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Identification of a Surface Alkylperoxy Radical in the Photocatalytic Oxidation of Acetone/
O, over TiO3
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The interaction of a coadsorbed mixture of acetone and oxygen with a clean oxidized polycrystalline sample
of TiO, (P25) was investigated using electron paramagnetic resonance (EPR) spectroscopy. UV illumination
of the sample at low temperature (100 K) generated an unstable radical intermediate at the dehydrated (and
hydrated) TiQ surface. The radical decayed irreversibly at temperatures greater than 150 K but was regenerated
by subsequent irradiation at low temperatures. Using a series of isotopically labeled gage®Gthl CDs-

COCD;, 0,, and?’0,) to aid in the interpretation of the EPR spectrum, the radical was identified as an
alkylperoxy species RCHO with the spin Hamiltonian parameters gf = 2.0345,g, = 2.0070,9; =
2.0010,"A; = 0.34 mT,HA; = 0.10 mT,"A; = 0.29 mT,0A, (i) = 9.45 mT (for RG’0"), and7CA(ii) =

5.52 mT (for R’OC). By consideration of the different mechanistic pathways involved in the oxidation of
acetone, it was concluded that the observed radical is generated initially by hole transfer to the adsorbed
acetone and the identity of the unstable peroxy intermediate must BE@EHOO".

Introduction In a previous study?® we identified several neutral surface
Photocatalytic reactions over semiconductor powders have PEroxyacyl species (general formula REQOwhich are well-

received considerable attention in the past 10 years because okNoWn oxidative intermediates in the initiated gas phase

their potential applications in the degradation of a wide range ©xidation of aldehyde¥: These surface radical species were
of both gaseous and aqueous pollutdntsin particular, the generated by UV irradiation of rutile TkZontaining coadsorbed

use of titanium dioxide for the remediation of volatile organic Molecular oxygen and selected aldehydes over a dehydrated
compounds (VOCs) has several advantages as compared gurface. In the; present paper, we will provide direct evidence
traditional heterogeneous catalysts since sTiGperates at (o the formation of a thermally unstable surface alkylperoxy
ambient temperature and pressures, the reaction products arédical (ROO), formed by low temperature UV irradiation of
usually CQ and water, it exhibits high corrosion resistance, 1102 containing coadsorbed acetone angl The assignment
and it also displays efficient photocatalytic conversion rates in ©f the radical intermediate to an ROGpecies has been
contact with both liquid and gas phases. Despite the growing confirmed using'’O-labeled oxygen. Ti@surface-stabilized
interests in the applications of Tir photocatalytic oxidation ~ P€roxy radicals have been identified in the past using EPR,
of gas phase organic compounds, a complete understanding Oflotaply W!th coadsorbed .ethylene. angl,@but this is the first
the photocatalytic mechanism is still in the early stages. identification of such an intermediate with acetonge/O

To explore the reaction mechanism of VOC decomposition
in heterogeneous photocatalysis, identification of the reaction
intermediates by spectroscopic methods is required under P-25 titanium dioxide (Degussa) was used throughout this
reaction conditions. Considering the role of surface orientation work (surface area 49 fg~?). Prior to reaction with acetone,
in the photochemical reactivity of TikD)(as demonstrated on  the polycrystalline TiQ powder was slowly heated (ova 5 h
both thin filmsg' and polycrystalline materidlls it is also period) under vacuum (18 Torr) up to a maximum temperature
necessary to characterize these intermediates directly at theof 823 K and held at this temperature for a further 1 h. The
surface, before desorption and subsequent reactivity in the gageduced powder (blue in color due to the excess number®sf Ti
phase. Electron paramagnetic resonance (EPR) is a powerfulcenter$®) was then exposed to oxygen (50 Torr) at 823 K and
spectroscopic method for exploring the site specific photo- cooled to room temperature (under the oxygen atmosphere),
chemical reactions that occur on the polycrystalline powders producing a clean oxidized surface free from contaminants or
under in situ conditions, and the technique has been widely usedsurface hydroxyls. The excess oxygen was subsequently evacu-
in the past for the characterization of surface radical speciesated at room temperature. At no time was the sample open to
over irradiated TiQ8~14 While many paramagnetic species have the air, ensuring that the surface remains clean. While exposure

