydrogen atoms
consumed in CHy(g) are now used in the formation of H,Og)
and CH>O¢g). In CH30H(g formation, similar concentra-
tions are found both in the absence and presence of O,,
showing an insignificant effect of O, on its formation.

Adsorption of iodomethyl methyl ether. Figure 6 shows
the IR spectra after IMME adsorption on TiO; followed
by evacuation at the indicated temperatures. The gas phase
IMME spectrum obtained by our IR spectrometer is also
displayed for comparison. For the IR spectrum at 35°C,
absorption bands at 1350, 1450, 1555, 1655, 2830, 2850,
2890, 2948, and 2995 cm ™! are observed. Among them, both
1350 and 1555 cm ™ are characteristic of HCOO,). The ab-
sorption at 1655 cm™? is generally assignable to carbonyl
or carbon—carbon double-bond stretching vibration. The
other bands are similar to the gas phase ones, implying that
the CH,OCH3; moiety may hold its integrity on the TiO, sur-
face at 35°C. After heating to 100°C, the three peaks of 1350,
1555, and 1655 cm~t increase in intensity. Meanwhile, in the
CHy stretching region, new absorption features develop at
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2830 and 2935 cm~! that are attributable to CH3Oq¢y. At
150°C, the 1655 cm~! band disappears and the distinct ab-
sorption bands of CH3O ) and HCOO g, increase in inten-
sity. After increasing the TiO, temperature to 200°C, IR
absorption features similar to those of 150°C are observed.
However, above 200°C, all the peaks decrease in intensity.
Note, the surface heating in this study was performed under
vacuum,; therefore, any reaction products generated in the
gas phase were unable to be detected. To investigate possi-
ble gas products, thermal reactions of TiO; in contact with
2 Torr of IMME were carried out by heating the surface
from 35 to 350°C at a rate of 2°C/s. Three major gas prod-
ucts, CH,Og (1745 cm™Y), MF(g) (1754 cm™), and CHy(g)
(3017 cm™?), are observed in this experiment. CH,O g starts
to evolve at ~110°C and monotonically increases to the end
of the heating. CHy(g) appears at ~270°C and continues to
increase to the end of the heating. MF becomes visible at
~110°C, reaches a maximum at ~250°C, and then declines.
Since only carbonyl-containing products are observed in
this study, the 1655 cm~! peak present on the TiO; surface
after the adsorption of IMME shown in Fig. 6 is more likely
due to a carbonyl group instead of a carbon-carbon double
bond. It may result from the formation of adsorbed CH,O
or MF interacting with the TiO; surface via the carbonyl
group.
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FIG. 6. Infraredspectraofthe TiO, at 35°C after being in contact with

2 Torr of iodomethyl methyl ether followed by evacuation at the indicated
temperatures for 1 min. All the spectra were obtained with 50 scans. The
TiO, powder used was 0.05 g.
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FIG. 7. Infrared spectra of the TiO, at 35°C after being in contact
with 2 Torr of dimethoxymethane followed by evacuation at the indicated
temperatures for 1 min. All the spectra were obtained with 50 scans. The
TiO, powder used was 0.033 g.

Adsorption of dimethoxymethane. Figure 7 shows the
IR spectra of DMM adsorption on TiO; followed by evac-
uation at the indicated temperatures. The gas phase DMM
IR spectrum obtained by our spectrometer is also displayed
for comparison. For the spectrum at 35°C, although the
small characteristic absorptions at 1361 and 1565 cm~* indi-
cate that small amounts of DMM may already have dissoci-
ated on TiO,, the absorption features in the CHy stretching
region are similar to the gas phase, suggesting that appre-
ciable amounts of the adsorbed species are intact DMM.
After heating to 150°C, the characteristic absorptions of
CH30¢,) become more clear in the CHy stretch region. The
surface amount of HCOO, also increases. Above 250°C,
these species diminish.

