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Selectivity changes during organic photooxidation on TiO2:
Role of O2 pressure and organic coverage
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Abstract

The selectivity of trimethyl acetate (TMA) photodecomposition on TiO2(110) as a function of O2 pressure and TMA coverage was probed
at room temperature (RT) using isothermal mass spectrometry (ISOMS) and scanning tunneling microscopy (STM). The selectivity of TMA
photodecomposition on TiO2(110) is sensitive to the initial TMA coverage and O2 pressure. TMA bridge-bonds to the surface via the carboxylate
end of the molecule in a manner consistent with the binding of other carboxylate species (e.g., formate and acetate) on TiO2 surfaces. Under all
conditions, photodecomposition of TMA was initiated via hole reaction with the electron in carboxylate’s π system, resulting in opening of the
O–C–O bond angle and formation of CO2 and a t-butyl radical by cleavage of the C–C bond between these groups. The CO2 product desorbs from
the surface at RT, but the t-butyl radical has several options for thermal chemistry. In ultrahigh vacuum (UHV), where the O2 partial pressure is
< 1×10−10 Torr, the TMA photodecomposition results in a near 1:1 yield of isobutene (i-C4H8) and isobutane (i-C4H10) from surface chemistry
of the t-butyl radicals. STM results show that the reaction occurs fairly homogeneously across the TiO2(110) surface. In the presence of O2, the
photodecomposition selectivity switches from initially i-C4H8 to a mixture of i-C4H8 and i-C4H10 and then back to predominately i-C4H8. The
latter selectivity change occurs at the point at which void regions form and grow in the TMA overlayer. At this point, the photodecomposition
rate accelerates and the reaction occurs preferentially at the interface between the TMA-rich and TMA-void regions on the surface. These results
illustrate both the changing dynamics of a typical photooxidation reaction on TiO2 and also how factors such as O2 pressure and TMA coverage
impact the photooxidation reaction selectivity. We also present results that suggest the rate of photodecomposition of monodentate carboxylates is
greater than that of bidentate (bridging) carboxylates. This implies that the structural arrangement of Ti cation sites on the surface is an important
issue that influences photocatalytic rates on TiO2.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Photocatalysis on TiO2 [1–4] continues to be a growing area
of catalytic research due to potential applications such as waste-
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water treatment, air purification, self-cleaning and disinfecting
surfaces, and water splitting. Using the rutile TiO2(110) sur-
face as a model photocatalyst, we recently published a series
of papers [5–9] exploring some of the fundamental aspects of
photocatalysis on TiO2. The adsorbate trimethyl acetic acid
(TMAA) has been a convenient probe molecule in these stud-
ies because, along with other molecules in the carboxylic acid
classification (e.g., formic and acetic acids), it adsorbs on TiO2

surface to yield strongly bound carboxylate species [10]. These
organic carboxylates on TiO2(110) have fairly well-understood
adsorption structures and thermal chemistries, and in the case
of trimethyl acetate (TMA) have reasonably high photoreactiv-
ity when exposed to UV light. TMAA adsorbs dissociatively on
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TiO2(110) at 300 K (hereinafter referred to as room temperature
[RT]) by cleavage of the molecule’s O–H bond. The carboxy-
late group (TMA) bridge-bonds across two Ti4+ sites, with the
molecular plane oriented normal to the surface and along the
row of Ti4+ sites (the <001> surface crystallographic direc-
tion). The acid proton adsorbs on a bridging O2− site, forming
a bridging OH group. As shown in the following reactions, the
initial step in the photodecomposition of TMA on TiO2(110)
involves a hole reaction with the carboxylate group to generate
CO2 and a t -butyl radical:

TiO2 + hν → h+ + e−, (1)

TMA + h+ → CO2(g) + t -butyl(a), (2)

where h+ and e− are the resulting hole in the TiO2 va-
lence band and the excited electron in the TiO2 conduction
band, respectively. The designations “a” and “g” refer to ad-
sorbed and gaseous species, respectively. Reaction (2) resem-
bles the Hunsdiecker [11] and “photo-Kolbe” [12,13] reactions
known for decarboxylation of organic acids. Excited electrons
are trapped at surface cations that bind bridging OH groups
[6,14–16]. These OH groups react with O2 according to the
following reactions:

Ti4+–OH−–Ti4+ + e− → Ti4+–OH−–Ti3+, (3)