Experimental Section

been identified by this technique (00,~, Os~, HO,*, and T#+), of a thermally reduced Tigsurface to Qat 298 K leads to the
the direct role and participation of some of these radicals in the formation of paramagnetic surface oxygen radicals (likg O
photocatalytic reactions remain unclear. 0,7, or O37), exposure of @to the high temperature sample

(823 K) leads to the formation of diamagnetic surfaée fattice
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21=2.0345 gtensor o= 1.972 andy, = 1.960), arising from the presence

|*\ of primarily bulk Ti#* centers, as widely reported in the
literature$—21315A new low field orthorhombic signal a; =
2.0345,9, = 2.0070, andgz; = 2.0010 is also visible in the
spectrum. This new signal is thermally unstable, since raising
the sample temperature to 298 K followed by recooling to 10
K caused the signal to disappear. The signal could be regener-
ated by a subsequent UV illumination at low temperatures. This
new signal was only observed in the presence of an acetone
rich mixture with coadsorbed oxygen. Irradiation of the sample
containing acetone only did not produce the new spectrum. In
addition, irradiation of the sample under oxygen only (or under
an oxygen rich CHCOCH;:O, mixture) produced the well-
known spectrum of the superoxide Oradical (spectrum not
shown) stable to temperatures in excess of 400 K. In other
words, the new radical species formed from adsorbed acetone/

N L — O, contains oxygen but does not arise from the @dical. It
330 333 336 339 342 345 348 should be clearly stated that this new radical could also be
Magnetic Field (mT) generated on a hydrated TiOsurface, although better

Figure 1. Experimental and simulated EPR spectrum of dehydrated SP€ctral resolution and intensity was obtained on the dehydrated
P25 after UV irradiation for 30 min at 100 K in the presence of Material.
coadsorbed acetone;@10 Torr total pressure in a 10:1 ratio). The Closer inspection of the signal in Figure 1 reveals the presence
EPR spectrum was recorded at 10 K (T10* G). of a small hyperfine structure superimposed on each of the three
g values. This hyperfine structure was more easily observed by

The oxidized material was then exposed to the probe gasesrecording the second derivative EPR signal and by computer
(10 Torr) at 298 K from a vacuum manifold. The acetone 0 O simulation of the EPR spectrum (shown in Figure 1). The
ratio was 10:1 in these coadsorption experiments. While the presence of the hyperfine structure was also confirmed using
acetone:Q ratio may be different in the adsorbed state as deuterated acetone (GDOCD;), where a pronounced narrow-
compared to the gaseous state, due to differences in thejng of the line width was observed (the ratio of the magnetic
adsorption characteristics of the two gases orpi@vertheless,  moments of deuterium to hydrogenis/uy = 0.15 so a smaller
itis clear that the acetone remains in excess on the surface dugriplet pattern from deuterium is expected, which is often
to the absence of any ;O signal. For samples containing unresolved). The EPR spectrum was best simulated using two
adsorbed oxygen only, or an oxygen rich acetoneriixture, equivalent = 1/2 nuclei {'A; = 0.34 mT,*A, = 0.10 mT,"Aq
then photoirradition of the sample would produce the charac- = 0.29 mT, andas, = 0.243 mT), since the addition of three
teristic G~ signal. After exposure of the sample to the acetone: equivalentl = 1/2 nuclei produced an unsatisfactory fit. This
O mixture, the EPR sample cell was then placed into the EPR jndicates the presence of-€CH,— fragment weakly interacting
spectrometer at IOQ K an(_j irradiated in situ.for 30 min at this jth the unpaired electron spin.
temperature. The high purity£@as was supplied by BOC Ltd. To obtain further information on the nature and identity of
Acetone was of analytic grade and supplied by Aldrich {he new radical species in Figure 1, experiments were carried
Chemicals Ltd. The acetone was punfleql by repeated freeze ¢ using labeled’0. The activated Ti@sample was subse-
pump-thaw cycles, to remove oxygen, prior to uS©-labeled g ently irradiated at low temperature using coadsorbeg- CH
dioxygen gas (63% enrichment) was supplied by Icon Serivces COCH:170,, and the resulting spectrum is shown in Figure 2.
Inc. (New Jersey) and used without further purification. The relative abundance of the isotopmei0g, 170160, and

