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The initial products of the photoreduction of gaseous, @OTi silicalite molecular sieve using methanol as
electron donor have been monitored by in-situ FT-IR spectroscopy. Reaction was induced by 266 nm excitation
of the TitV—-O" — Ti*"—-O' ligand-to-metal charge-transfer transition of the framework center. #iCO

CO, and HCQCHj; were the observed products. CO escaped instantaneously into the gas phase and was
recorded at high spectral resolution. The origin of the products was elucidated by infrared analysis of
experiments with &0,, 13CO,, and*CH;OH. The results show that CO originates from secondary photolysis

of HCOH, while HCO,CH; emerges mainly from spontaneous Tishchenko reaction of=CH the initial
oxidation product of methanol. The key finding is that formic acid is the primary 2-electron reduction product
of CO, at the LMCT-excited Ti centers. This implies that-@& bond formation occurs in the initial steps of

CO; activation at the gasmicropore interface.

Introduction the mechanism of COphotoreduction in Ti framework sub-
Reduction of CQ by visible light through an endoergic stituted molecular sieves remains unknown as monitoring of

reaction is one of the most attractive, yet-unrealized goals in th€ reaction has thus far been conducted by gas-chromatographic
solar energy-to-fuel conversion. Most approaches to, CO analysis of the desorbed final products (CHH, CHy). Knowl-
reduction using heterogeneous photochemistry involve the €dge of elementary steps of this reaction at the-gaisropore
Examples are Ti@ SrTiOs, or SiC in single-crystal or powder ~ framework metals and porous structures that may afford
form.12 The bulk of the work thus far has been conducted on activation of CQ at longer photolysis wavelengths.

aqueous suspensions of colloidal particles of J&ENS, ZnSe, In this paper, we report an in-situ FT-IR spectroscopic study
CdSe, etc., often surface-modified to enhance efficiency, of the photoreduction of CQn Ti silicalite (TS-1) molecular
selectivity, or wavelength responéReduction is typically  sieve by UV light using CHOH as electron source. Methanol
initiated by transfer of photogenerated conduction band E|ectr0nSWaS chosen because the 2-electron-transfer reaction piio

to surface-adsorbed G@r carbonate. Excitation wavelengths  cH,0OH involves endothermicities which, in principle, render
are limited to the UV region for those materials that are stable ths transformation accessible to visible photons.

under use (metal oxides). Visible-light-induced reduction o CO

to CO or formic acid has been achieved with low band gap

semiconductor particles such as ZnSe, ZnS, or CdS, but theseExperimental Section

materials require sacrificial reductants in order to suppress

irreversible oxidation of the material. Likewise, visible light- TS-1 molecular sieve was prepared according to the promoter-
activation of CQ in the presence of transition-metal colloids induced enhancement method reported by Kumar &t1alA
requires sacrificial organic donots. gel of molar composition Si€0.02 Ti0:0.4 TPAOH:0.067 k-

A second, very recent heterogeneous approach te CO pQ,:0.75'PrOH:25 HO was prepared using tetraethyl ortho-
photoreduction employs microporous silicates contalnér;g Ti sjlicate (Aldrich, 98%), tetrabutyl orthotitanate (Fluka), and
centers in the framework (TS-1, TIMCM-41 and48).> tetrapropylammonium hydroxide (TPAOH, Fluka), phosphoric

Reactions are conducted in aqueous suspensions or on moleculafsiq (8796, Fluka), and 2-propanéPtOH) as respective source
sieve loaded with gaseous ¢@nd HO. Efficiencies of CQ materials. The gel was autoclaved at 433 K for12 h.

reduction to methanol or methane in these micro- or MESOPOroUS~ | ination was conducted at 723 K for 10 h under flow of

(r:r;a;er:;gs dt?c/) g:mli'g:; daljrgtg?uTr'](%at?tirk:)I(;ssu'lPr?itsaglt‘Ifiltlz}tl Zﬂgzgced oxygen. ICP-AES combined with chemical analysis indicated
P A ) ! Y 2 TilSi ratio of 2.6+ 0.2%. Characterization by powder XRD

noted in the case of dispersed Ti oxide species anchored on .
porous glas®® or occluded in zeolite cagé8,is attributed to (Cu Ko) was conducted in the rangé 5 26 < 40° at 0.05/s.