Photochemistry of MF.  Figure 8 shows the IR spectra
of photocatalyzed MF oxidation over TiO; in the presence
of oxygen at various UV irradiation times. Because the sur-
face temperature raised to ~170°C upon UV irradiation, a
thermal control experiment was carried out as well. In this
experiment, the TiO, was exposed to 2 Torr of MF at 170°C
and the IR spectrum was then monitored as a function of
time while holding the TiO;, sample at this temperature.
This thermal effect on MF decomposition is shown in Fig. 8a
and discussed first. The gas phase MF decreases in concen-
tration with annealing time; its concentration for 1785 s
reaches ~40% of the initial one. After such an annealing,

CHUANG ET AL.

surface absorptions at 2825 and 2865 cm~! become more
apparent, as can be observed in Fig. 3, which shows TiO,
exposed to MF followed by evacuation at higher tempera-
tures. CO(g) and COy(g), growing with the annealing, appear
at 2143 and 2349 cm?, respectively. CH,O(q) absorptions
become visible only after ~1600 s. In the case of UV irradi-
ation as shown in Fig. 8b, in contrast to the thermal effect, a
large portion of MF has already been destroyed after 500 s
of irradiation, yielding a relatively large COy( infrared ab-
sorption and well-resolved sharp peaks scattered in the CHjy
stretching range. These peaks together with the concurrent
absorption at 1745 cm™! (not shown) indicate the formation
of CH2O(g. In addition, H,Og) signals are also observed.
For the spectrum after 1785 s of irradiation, the gas phase
MF and CH,O almost disappear and the TiO, surface is
left with HCOO,) showing its characteristic peaks, similar
to those shown in Fig. 1. Detailed relative concentrations
of the gas species produced and MF as a function of UV
irradiation time are shown in Fig. 9. MF gradually decreases
with the UV irradiation and completely disappears after
~1000 s. CH,O(g) signal appears at ~100 s, reaches its max-
imum at ~550 s, and then gradually decays. CO(q) appears
after ~200 s and amounts to the maximum at ~1300 s over
which it slowly decreases, presumably, by further oxida-
tion to COy(g). COy) and H2O(g), instead, monotonically
increase with the UV irradiation. Another two control
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FIG.8. Development of infrared spectra of a mixture of 2 Torr of
methyl formate and 5 Torr of O, over the TiO, surface annealed at ~170°C
(a) and irradiated with UV light (b) for the indicated time. The TiO;
powder used was 0.036 g.
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experiments were performed to check the roles of TiO;
and O,. The experiment using the same conditions as those
used for the experiment in Fig. 8b, but without TiO,, shows
that the concentration of MF remains almost unchanged
after 2000 s of UV irradiation, indicating that TiO, is essen-
tial to catalyze the MF decomposition. In the other control
experiment in the absence of Oy, although CO), COx(),
CH30H(g), and CHy(g) are observed, they are totally ther-
mal products due to surface heating upon UV irradiation.
Therefore, it is concluded that O, is also essential in the
photooxidation of MF on TiO,.

DISCUSSION

Adsorption and reactions of MF on several surfaces in-
cluding Ag, Ni, Cu, SiO,, Cu/SiO,, and metal oxides have
been studied. Table 1 compares the vibrational frequencies
of MF on various surfaces. MF is reversibly adsorbed on
Ag(111). At coverages below 1 ML (monolayer), as evi-
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denced by the study of reflection absorption infrared spec-
troscopy, the molecular symmetry plane of the adsorbed
MF lies perpendicular to the Ag(111) surface with the car-
bonyl axis tilted with respect to the surface and the methyl
group pointed toward the surface. According to the red-
shifted carbonyl vibration, which is also observed in the
interaction of MF with Lewis acids, it is claimed that the car-
bonyl oxygen is pointed toward the Ag(111). Due to such
an adsorption geometry, only vibrations with @’ symmetry
are observable (see Table 1) in terms of the dipole selec-
tion rule of surface vibrations, which states that only those
vibrations with nonvanishing dynamic dipole moments nor-
mal to the surface are active. As the coverage increases to
5 ML, because the MF molecules in the multilayers may be
adsorbed with its molecular plane tilted with respect to the
surface, symmetry species other than a’ can also contribute
to the infrared absorption. On Ni(111), MF is molecularly
adsorbed on the surface at —187°C with its orientation and
coordination at submonolayer coverages similar to those
when itis adsorbed on Ag(111). However, MF decomposes
on Ni(111) surface at elevated temperatures mainly to form
CO(g) and Hyg as observed by temperature-programmed
reaction/desorption investigation. On Cu(110), MF is also
molecularly adsorbed at —133°C with a red-shifted car-
bonyl frequency as revealed by electron energy-loss spec-
troscopy. The adsorbed MF molecules almost completely
desorb from the surface by —25°C with negligible reaction
forming COy(g), CH2O(g), and CH30H(g) at temperatures
higher than 25°C. On powdered SiO,, MF molecules are ad-
sorbed without decomposition at 27°C. Except for a slightly
red-shifted carbonyl stretch, the infrared absorptions
observed are similar to those in Ar matrix. In the cases
of metal oxides, MF reacts with ZnO and ZnO(001), lead-
ing primarily to the formation of Hyg), CO(g), and COy(y.
Based on the similar kinetics and reaction pathways, it is
suggested that the decomposition of MF on these surfaces
is via CH30(5) and HCOO .