Ti4+–OH−–Ti3+ + O2 → Ti4+–O2−–Ti4+ + {OOH}. (4)

The OOH species is speculative in this case (although related
species have been observed under other conditions [17–19]),
because the observable products of reaction (4) are O adatoms
and OH groups, the latter of which disproportionate to wa-
ter at RT [16,20]. Returning to reaction (2), the mechanism of
TMA photodecomposition on TiO2(110) in the absence of O2
has been reported [9]. Experiments in which TMA was irradi-
ated with UV light at 100 K permitted subsequent identification
of products using TPD. Photogenerated CO2 desorbed from
TiO2(110) at ∼150 K and exhibited no additional reactivity
with the surface on heating or when photolysis was performed
at RT. If produced at 100 K, the t -butyl radicals adsorb in-
tact on the TiO2(110) surface and react on heating. If produced
at RT, they undergo rapid thermal reactions yielding gaseous
isobutene and isobutane,

2t -Butyl(a) → i-C4H8(g) + i-C4H10(g). (5)

Isobutene (i-C4H8) and isobutane (i-C4H10) both thermally
desorb from TiO2(110) at temperatures well below RT, so these
products are liberated from the surface at RT on formation.

In this study, isothermal mass spectrometry (ISOMS) and
scanning tunneling microscopy (STM) were used to study the
influence of O2 on TMA photodecomposition and on the se-
lectivity between the isobutene and isobutane products. In a
sustained photooxidation reaction that results in complete con-
version of the organic in question, the photooxidation mecha-
nisms of secondary products, such as isobutene and isobutane,
may well dictate the overall kinetics of the process. Therefore,
factors that influence the selectivity of the primary photooxida-
tion event [in this case, the coupled reactions (2), (4), and (5)]
may significantly impact the entire photooxidation process. For
example, the adsorption energy of isobutene on TiO2(110) is
slightly greater than that of isobutane [9], so under reaction
conditions one would expect that an isobutane molecule would
be more easily displaced from the surface and thus less able
to compete for adsorption and reaction sites. Additionally, the
kinetics of isobutene photooxidation should be different than
those of isobutane if only in the sense that the latter will require
an additional oxidative step in the process of complete photoox-
idation.

We show that the selectivity of the initial step in TMA pho-
tooxidation on TiO2(110) is sensitive to the O2 pressure and
the surface coverage of TMA. In UHV, adsorbed TMA pho-
todecomposition is spatially homogeneous on the surface and
yields a near-stoichiometric mixture of isobutene and isobutane.
As the O2 pressure is increased, the photooxidation reaction
shifts to a spatially nonhomogeneous process based on STM
data. Nonhomogeneity is exhibited in STM by fairly well sepa-
rated hydrophilic (possessing adsorbed water, OH, and Ox) and
hydrophobic (possessing unreacted TMA) regions. Under these
conditions, the photooxidation of TMA occurs preferentially
at the boundary of the two regions, yielding predominantly
isobutene. The overall rate of the reaction accelerates as the hy-
drophilic regions expand, allowing unimpeded access of O2 to
the surface [7].

2. Experimental

The ultrahigh-vacuum (UHV) system used for the ISOMS
measurements in this study has a base pressure of 2×10−10 Torr.
The TiO2(110) crystal (10 × 10 × 1.5 mm) was the same as
used in previous studies of TMAA on TiO2(110) [6–10], and
the same sample cleaning preparations were used in this study.
Briefly, the sample was cleaned by ion bombardment followed
by annealing in UHV at 850 K. Sample cleanliness and sur-
face order were monitored using AES and LEED, respectively.
TMAA (Aldrich, research grade) is a solid at RT with a va-
por pressure of about 0.5 Torr. The TMAA source was purified
initially by freeze–pump–thaw cycles using a liquid nitrogen
(LN2) bath, but also with a melting step using a hot water bath
followed by pumping on the liquid to remove any gaseous im-
purities in the solid TMAA. TMAA was dosed on the crystal
using a pinhole apertured directional doser. The inner diameter
of the doser was about 5 mm so that the crystal could be prefer-
entially exposed to TMAA without exposing the sample holder.
Research-grade oxygen was further purified by passing the gas
through a LN2 trap to remove condensable impurities. Oxygen
exposure was accomplished by backfilling the chamber through
a leak valve.