the presence of isolated, tetrahedrally coordinated Ti centers. 1€ resulting pattern matches exactly a simulated MFI pattern.
Lifetimes of the excited FrO charge transfer state of such No additional peak was found, which confirms that the material
framework centers were found to be several orders of magnitudeiS TS-1 with no other phase preséat? Also, no additional

longer than in the case of dense phase;Ti@rticles® However, phase could be discerned from SEM pictures. The silicalite (S-
1) sieve used in this study was prepared by the same procedure
* Author to whom correspondence should be addressed. as TS-1 without the titanium source.
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Figure 1. XANES spectra of TS-1 molecular sieve (a) and of anatase Figure 2. Diffuse reflectance spectra of pressed wafers of TS-1
(b). Samples were prepared in the form of pressed wafers. Energy ismolecular sieve, neat anatase, and a mixture of anatase (2%) and TS-1
referenced to the inflection point of the K-edge. crystallites.

Ti K-edge XANES spectra were recorded at beamline 9.3.1 . . . .
of the Advanced Light Source at LBNL. The beamline is Photochemical experiments were conducted using equipment

equipped with a Si (111) double crystal monochromator, and nd procedures described previoulyn brief, about 22 mg
ring currents were in the 208400 mA range (1.5 GeV). of_ TS-1 powder was pressed into a self-supporting wafer (3
Measurements were conducted in transmission mode using 3?"” under a pressure of 2 10° kPa). The TS-1 wafer was

Si photodiode detector, Hamamatsu model S2744-08. For energ ?Id in a minjature infrared vacuum cell, equipped with £aF
calibration, a 5« Ti foil was used, and the beam intensity was windows, which was mounted inside an Oxford cryostat model

monitored by the current generated at an Al foil. Self-supporting OPtistat. Dehydration of the sieve was accomplished by heating

pellets of about 30 mg and 12 mm diameter were used. Sampled® 473 K under high vacuum (temperature controller Oxford
were evacuated at 2 10°7 Torr, but no heating for removal model ITC-502). Reactants were loaded into the molecular sieve

of residual water was performed. Spectra were recorded in theT°m the gas phase through a vacuum manifold. Chemistry was
range 49065100 eV at 0.5 eV sampling intervals and 3 s monitored in situ by infrared spectroscopy, using an IBM-Bruker

sampling time per data point. Figure 1 shows XANES spectra spectrometer modgl IR-97 at 1 cfnand 0.1 cm resolution. .
of TS-1 (trace a) and anatase (trace b). The sharp preedge pea hotolysis was ty_p|cally conducted at room temperature using
of the TS-1 spectrum (fwhre 2.7 eV) is characteristic of Ti the 266 nm emission of a pulsed Nd:YAG laser at 10 Hz (model
in tetrahedral substitution environment of the silicalite frame- Quanta-Ray DCR-2A with GOCR;’E%: upgrade). wiC
work (A;—T, transition). Trace a agrees with the spectrum of Methanol (EM Science, 99%}:CHzOH (Aldrich, 95%'%C),
pure TS-1 samples reported in the literatifré> By contrast, CP3OD (Aldrlch, 99.5% Dl)’ formic acid (Aldrich, 95%), and
the XANES spectrum of anatase shows three preedge peakd! COH (Aldrich, 99% *°C) were degassed by vacuum
corresponding to Ti in octahedral environmé&htNo such distillation. Paraformaldehyde (Aldrich, 95%) was depolymer-
features are observed in the TS-1 sample. ized and purified as described in the literattir€0, (Matheson,