In the present TiO; study, MF is adsorbed molecularly
at 35°C with absorption frequencies at 1675, 2960, and

TABLE 1

Comparison of Vibrational Frequencies (cm~?) of Methyl Formate Adsorbed on Various Surfaces with Those on TiO; in the Present Study

MF/Ag(111)
(0.7 ML, —153°C) (>5 ML, —153°C) (1 ML, —187°C) (1 ML, —133°C) (27°C) Ar-matrix

MF/Ag(111)

MF/Ni(111)

MF/Cu(110)

MF/SiO,

MF

MF

liquid

MF

vapor

Approx. description
(Mode, symm. species) MF/TiO;

(Ref. 3) (Ref. 3) (Ref. 4) (Ref. 5) (Ref.9) (Ref.37) (Ref.38) (Refs. 38-40) (Ref. 37) (35°C)
1677 1677 1659 1670
1742 1703 1718 1746 1728 1754 C=0 (v4, @) 1675
1733
2850
2900
2952 2938 CH (v, @)
2959 2985 2980 2964 2963 2957 2969 CHs (v, ) 2960
3015 3017 3014 3012 CH; (v13, @")
2084 2984 3042 3050 3044 3033 CHs (v1, ) 3040
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FIG. 10. Curve fitting for the IR spectra after formic acid adsorption followed by evacuation at 150 and 200°C. Each deconvoluted band is made
of 40% Lorenz + 60% Gauss. The composed spectra for all of the deconvoluted bands are also shown.

3040 cm~1. These absorption frequencies are also listed in
the last column of Table 1 for comparison. The red-shifted
carbonyl stretch is naturally attributable to the adsorbed
MF molecules coordinating, via the carbonyl oxygen, to the
Lewis sites on the TiO, surface. The adsorbed MF is almost
completely removed from the surface by 150°C and the
surface is mainly covered with adsorbed formate, methoxy,
and an unidentified species with frequencies of 2866 and
2943 cm~L. Considering the surface site heterogeniety, pos-
sible different bonding structures of adsorbed species, and
coexistence of several adsorbed species on the TiO, surface,
curve fitting procedures for the spectra after the adsorption
of formic acid, methanol, and MF followed by evacuation
at 150 and 200°C were carried out for more detailed IR
data interpretation. All of the characteristics of the de-
convoluted bands obtained in the curve fitting, including
band position, width, and area, are listed in the Appendix.
Figure 10 shows the same spectra as shown in Fig. 1 at 150
and 200°C as well as the deconvoluted bands and their
composed spectra. The total band area in the region of
1450-1750 cm~! is ~8.2 times that in the region of 2800
3050 cm~L. Figure 11 presents the same spectra as shown in
Fig. 2 at 150 and 200°C as well as the deconvoluted bands
and their composed spectra. Figure 12 shows the same spec-
traas shown in Fig. 3 at 150 and 200°C as well as the decon-
voluted bands and their composed spectra. Since methoxy
and formate groups are present on the surface after the ad-
sorption of MF followed by evacuation at 150 and 200°C,

21 150°C
o |
3
;1_
°‘1
o« ]
—3
200°C
2 |
—3
';-‘
c—

—

2800

Absorbance

3000 2900
Wavenumber (cm™)

3100

FIG.11. Curve fitting for the IR spectra after methanol adsorption
followed by evacuation at 150 and 200°C. Each deconvoluted band is made
of 40% Lorenz + 60% Gauss. The composed spectra for all of the decon-
voluted bands are also shown.
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FIG. 12.

