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Heterogeneous Photocatalytic Synthesis of Methane 
from Acetic Acid-New Kolbe Reaction Pathway 

Sir: 
Recent investigations have described the application of the 

principles of semiconductor electrodes (currently being studied 
in photoelectrochemical cells for the utilization of solar ener- 
gy ' )  to the design of systems for heterogeneous photocatal- 
y s i ~ . ~ ? ~  I n  these systems the absorption of light on a semicon- 
ductor powder suspended in a liquid promotes electron-transfer 
reactions of substances in s o l ~ t i o n . ~  Synthetic applications of 
these techniques have not yet been demonstrated. W e  report 
here the heterogeneous photocatalytic decomposition of acetic 
acid on n-type Ti02 to yield (almost exclusively) methane and 
carbon dioxide: 

CH3C02H --* CH4 + C02 (1) 
This unprecedented facile and efficient decarboxylation of an 
unactivated (saturated aliphatic) carboxylic acid a t  ambient 
temperature to give the corresponding alkane contributes to 
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photoelectrochemical measurements. As shown in Figure I ,  
the photoinduced oxidation of acetic acid (presumably as the 
acetate ion) on an illuminated n-type Ti02 rutile single-crystal 
electrode takes place a t  more negative potentials than the re- 
duction of acetic acid protons on the same material and even 
more negative than the reduction of platinum. Thus, the re- 
duction of acetic acid on platinum and the photooxidation of 
acetate ion on n-type Ti02 can easily take place simultaneously 
at  the two electrodes under short circuit conditions, Le., without 
applied potential. The curves also indicate that this occurs a t  
a common potential of about -0.6 V vs. the Hg/HgzAcl  ref- 
erence electrodeIO and with an estimated quantum yield of 
-3-5%. Thus the apparent ease of photocatalytic decompo- 
sition of acetic acid on platinized n-type Ti02 '  can be ration- 
alized, since this powder can be thought to act as  a multitude 
of small, short-circuited Pt-Ti02 electrode systems, where the 
partial coverage with Pt essentially boosts the yield by lowering 
the otherwise significant overpotential of the hydrogen re- 
duction." Light of energy greater than band gap (I -3.0-3.2 
eVI2) causes the formation of a n  electron-hole pair, whose 
recombination is partially prevented (presumably due to 
bending of bands caused by the equilibria H +  + e- 2 H(ads) 
or 2H+ + 2e- G H2 on the Pt). The low-lying holes thereby 
created lead to the oxidation of acetate, thus initiating the 
Kolbe process. The rapid decomposition of the CH3C02- 
radical, leading to the CH3. radical and C02,  prevents any 
reverse reaction. Hypothetical a t  the moment are  the further 
follow-up processes, but the observed formation of methane 
indicates that they are reductive. While the reduction potential 
of methyl radicals (in aqueous surroundings) is not known, it 
seems reasonable to assume the sequence reduction and pro- 
tonation, especially in view of the fairly negative short circuit 
potential of the Pt-illuminated Ti02 pair in the electrochemical 
measurements (--0.6 V). Such a sequence, a t  any rate, is in 
full accord with the following experiment with partially 
monodeuterated acetic acid produced by addition of 99.7% 
D2O as cosolvent in the initially described experiment which 
theoretically produced a mixture CH3C02D and CH3C02H 
in the ratio 49:l by exchange of the carboxylate protons.13 
Irradiation of this solution with a suspension of platinized Ti02 
photocatalyst7 under inert atmosphere again led to  gas evo- 
lution, with a slightly lower yield (5.5 mL/h) ,  presumably as  
a consequence of the isotopic substitution. The mass spectral 
analysis revealed these gases to again consist of C02,  CH3CH3 
(undeuterated), methane (73% CH3D, 27% CH4), and hy- 
drogen (H2:HD:D2 = 2:l:masked by He). This isotopic la- 
beling pattern eliminates a mechanism involving hydrogen 
abstraction from the acetic acid methyl and supports the pos- 
tulated origin of one of the methane hydrogens to be an acidic 
solution proton or deuteron. 

Apparently the Ti02 powder acts in a dual function causing 
the photooxidation of acetate and the reduction of inter- 
mediately formed methyl radicals, a property not found a t  
metal electrodes under the usual Kolbe conditions where the 
electrode potential is maintained a t  a very positive value. 
Several unique properties of these partially metallized large- 
band-gap semiconductor powder photocatalysts emerge: (1 )  
they are  potentially strong photooxidizing agents, since the 
quasi-Fermi level of holes under irradiation lies near the va- 
lence band edge a t  very positive potentials;I4 (2) their large 
surface areals allows a low (surface) concentration of radical 
intermediates, thus suppressing radical-radical reactions 
(dimerization, disproportionation); (3) under proper conditions 
the intermediates are  formed near reducing sites, since the 
quasi-Fermi level of electrons lies near the conduction band.I4 
These properties allow this heterogeneous photocatalytic Kolbe 
reaction to branch off from the normal paths (to ethane or 
methanol) with channeling of the intermediate methyl radicals 
into a reductive route to methane. The possible extension of 
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this reaction to other synthetically as well as  mechanistically 
more interesting aliphatic or alicyclic carboxylic acids will 
hopefully clarify the mechanistic and synthetic scope of this 
alternate photo-Kolbe reaction. The effect of changes in ex- 
perimental variables, the flux of light, and the dark rest po- 
tential of the semiconductor on the distribution of reaction 
products will also be subjects of upcoming investigations in this 
laboratory.I6 
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Helium@) Photoelectron Spectrum of Tropyl Radical 

Sir: 
There has been much recent discussion] of the structures 

and stabilities of C7H7 cations. W e  wish to report the initial 
results of our investigation of the photoelectron spectrum (pe) 
of tropyl radical which bear on the stability (heat of formation) 
of the tropylium ion and the structure of the tropyl radical. The 
spectrum (Figure 1, top) was obtained by flash vacuum py- 
rolysis2 of bitropyl (Figure 1, bottom) in a manner similar to 
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