A UV —vis diffuse reflectance spectrum of calcined TS-1in  99-995%)5C0; gfngEC' Inc., 99.1%C, 99'930/"1368)’ cio,
ambient air is displayed in Figure 2. It was recorded on a (Prochem, 9%:3(; ), C(ég(ohﬂatheson, 99.99 /O)%Bg (ISO-
Shimadzu model UV-2100 spectrometer equipped with an TEC, Inc., 99%C), and (ISOTEC, Inc., 95 ) were

integrating sphere model ISR-260. For this measurement, thetS€d as received.
sample was prepared in the form of a pressed wafer, and BaSO
powder used as reference. The spectrum agrees with that of TS-JJ.QGSU”S

materials reported in the literatdfé’” and is assigned to the 1. Infrared Spectrum of CO, Adsorbed on TS-1 Sieve
TitV—-O™" — Tit -0~ ligand-to-metal charge-transfer transi- Loading of CQ gas into the IR cell containing TS-1 sieve gave
tion of tetrahedrally coordinated Ti (perfect or distorté#)? rise to infrared absorptions at 1381, 1663, 2276 (natural
There is no indication of extraframework Ti-containing species, abundance ot3COy), 2346, 3597, 3629, and 3704 cin For
which are known to give rise to absorption at wavelengths longer C'80,, corresponding bands were at 1334, 1633, 2310, 3515,
than 330 nn#*17 Specifically, we do not observe any shoulder 3534, 3625, and 3656 crh and for'3CO; at 1366, 1619, 2280,

at 370 nm, indicative of anatase impurity. Spectra of neat anatase3511, 3541, 3625, and 3646 ci Comparison with literature
and of anatase (2%) mixed with TS-1 are shown in Figure 2 spectr& shows that the intense asymmetric stretch at 2346 cm
for comparison. On the basis of comparison of our XANES (*2C%0,) and the combination tones in the 3568700 cnr?!

and UV-vis spectra with data reported in the literatifté’we region originate from both gas-phase and adsorbed (@@
conclude that the TS-1 sample contains no extraframework volume of the infrared vacuum cell is 3.4 mwith a path length
species. of 3 cm). The same observation was made for the corresponding
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Figure 3. Infrared difference spectra upon loading of 20 Torr of CO Figure 4. Infrared difference spectra upat h irradiation at 266 nm

(a) or G20, (b) into TS-1 sieve at room temperature. Bands marked (30 MW cn?) of a mixture of CHOH (5 Torr) and C@ (40 Torr)
by asterisk are unique to adsorbed CO adsorbed into TS-1 or silicalite (S-1) sieve.

bands ofl3CO, and G80,. By contrast, the broad absorption

around 1670 cm! (main peaks at 1663 crh (12C160,), 1633 0.034(2)
cm™1 (C*0,) and 1619 cm?! (13CQy)) and the sharp feature at
1381 cmi! (1334 cm? (C80,) and 1366 cm?! (13COy)) are
only observed for C@adsorbed on TS-1. Corresponding spectra
for CO, and G280, are shown in Figure 3. The 1381 cfrband

is assigned to the; symmetric stretch as the frequency and
isotope shifts agree with reported Raman spée@ét&ince this

is an infrared forbidden mode for the unperturbed molecule, it
is induced by interaction with the micropore environment.
Framework Ti centers seem principally responsible for activation
of this band because its intensity is greatly diminished in neat ~ 0-00
silicalite sieve. The 1663 cm absorption exhibits atfO shift

of 30 cnT! and al®C shift of 44 cn?, typical for v(C=0) of 2200 5100 2000 1800 1700 1600
a O=C—0 moiety2® The absorption can readily be removed wavenumber (cm’)

by evacuation of the sieve, which suggests th-at it originates Figure 5. Infrared difference spectra followgé h photolysis of &0,
from \{vgalgly aqlsorbed Cpnolecqles. Since qudlng of the gas + CHiOH (a), *CO, 1 CHsOH (b), and CQ + CH,OH (trace c)
into silicalite sieve aI;o result§ in an gbsorpnon arpynd 1670 |gaded into TS-1 sieve. Spectra in the 22@MO0 cn region were
cm™1, the band is attributed to interaction of €®@ith silicous recorded at 0.1 cr# resolution; those in the fingerprint region at 1
regions of the micropores. cm~! resolution.