Curve fitting for the IR spectra after methyl formate adsorption followed by evacuation at 150 and 200°C. Each deconvoluted band is

made of 40% Lorenz + 60% Gauss. The composed spectra for all of the deconvoluted bands are also shown.

the deconvoluted bands in Figs. 10 and 11 were also used in
fitting MF spectra at the corresponding temperatures, but
allowing variations in peak position, width, and area for
optimizing the curve fit. Furthermore, since the total band
area in the region of 1450-1750 cm~! is ~8.2 times that
in the region of 2800-3050 cm~? in Fig. 10, the total band
area in the 2800-3050 cm™! region from formate contribu-
tion is limited to ~1/8.2 that in the 1450-1750 cm™* region
in the case of fitting MF spectra. It is found that in addi-
tion to the contribution of methoxy and formate groups,

three bands at 2841, 2866, and 2942 cm™! are needed to
obtain an optimized fit. To further identify the adsorbed
species responsible for these three peaks, adsorption and
reactions of IMME and DMM on TiO; have been studied,
because they are possible precursor molecules for generat-
ing adsorbed hemiacetal alcoholate (-OCH,OCH3) groups,
which are thought to be the reaction intermediate for MF
decomposition on copper-based catalysts (18). The vibra-
tional frequencies of IMME adsorbed on TiO, at 35°C
are listed in the first column in Table 2. Although the

TABLE 2

Comparison of Vibrational Frequencies (cm™!) of lodomethyl Methyl Ether, Dimethoxymethane,
1,1,1-Trimethoxyethane, and Methyl Formate

1,1,1-Trimethoxy ethane

lodomethyl Approx. Dimethoxy- Approx. Vapor Liquid Approx.
methyl ether/TiO, description methane/TiO; description description  MF/TiO,
(35°C) (Ref. 41) (35°C) (Refs. 43, 44) (Ref. 45) (Ref. 45) (150°C)
1655
2830 vz CHs 2830 v CH3
2848 v2 CHa, vz CH3 2852 vCH, v CH; 2846 2833 4, v44 OCH3 2841
2890 25 CHy, 25 CH3 2894 28 CHj, 25 CH3 2866
2948 2940 2923 2915 v3 CCH3
2995 v1 CH3, v1 CH; 2995 v CHy, v CH; 2958 2946 V1, V2, V20 2942
2965 V21 OCH3
2975
3002 2998 vig CCH3
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appearance of the peak at 1655 cm™! is likely due to ad-
sorbed MF or CH,O from decomposition of IMME on
TiO,, the absorption features in the CHy stretching region
are similar to those of IMME in the gas phase. This resem-
blance implies that most of the IMME molecules after ad-
sorption may remain intact on TiO, at 35°C. But it is worth
noting the recent study of adsorption of methyl iodide on
TiO, in which it was found that the C-I bond in methyl io-
dide breaks on TiO; at 35°C to form CH3O(y) (42). If this
also occurs for IMME on TiO2, OCH,OCH3 groups are ex-
pected to be present on the surface. It may show absorption
features in the CHjy region similar to those of IMME in the
gas phase. In either case, some of these adsorbed species
have reacted on the TiO, surface at 150°C to increase the
amount of methoxy and formate groups. In DMM, the CHjy
stretching absorptions after adsorption at 35°C, also in-
cludedin Table 2, resemble those in the gas phase, indicating
that most of the DMM molecules are adsorbed as a whole.
These absorption features change after heating the TiO, to
150°C due to the formation of methoxy and formate groups.
In both IMME and DMM, no peak at ~2866 cm~* with in-
tensity comparable to that of the peak at ~2830 cm™! in
methoxy is found, strongly suggesting that MF decompaosi-
tion on TiO; is unlikely via the -OCH,OCHg; intermediate.
An orthoester-type species, similar to the one proposed af-
ter MF adsorption on oxygen preadsorbed Ag(110), is pro-
posed to be the intermediate on TiO; (see Scheme 3).