Isothermal mass spectrometry (ISOMS) and temperature-
programmed desorption (TPD) were performed with the same
quadrupole mass spectrometer (QMS). TPD, performed with a
heating rate of 2 K/s between 95 and 750 K, was used pri-
marily to determine adsorbate coverage. Thorough TPD studies
of TMAA on TiO2(110) with and without UV irradiation can
be found elsewhere [9,10]. In ISOMS, a series of masses were
tracked as function of time at a set crystal temperature. All such
experiments were performed with the crystal at RT. The crys-
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tal was positioned in front of the QMS so that UV light was
incident. This placed the crystal normal direction at a 45◦ an-
gle from the entrance cone to the mass spectrometer. A typical
experiment involved dosing the crystal with TMAA, followed
by stabilizing a background pressure of O2. Background levels
of selected masses were established in the dark for reasonable
baselines, and then the crystal was exposed to UV light for a de-
sired period. ISOMS experiments were terminated by blocking
the UV light and reestablishing baseline background signals.
UV light from a 100 W Hg arc lamp was directed through a
sapphire viewport and focused down to an area covering the en-
tire crystal face. Given that TMAA was exposed exclusively on
the TiO2(110) crystal face (see above), background photodes-
orption signals from noncrystal surfaces were negligible. The
photon flux was calibrated using a photodiode detector.

As discussed previously, the ISOMS signals were calibrated
to flux units of monolayers per second using calibration signals
from TPD of known coverages of TMAA, isobutene, isobutane,
and water on TiO2(110) [9,10,21]. One monolayer is defined
as the surface cation density on the ideal TiO2(110) surface
(5.2 × 1014 cm−2). Included in the calibration was a normal-
ization factor to account for the different sample orientations in
the ISOMS and TPD positions.

STM studies were conducted in a separate chamber using
a JEOL JSPM-4500S microscope as described previously. The
TiO2(110) crystal used in these measurements was treated in
much the same manner as in the ISOMS measurements. Pho-
tolysis measurements in this chamber used a 300 W Xe arc
lamp. Because the UV output of this lamp was about 8 times
less than that of the 100 W Hg arc lamp used in the ISOMS
measurements, the irradiation times used in the two measure-
ments cannot be compared directly.

3. Results and discussion

3.1. Effect of O2 pressure on the selectivity of TMA
photodecomposition

Fig. 1 shows isobutene ISOMS traces from UV irradiation
of 0.5 ML TMA on TiO2(110) in various background pres-
sures of O2. At this coverage, the TMA adlayer formed a well-
ordered (2 × 1) structure [6–8] (see below) in which virtually
all of the TMA groups were bound in an η2 bridge-bonded con-
figuration [22]. In each experiment, isobutene desorption signal
was registered immediately on exposure of the surface to UV
light (designated as time “0”) and continued to varying extents
as the light was maintained. Typically, sharp rises in various
ISOMS signals were observed on the initial exposure of the
surface to UV. These sharp signal rises are hereinafter referred
to as “spikes.” In UHV (bottom trace), the isobutene ISOMS
signal abruptly rose on exposure of the 0.5 ML TMA surface
to UV, but decayed thereafter. The isobutene ISOMS profile
did not significantly change for increasing O2 pressures up to
1 × 10−8 Torr, but two noteworthy changes occurred above
this pressure. First, the initial isobutene ISOMS rate (the spike)
increased with increasing O2 pressure, and second, a “hump”
in the rate of isobutene evolution developed later, reflective of
Fig. 1. Isobutene ISOMS scans from UV irradiation of 0.5 ML TMA on
TiO2(110) at RT in various background pressures of O2. UV irradiation was
commenced at time 0 s and was terminated at time 300 s. UV irradiation was
with a 100 W Hg lamp. Spectra are displaced vertically and provided with back-
ground lines for clarity.

an increased TMA photodecomposition rate. The hump was
broadly distributed in time for an O2 pressure of 5 × 10−8 Torr,
but narrowed and shifted toward shorter times as the O2 pres-
sure was increased. Maintaining vacuum integrity placed an
upper limit of ∼2 × 10−6 Torr on the O2 pressure. Additional
increases in O2 pressure above this value would likely continue
to shift the hump into the spike, significantly increasing the lat-
ter but making the two indistinguishable.