2. Photoreaction of CQ and CH3OH in TS-1. Loading of
5 Torr of methanol gas into dehydrated TS-1 sieve at room the product peak at 1380 crhoriginates from formic acid. The
temperature resulted in infrared absorptions at 1350, 1450, 1463,C=0 stretch of HCQH overlaps with the HC@CH; absorption
2847, 2952, 2988, 3280, and 3623 dmThe bands at 3250 at 1717 cm'. HCOH loaded into TS-1 exhibits, in addition, a
and 3623 cm’ signal the presence of GBH molecules with broad band at 1594 crithat coincides with a similarly shaped
free OH groups (3623 cm) as well as molecules H-bonded to  band in the C@+ CH3OH photoreaction spectrum. Since this
the pore wall (3250 cmmt, very broad). Coadsorption of 40 Torr  feature is only present in silicalite sieves containing framework
CO; into the sieve did not result in any reaction. When Ti, and is at a frequency typical for the asymmetric &Detch
irradiating the loaded matrix with 266 nm light, depletion of of formate?® it is attributed tor,{CO;) of formate interacting
CO, and methanol was observed under concurrent growth atwith Ti centers, HC@- - -Ti. This assignment is confirmed by
1380, 1434, 1461, 1594, 1717, 2856, and 2963 crAn FT- the expectedC, 80, and D frequency shifts. The only other
IR difference spectrum following &4 h irradiation at 266 nm  product absorptions of GO+ CHz;OH photolysis in TS-1 were
(30 mWent?) is shown in Figure 4. When conducting the same those due to gas-phase CO in the 2302000 cnt! region.
irradiation experiment on a neat silicalite matrix (S-1) loaded Recording of these bands required a spectral resolution of 0.1
with CO, and CHOH, no product growth was observed (Figure cm™1. The fact that carbon monoxide produced in TS-1 desorbs
4). Clearly, photochemical reaction requires the presence of Ti quantitatively from the sieve is not surprising given the weak
centers. The bands at 1717 and 1434 tagree with those of  adsorption tendency of CO in room-temperature silicalite.
an authentic sample of HGOHs in TS-1, as do the/(C—H) To determine the origin of these products, photolysis experi-
absorptions at 2856 and 2963 th Methyl formate has an  ments were conducted withH&D,, 13CO,, and'3CH;OH. Figure
additional peak at 1456 crb, which overlaps in the CO+ 5 shows the infrared difference spectra following 266 nm
CH3;OH photolysis spectrum with the decreasing methanol irradiation of TS-1 sieve loaded with1&, + CH3;OH (trace
absorption at 1450 cm and, hence, is shifted to 1461 cin a), 13CO, + CH3OH (trace b), and C©+ 3CH3OH (trace c).
These methyl formate bands agree well with the infrared Spectra shown in the 186600 cnt! region were recorded
spectrum of matrix isolated HGCGHs; reported in the litera- at 1 cnt! resolution; those in the 2262000 cnt? region were
ture?* Spectra of HCGH gas loaded into TS-1 indicate that taken at 0.1 cm! resolution. Comparison of product bands in
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Figure 7. Photolysis of H3CO,H loaded into TS-1 sieve at 266 nm
(30 mW cnt1?). (a) Infrared difference spectrum following 15 min
irradiation, (b) 30 min irradiation. Spectra in the 22000 cn?
region were recorded at 0.1 ciresolution, those below 2000 ¢
at 1 cnt? resolution.

the 2206-2000 cn1? region with gas-phase spectra of authentic
samples of CO, &0, and'3CO affords complete assignment
of all ro-vibrational peak3® According to Figure 5, &0 is
the main carbon monoxide species formed up&tog+ CHz-

OH photolysis, while'3CO dominates in thé*CO, + CHz;OH

difference spectra aftel h irradiation. Intensities are amplified by a
factor of 2 for clarity. (b) Difference between 4d h photolysis.

upon 1 h photolysis (trace a) and of the time window between
1 and 4 h irradiation (trace b) for all three isotopic systems.
Clearly, relative intensities of spectra (a) differ significantly from
those of spectra (b). In the case of tRe0, + CH3OH reaction,
absorbance growth at 1682 ciilags behind that of bands at
1736, 1717, and 1695 crh at late photolysis times (trace b)
compared to start of photolysis (trace a). The 1682 tpeak

is due to H3CO,H according to the FFCO,H spectrum in TS-1
(Figure 7) and literature dafdThe 1736, 1717, and 1695 ci
bands are attributed to different sites of H&BI; (v(C=0))
based on authentic spectra of this molecule in TS-1. The leveling
off of HI3CO,H growth is consistent with secondary photolysis
of the acid, signaled by the appearancé3afO (Figure 5). The
formation of H3CO,H implies that carbon dioxide is photore-
duced to formic acid. Close inspection of the band intensities
at 1736, 1717, and 1695 crhreveals that the 1717 crhpeak
grows faster than the other two upon prolonged photolysis. Since
HCO.H also absorbs at 1717 cry this suggests increased
HCO,H growth at late photolysis times. Formation of H&O

is confirmed by the appearance of CO, its secondary photolysis
product (Figure 5).