A 1000 W Oriel Instruments UV lamp, incorporating a Hg/  170,) present in the gas mixture can be easily calculaged;
Xe arc lamp (250 nm te- 2500 nm), was used for all irradiations  therefore, with a 63% enrichment level, the six line hyperfine
in the presence of a water filter. The UV output below 280 nm pattern from thel = 5/2 nucleus oft’0O%0 is expected to
accounts for only 45% of the total lamp output. The EPR  dominate the EPR spectrum, with much smaller contributions
spectra were recorded on a Bruker ESP 300E series spectromfrom 160, and 170,. As a result, the intensity of the EPR
eter. All spectra were recorded at X-band frequencies, 100 kHz spectrum is now distributed primarily over six lines so that the
field modulation, and 5 mW microwave power. Tge/alues spectrum appears less intense as Compared to ?hsig'naL
were obtained using a Bruker ER0O35M NMR gaussmeter For Comparison purposes, the EPR Spectruﬁﬁ@ﬂabebd Qo
calibrated using the perylene radical cation in concentrated H was also generated on the same activated Ji@face (spectrum
SO, (g = 2.002 569). EPR computer simulations were per- not shown) producing the well-known and widely reported six

formed using the SIM14S program (QCPE 265). and 11 line hyperfine patterns of’Q%0)~ and ¢’OY0)~
respectively, with the largest splitting &k = 7.6 mT. The
Results hyperfine pattern observed in Figure 2 is clearly not that

. . . expected of’0O,~. Closer analysis of the spectrum reveals the
A sample of fully dehydrated Ti@was UV irradiated at 100 presence of two sextets witfiA, (i) = 9.45 mT and-"OA (ii)

K in the presence of coadsorbed acetong®:1 ratio; total = 5.52 mT both centered on tige (or gx) component at 2.0010;
pressure= 10 Torr). The sample was subsequently cooled t0 ¢ge Taple 1.

10 K for EPR measurements, and the resulting spectrum is
shown in Figure 1. The high field featuresgt= 1.989 andy

~ 1.972 can be easily assigned té'Teations at substitutional
and normal lattice sites, respectively. The latter broad signal at A number of paramagnetic oxygen-centered radicals can be
g~ 1.972 is actually a composite signal, with an asymmetric formed on the TiQ surface, including O, O,~, O3, OH, and

Discussion
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TABLE 1: Spin Hamiltonian Parameters for a Selection of Oxygen-Centered Radicals Formed on the Ti@Surface

species o O Os 1707 (i)3 1707 (i) 2 comment ref
(on 2.026 2.026 2.002 6

Oy 2.025 2.008 2.0016 6

O3~ 2.017 2.011 2.001 19
HO» 2.034 2.008 2.002 hydrated surface 26
RCGOs 2.017 2.008 2.003 coadsorbed aldehyde/O 15

ROO 2.034 2.010 2.001 9.5 35 coadsorbed ethylepe/O 17

ROO 2.0345 2.0070 2.0010 9.45 5.52 coadsorbed acetgne/O this work

2170 hyperfine couplings in mT.

oxygen spin density, and according to McCain and P#lkiee
averageg values of ROOradicals depend on the electronic
structure of the R group. In this case, the averggalue for
the new radical is 2.014, which is in the range typical of
alkylperoxy radicals. The spin density in the peroxy radical is
* localized primarily in the porbital of the two oxygens. The
X5 hyperfine coupling on the terminal oxygen (RO") is usually
labeledA (i), while coupling from the inner oxygen {ROC)
RO'O" | is labeledA (i). From analysis of the spectrum in Figure 2, the
/\ I 00 hyperfine couplings were determined &gi) = 9.45 mT and
L ! ! ! I Ay(if) = 5.52 mT. Anisotropic hyperfine couplings from spin
densities in such porbitals should follow approximate axial
¢ T symmetry withA, = (a+ 2B)p™ andA; = (a — B)p~”, wherep
o |87 is the spin density in the jporbital. Because of the strong
overlapping signal from P, an accurate value fok; could
not be obtained but is expected to be very small. A good estimate
of the spin density distribution in the, prbitals can then be
obtained from the relatiop™(i) = |A(i)1/15.4 mT, 15.4 mT=
s oa2 | oa . os | o3 o3 la + 2B| using theA, value only?? From this relation, we
estimate that the terminal oxygen spin density value is 0.61 as
expected for a peroxy radical. Indeed, stable surface methylp-
Figure 2. Experimental EPR spectrum of dehydrated P25 after UV eroxy and propylperoxy species have been observed by EPR at