H 0—CHx

\ / ' H OCHA
ﬁ N
Ti—O0—Ti Ti—O——\Ti

orthoester-type
intermediate

SCHEME 3

The CHy stretching frequencies of 1,1,1-trimethoxy ethane,
which also contains an orthoester backbone, are included
in Table 2. By comparing these frequencies with 2841, 2866,
and 2942 cm~! bands belonging to the proposed orthoester-
type intermediate, the 2841 and 2942 cm~! bands are as-
signed to symmetric and antisymmetric -OCHj stretches,
respectively. The 2866 cm™! band may be assigned to the
CH stretch or to overtone of CH3; deformation. MF adsorp-
tion on TiO, can be described by MF chemically bonded at
an acid-base site pair consisting of an acidic titanium cation
and a basic oxygen anion. MF is first coordinated at the
Lewis acid sites via the oxygen atom of the carbonyl group.
The carbon of the carbonyl becomes more electrophilic due
to this coordination and is subject to an attack from a neigh-
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boring nucleophilic surface oxygen anion. A similar adsorp-
tion geometry has been discussed previously in the study of
CH0 adsorbed on TiO; to form dioxymethylene surface
species (46).

In photochemistry of MF over TiO,, appreciable reac-
tions only proceed in the presence of oxygen to form CO),
COz(g), CH20(g), and H2Og). Note that CH»O gas molecules
are photosensitive for the UV wavelength used in this study
and may produce CO) by photodecomposition (47). Ad-
sorption and thermal reactions of CH,O on TiO; have been
studied previously (26, 46). Its reactions are initiated by a
dioxymethylene intermediate which is formed as CH,O is
adsorbed at a cation-anion site pair on the surface. On
fully oxidized TiO; surfaces, dioxymethylene undergoes
Cannizzaro-type disproportionation by hydride transfer to
yield CH3O) and HCOO(,. On the other hand, on re-
duced TiO; surfaces, dioxymethylene may be directly re-
duced to CH3O¢, and be totally decomposed to Ca), Ha),
and Ogy). Since in the present photostudy the TiO, surface is
mainly covered with the orthoester-type species, CH3O(y),
and HCOOyg, for the experimental conditions used, these
adsorbed species must play important roles in governing
the reaction Kinetics. It is known that when TiO, or ZnO in
formic solutionsisirradiated with UV light COyg) is formed
(48-50). A two-step mechanism has been previously pro-
posed to explain formate oxidation on a ZnO single-crystal
electrode (50). In that mechanism formate oxidation is ini-
tiated by receiving photogenerated holes to produce formy-
loxy radicals (HCOO-), which then inject electrons into the
ZnO conduction band to form COy. Photochemistry of
CH30¢, on TiO; has been recently investigated by in situ
mass spectrometry and infrared spectroscopy (51). In the
absence of oxygen, the CH3zO¢y) is oxidized to CH;O(g). A
mechanism supported by electron paramagnetic study has
been proposed. CH3O, receives photoholes upon UV irra-
diation to form —OCHy,- radicals, which then further decom-
pose to generate CH,O. This photoprocess is severely
retarded for prolonged irradiation, because the photoelec-
trons may accumulate on the surface, thus increasing the
rate of electron-hole recombination so as to reduce the
photoefficiency. Another photoreaction pathway steps in
as oxygen is added in the reaction system, resulting in the
formation of HyO(,) and HCOO,). In the presence of oxy-
gen, the photoreaction of CH3O¢,y may be likely via the
so-called “Russell-like mechanism” (52). Oxygen plays two
roles in this mechanism: it may recombine with —-OCHy-
radicals to form —OCH,0O0- as well as receive photoelec-
trons and recombine with H* to yield HOO-. H" is formed
from the photodecomposition of CH3;O¢,y after receiving
the photoholes. -OCH,00- and HOO- can recombine to
generate —-OCH,OOOOH tetraoxide, which decomposes
toyield HyO, and HCOOy. At last, as to the photochem-
istry of the adsorbed orthoester-type intermediate, no de-
tailed pathways can be determined from the present study.
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In the photochemical process involving aqueous suspen-
sions of TiO; or in powdered TiO,, O,*, 0, 0Oz, and
O3 % have been detected (53-63). In addition to the pos-
sibility of holes, some of them may actually participate as
oxidants in the photoreaction of the orthoester-type inter-
mediate.