The companion ISOMS signals for isobutane and TMAA
are shown in Figs. 2 and 3, respectively. The isobutane ISOMS
profiles also exhibited changes as a function of increased O2
pressure, but in different way than that observed for isobutene.
The maximum isobutane ISOMS rate was not observed on ini-
tial exposure of the surface to UV, as was seen for isobutene.
Instead, the maximum isobutane ISOMS rate was typically de-
layed by about 10–15 s from the start of UV irradiation, and
the onset rate (at time 0) was approximately the same for all
O2 pressures explored. The general profile of the isobutane
ISOMS traces changed as the O2 pressure was increased, es-
pecially for pressures above 1 × 10−8 Torr. Instead of the rate
acceleration effect observed for isobutene (Fig. 1), the isobu-
tane rate decayed to zero more rapidly as the O2 pressure was
increased. For example, whereas the rate of isobutane evolu-
tion was still measurable after 300 s of UV irradiation in UHV,
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Fig. 2. Isobutane ISOMS scans from UV irradiation of 0.5 ML TMA on
TiO2(110) at RT in various background pressures of O2. UV irradiation was
commenced at time 0 s and was terminated at time 300 s. UV irradiation was
with a 100 W Hg lamp. Spectra are displaced vertically and provided with back-
ground lines for clarity.

the rate attenuated to near zero after 150 s in 2 × 10−7 Torr O2

and after about 50 s in 2 × 10−6 Torr O2. This effect was not
strictly a factor of consumption of the available TMA groups,
because the isobutene ISOMS rate persisted beyond the points
at which the isobutane rates had attenuated. These data show a
marked change in the selectivity of TMA photodecomposition
as a function of both O2 pressure and the extent of reaction.

In general, the TMAA ISOMS signals (Fig. 3) were weaker
than the isobutene and isobutane signals but for the most part
mirrored the isobutene signal in the spike region, although not
in the hump region. The maximum TMAA ISOMS rates were
consistently at the onset of UV irradiation irrespective of the
O2 pressure, and the rate generally attenuated to near zero after
about 50–100 s of UV exposure.

There was no evidence in these studies for appreciable
amounts of other hydrocarbon products, such as t -butanol,
2,2,3,3-tetramethylbutane (from dimerization of two t -butyl
groups) or C3 products, although some of these species were
found in trace quantities in postirradiation TPD [9]. Therefore,
a discussion of how O2 pressure (and TMAA coverage, see be-
low) influenced the reaction mechanism of TMA photodecom-
position on TiO2(110) at RT can be restricted to the isobutene,
isobutane, and TMAA products.
Fig. 3. TMAA ISOMS scans from UV irradiation of 0.5 ML TMA on
TiO2(110) at RT in various background pressures of O2. UV irradiation was
commenced at time 0 s and was terminated at time 300 s. UV irradiation was
with a 100 W Hg lamp. Spectra are displaced vertically and provided with back-
ground lines for clarity.

The TMA adlayers probed under UHV conditions were pre-
pared on surfaces with about 7–10% oxygen vacancy sites, with
each of these sites occupied by what can nominally be con-
sidered as two trapped electrons in the form of Ti3+ centers
(see [23] for more details on the nature of these sites). Because
no O2 was provided to scavenge either the photoexcited elec-
trons or to react with the negative charge associated with the
surface oxygen vacancies, there was the potential for consider
accumulation of negative charge on the surface during photon
irradiation. The total amount of TMA photodecomposition in
the 5-min UV irradiation period in UHV was about 0.32 ML.
It is unclear whether the excited electrons associated with the
holes that had this level of TMA decomposition were trapped on
the surface, trapped in the bulk, or conducted to ground through
the sample holder. As we show below, the rate of the TMA pho-
todecomposition reaction was considerably faster if the surface
oxygen vacancies were oxidized before TMAA adsorption and
UV irradiation in UHV.

Fig. 4 illustrates the changes in the selectivity of TMA pho-
todecomposition as a function of O2 pressure for an initial
TMA coverage of 0.5 ML. The selectivity between isobutene
and isobutane is expressed as the fractional yield of isobutene
(fene ≡ isobutene ISOMS signal divided by the sum of the
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Fig. 4. Isobutene fractional yield curves obtained from the isobutene and isobu-
tane ISOMS data in Figs. 1 and 2. Dots represent the raw data and lines rep-
resent least-squares polynomial fits to the data (provided for guiding the eye).
The horizontal dashed line corresponds to a 1:1 ratio of isobutene-to-isobutane.