These assignments are fully supported by the analysis of the
CO, + I3CH;OH system, the isotopic counterpart to the
reactions just presented. Here the absorbance growth at 1717
cm™1 falls behind that of bands at 1696, 1679, and 1647%m
at late photolysis times, as can clearly be seen in Figure 8. The

reaction, and parent CO is the main species produced upgn CO 1717 cnt! absorption is assigned to HG®, and the early

+ 13CH3OH photolysis. The growth kinetics of the CO product

leveling off of its growth is consistent with the appearance of

displayed in Figure 6 for each of the three isotopic experiments the parent isotope CO as the dominant carbon monoxide product

clearly exhibits an induction period indicative of secondary

of the reaction (Figure 5). This confirms that €@ photore-

photolysis. Irradiation of TS-1 matrices loaded with authentic duced to HCGH. The 1696, 1679, and 1647 citriplet is
samples of formic acid indicate that carbon monoxide is attributed to H3CO,13CHs. Analogous to thé3CO, + CHs-
generated by efficient photolysis of the acid. This is illustrated OH case, the 1679 cn band outpaces the growth at 1696 and
in Figure 7 by infrared difference spectra recorded upon 266 1647 cnt! at long photolysis times. This indicates formation

nm irradiation of H3CO,H in TS-1 for 15 min (trace a) and 30
min (trace b) at 30 mW cn?. We conclude that the carbon
monoxide product of the carbon dioxide methanol photore-
action originates from secondary photolysis of formic acid. By

of H13CO,H upon prolonged reaction, and is confirmed by the
concurrent production offCO (Figure 5). We conclude from
the isotope experiments witiCO, and3CH3;OH that carbon
dioxide is directly reduced to formic acid while the carbon of

contrast, only traces of methyl formate photodissociation were the methanol appears in methyl formate and, upon prolonged

detected under the same irradiation conditions.

In the G=0 stretching region, the simple product spectrum
of the parent reaction GO+ CH3zOH (Figure 4) is replaced by
a complex pattern of bands when using®@,, 3CO,, or

photolysis, also in formic acid.

Observation of methyl formate and formic acid as methanol
oxidation products, rather than the expected 2-electron oxidation
product formaldehyde, can be understood by the results gF=CH

13CHZ0H as reactants (Figure 5). Analysis of these spectra O loading into TS-1, shown in Figure 9. Spectra recorded
reveals the origin of the products. Most useful is a comparison immediately after loading of formaldehyde into the sieve exhibit
of spectra at early photolysis times with those recorded upon the characteristic Cy#=0O peaks at 1503 and 1730 ci The
prolonged irradiation. Figure 8 shows infrared difference spectra 2813, 2909, and 2975 crhabsorptions in the €H stretching
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Figure 9. Spontaneous dark reaction of formaldehyde loaded into TS-1
sieve. (a) Infrared spectrum recorded immediately after loading of 5
Torr of CH=0. (b) Spectrum aftel h in thedark at room temperature.

region are also observed (not showhj?After 1 h in thedark
(trace b), the Ch=0 spectrum has practically disappeared and
is replaced by absorptions of HGCH3; (1717, 1456, 1436
cm™1). A weak band at 1383 cm indicates the formation of
small amounts of HC@H (which also absorbs at 1717 c#),
and of HCQ- - -Ti absorbing at 1596 cm. We attribute the
principal product, HC@CHs, to the well-known Tishchenko
reaction3® CH,=0O + CH,=0 — HCO,CHz. Small amounts
of HCO,H (HCO,- - - Ti) indicate that Cannizzaro reaction
CH,=0 + CH,=0 + HO— HCO,H + CH3OH involving
residual HO still present after dehydration of the sieve also

plays a role. The latter was the dominant process upon loading

of formaldehyde into FeAIP§5 sieve?® We conclude from
CH,=0 spectroscopy in TS-1 that the observed methyl formate
and a small fraction of the formic acid produced upon,GO
CH3;0OH photoreaction are secondary thermal products of initially
generated formaldehyde.