CONCLUSIONS

The temperature-dependent adsorption of MF on pow-
dered TiO, has been investigated using infrared spec-
troscopy. This study reveals the thermal decomposition pro-
cess of MF and its reaction kinetics. When MF is adsorbed
on an acid-base site pair on TiO, it reorganizes on the
surface, losing the carbonyl characteristics and forming an
orthoester-type intermediate. Another possible adsorbed
hemiacetal intermediate in the decomposition of methyl
formate, which is thought to be important on copper-based
catalysts, has been ruled out using two model compounds
of iodomethyl methyl ether and dimethoxymethane. In MF
photochemistry in this study, appreciable photoreactions
proceed only in the presence of both TiO, catalyst and O..

APPENDIX

The data in parentheses are the band position, width, and
area, respectively, for each deconvoluted band.

For fitting the IR spectra after formic acid adsorption
followed by evacuation at 150°C: (1530.6, 39.77, 41.49),
(1557.4, 44.64, 51.06), (1575.3, 25.97, 8.88), (1598.1, 41.4,
18.6), (2885.5, 15.41, 0.15), (2899.2, 35.12, 2.42), (2932.5,
31.18, 1.58), (2952.7, 20.07, 2.87), (2971.7, 21.14, 1.54),
(2987.5, 20.43, 0.62).

For fitting the IR spectra after formic acid adsorption fol-
lowed by evacuation at 200°C: (1529.8, 43.8, 18.9), (1555,
40.6, 31.6), (1579.4, 25.98, 8.55), (1598.9, 33.28, 11.57),
(2873.3, 26.88, 2.62), (2889.1, 14.33, 0.453), (2900.9, 32.97,
1.58), (2936.5, 32.25, 1.05), (2955.2, 17.92, 1.65), (2971.3,
15.41, 0.786), (2987.5, 21.14, 0.53).

For fitting the IR spectra after methanol adsorption fol-
lowed by evacuation at 150°C: (2826.4, 15.93, 6.39), (2844.5,
33.98,0.72), (2893.5, 30.8, 2.94), (2917.9, 14.16, 3.02), (2947,
25.13, 2.08), (2967.9, 44.25, 2.85), (3005.8, 73.63, 1.46).

For fitting the IR spectra after methanol adsorption fol-
lowed by evacuation at 200°C: (2828.2, 15.58, 6), (2847.7,
35.4, 0.64), (2894.5, 31.86, 2.78), (2920.1, 14.16, 2.65),
(2931.1,17.7,4.72), (2946.3, 21.59, 1.44), (2966.2, 43.9, 2.73),
(3006.6, 73.99, 1.79).

For fitting the IR spectra after methyl formate adsorp-
tion followed by evacuation at 150°C: (2830, 15.58, 2.26),
(2840.3, 11.33, 0.65), (2841.3, 31.15, 0.66), (2865.8, 13.45,
1.4), (2867.6, 28.67, 2.27), (2880, 14.16, 0.4), (2894.9, 27.26,
1.23), (2900.2, 29.73, 1.5), (2921.5, 13.45, 0.81), (2930.7,
15.93,1.79), (2932.1,31.15,1.04), (2942.1,15.22,2.34), (2947,
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23.01,0.5), (2952.7,18.05, 1.8), (2966.9, 40.71, 0.78), (2969.4,
22.30, 0.8), (2986.4, 19.82, 0.43), (3003, 72.57, 1.2).

For fitting the IR spectra after methyl formate adsorp-
tion followed by evacuation at 200°C: (2831.3, 14.33, 2.27),
(2838.5,12.9,0.2), (2847.1,32.61, 0.33), (2867.9, 13.26, 0.32),
(2871.2,26.88, 1.5), (2884.8,13.62,0.19), (2893.8, 27.24,0.9),
(2901, 30.46, 1.14), (2923.2, 11.83, 0.85), (2932.9, 15.05, 1.9),
(2935.4, 33.69, 0.82), (2944.4, 15.05, 0.76), (2948, 21.5, 0.62),
(2954.8, 16.84, 1.08), (2967.4, 44.08, 0.86), (2970.7, 15.77,
0.45), (2987.2, 20.79, 0.38), (3006.5, 74.9, 0.86).
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