irradiation for 30 min at 100 K in the presence of coadsorbed acetone 4 S~ 25 . :
and 7O-labeled oxygen of 63% isotopic enrichment (10 Torr total 100 K on MgG*and B}Os,** respectively, and terminal oxygen

pressure in a 10:1 ratio). The EPR spectrum was recorded at 10 K.SPin densities have been measured in the range 0.70-
The peak marked * is due to one transition from trace$’0f. -

A) | I ] A 1
Ay(ii)|

Magnetic Field (mT)

Because the sum of the twhg couplings (i and ii) for carbon-
HO,* and ROQ radicals. Theg values for the O, O,~, and based peroxy radicals is nearly constant, this suggests that little
05~ radicals are well-known (Table 1) and can be immediately Spin density is delocalized into the R group of RG&However,
eliminated as possible candidates for the new radical species incomputer simulations of the EPR spectrum in Figure 1 revealed
Figures 1 and 2, since they have no intrinsic hyperfine the presence of a small almost isotropic hyperfine couptig (
interaction with a proton. It is possible for a superhyperfine = 0.243 mT) with two equivalent protons (i.e., two= 1/2
interaction to produce a small coupling in the spectrum (e.g., nuclei). This coupling is far smaller than the observed proton
OHsuir++O27) but, as stated above, the obseryé&d hyperfine couplings in HO (Ay = A =0 mT, A, = 5.7 mT,as0 = 1.9
pattern (Figure 2) is not typical 67O, 70,~, or 1705~.1° For mT2Y) and HGQ® (A1 = 1.2 mT,A, = 1.2 mT,As = 1.4 mT, a0
comparison, we have also generated thesHi@dical on afully = 1.2 mT*®) where the proton is directly attached to the oxygen
hydrated TiQ surface (spectrum not shown) and the large atoms, rather than through a-© bond. The observation of
characteristic coupling from the single proton can be clearly this hyperfine pattern in Figure 1 suggests that R is an alkyl
seen. While H@ is also thermally unstable, thgvalues are ~ Species (also confirmed by the averapealue of 2.014) and
distinctly different from the new radical intermediate (Table 1) €liminates the possibility of a-CH— or —CHs fragment
and so cannot account for the signal in Figures 1 and 2. The attached to-OO:. In other words, the evidence strongly supports
OH- radical is an extremely reactive, short-lived intermediate the assignment of the new radical to an alkylperoxy species of
and cannot be directly observed by EPR on the,T0rface, the form R-CH,OO'.
even at 10 K. It can be indirectly identified through spin trapping ~ On the basis of the above findings, the mechanism of radical
experiments or through analysis of the secondary radicals formedformation can now be considered. In the case of adsorbed
by the reactions of OH° Nevertheless, the spin Hamiltonian ~acetone, electron transfer from the surface to the adsorbed
parameters of Otare very well-knowA! and are very different ~ organic molecule can occur resulting in population of the lowest
to those of the acetone intermediate observed in this work. —unoccupiedrcg* molecular orbital forming an acetone ketyl

The next likely candidate to explain the origin of the new radicaf’

signal is a surface peroxy radical (RQCBevilla et aP? have
conducted an extensive study of carbon-based peroxyl radicals (CH;),CO+e —(CHy),CO™ 1)
and reported that thg values vary only slightly frong; =
2.035,g; = 2.008, andyz = 2.003; the greatest deviation was This is unlikely to occur as the ketyl radical is expected to be
found for the crystal field sensitivgg component. The stability = a more powerful reductant than a surface-trapped electron
of these radicals is known to be highly sensitive to the terminal ((CHz),CO/(CH;),C-OH = —1.81V vs NHE)?® Furthermore,
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