Analysis of the ¢80, + CH;OH spectra and comparison with
the 13C results furnishes a detailed insight into the role of
Tishchenko and Cannizzaro reactions of £, the proposed
initial oxidation product of methanol. According to Figure 5,
C'80 is the dominant carbon monoxide product df@, +
CH30OH photolysis. Its growth exhibits an induction period,
which confirms that €80, is reduced to HEO,H in the initial
step. The latter absorbs at 1682 ¢nand is most probably the
main contributor to the band at that frequency in the early
photolysis spectrum (trace a of Figure 8). In addition, spectrum
(a) of the G80, + CH3OH reaction features peaks at 1736 and
1717 cntl, which are assigned to HGOH3, most probably
formed by Tishchenko reaction of GHO, the primary oxida-
tion product of CHOH. Interestingly, additional peaks appear
in the region below 1700 cm upon prolonged photolysis (trace
b of Figure 8), indicating incorporation &t into the secondary
thermal products of CH#=0. This can readily be explained by
the formation of H*0 upon secondary photolysis of FfO.H.

It opens up the Cannizzaro reaction with the continuously
generated Cp+=0 to form HC¥OOH and CHOH. HC!80OOH
and methanol form HEOOCH; by subsequent ester condensa-
tion. HCI80OOCH; isotopomers with a €80 group give rise

to bands at 1700, 1685, and 1659 ¢t HC(=80)OH absorbs

at 1685 cm! as well2” We conclude from the analysis of the
isotopic data that formaldehyde is the initial oxidation product

Ulagappan and Frei

SCHEME 1
Primary Photochemistry
hv
CO,+CH;OH —» HCO,H+CH~=0
Secondary Reactions
HCOH —~ & CO + H,0
dark
2 CH2=O HCOzCH;
(initial phase)
dark

2CH~0+H,0 —» HCO,H + CH;0H

(upon accumulation of H,0)

SCHEME 2
Tif=Q1 _}l, Titn_ Q! — Ti*V— QI
‘} CO, CH,0H"
CO, CH,OH

l

HCO,H + CH/=0 «— CHO, + CH,0H

Upon continued photolysis, formaldehyde is consumed by the
Cannizzaro reaction opened up by the formation gdkhrough

secondary photolysis of formic acid. Scheme 1 summarizes the
photochemistry derived from the spectral and kinetic analysis.

Discussion

The main result of this study is the detection of formic acid
as the primary 2-electron-transfer product of quDotoreduction
at the gas-micropore interface of Ti silicate sieve. While the
elucidation of the secondary photochemical and dark processes
proved essential for establishing the nature of the initial
2-electron redox process, it is the latter that is of foremost
interest; secondary reactions, in particular the photodissociation
of formic acid, may not occur once materials are found that
allow initiation of the photochemistry at substantially longer
wavelengths.

Our proposed mechanism forO LMCT-induced reaction
of CO, and CHOH consists of two one-electron-transfer steps.
Upon excitation of the metal center, transient'Tireduces C@
to CO;~ under concurrent oxidation of methanol to the radical
cation by the hole on the oxygen ligand, as shown in Scheme
2. Proton transfer quenching of the highly unstable,CBy
the strongly acidic CkDH* 31 would result in CHQ radical
and CHO radical. The latter most probably isomerizes to the
more stable ChDH radical?®3?Subsequent H atom transfer to
yield HCO,H and CH=0 affords overall 2-electron reduction
of CO,.

The energy profile of the proposed mechanism depends to a
substantial degree on the structure of the proposed £HO

of methanol. In the early stages of photolysis, the aldehyde is intermediate. Gas-phase Chifadical is known to exist in two

converted to methyl formate by the Tishchenko mechanism.

isomeric forms, namely, HCJformate§3 and HOCO (hydroxy
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