isobutene and isobutane ISOMS signals). The traces in this fig-
ure represent not the total yields seen at the end of the UV
exposures (see Fig. 5 for discussion of these data), but how the
yields changed as the reaction progressed. A value of 1 repre-
sents 100% selectivity to isobutene, and the horizontal dashed
line at 0.5 signifies a 1:1 ratio of isobutene to isobutane. The
dots are the raw data, which by nature of the plot exhibited
significant noise as photodecomposition of the TMA adlayer
approached completion. The solid traces represent least squares
polynomial fits to the data and are presented only to guide the
eye. Completion was approached more rapidly at high O2 pres-
sures, so the fitted lines extend to longer times at lower O2

pressures.
Examination of the fene values shows that the initial se-

lectivity of the TMA photodecomposition reaction was toward
isobutene, due largely to the spikes of isobutene at the start
of each UV experiment (see Fig. 1). The initial fene was con-
sistently >0.7, but was higher at higher O2 pressures. As the
reaction proceeded in each case, the selectivity shifted toward
a greater contribution of isobutane, but then reverted back to-
ward isobutene in the latter stages of the reaction. In addition,
the minimum in the isobutene selectivity moved to longer times
for lower O2 pressures. Interestingly, the minimum in each case
occurred after 13 ± 2% of the surface TMA was converted
Fig. 5. Total yields as a function of the O2 reaction pressure during the 5 min
UV irradiation periods shown in Figs. 1–3 for isobutene (open circles), isobu-
tane (open squares) and TMAA (open diamonds). The total amount of TMA
depleted by UV irradiation (closed circles) was obtained from summation of
these three yields. The H balance (open triangles) was obtained from substrac-
tion of the isobutane yield from the isobutene yield.

to isobutene. The different fene values at these minima there-
fore reflect changes in the isobutane yields. For example, in
the 2 × 10−6 Torr O2, case the minimum fene occurred after
2% conversion of TMA to isobutane and 11% conversion to
isobutene. In 5×10−8 Torr O2, the conversions to isobutane and
isobutene at the minimum were 8 and 13%, respectively. In the
UHV case, placing the minimum at 60 s corresponds to relative
yields of isobutane and isobutene of 20 and 12%, respectively.
In this case, the isobutene-to-isobutane ratio dropped below 1:1
from a point 15 s into the reaction and stayed below this level
for the remainder of the reaction. Similarly, the isobutene to
isobutane ratio dropped below 1:1 in the O2 pressure range be-
tween 5 × 10−9 and 5 × 10−8 Torr but eventually rose above
1:1, with the time period persisting below this ratio decreasing
as the O2 pressure increased. These data suggest that the extent
of hydrogenation (isobutane production) versus partial oxida-
tion (isobutene production) of the t -butyl radical depends on
the O2 pressure and the adsorbate coverage on the surface. This
observation is discussed in more detail below.

Fig. 5 shows the total ISOMS yields for isobutene (open cir-
cles), isobutane (open squares), and TMAA (open diamonds)
as a result of the 5-min irradiation periods used in obtaining the
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data shown in Figs. 1–3. Along with these yields are shown the
total amount of TMA depleted from the surface due to UV ex-
posures (filled circles) and the hydrogen balance affected by
the isobutene-to-isobutane selectivity (open triangles). All of
these values are plotted versus the log of the O2 pressure, with
the assumption that the O2 partial pressure under UHV condi-
tions was no greater than 2 × 10−10 Torr. The total amounts
of TMA depleted during the 5-min irradiation periods were ob-
tained by subtracting the summed ISOMS yields of isobutene,
isobutane, and TMAA from the initial TMAA coverage. These
values were consistent with the amount of TMAA dosed in each
case (0.5 ML) and the amounts of unreacted TMA left on the
surface after termination of UV irradiation, as probed by TPD
(data not shown). The amount of depleted TMA increased lin-
early with the log of the O2 pressure, but the amount of TMAA
photodesorbed was small and roughly constant as a function of
increasing O2 pressure. The total yields of isobutene and isobu-
tane were approximately equivalent for O2 pressures below
about 1 × 10−8 Torr, but the amount of isobutene increased and
the amount of isobutane decreased as the O2 pressure was in-
creased above this level. Because of this change, the H balance
on the surface shifted. The open triangles in Fig. 5 reflecting
the H balance were obtained from the amount of isobutene pro-
duced minus the amount of isobutane produced. Although the
data in Fig. 4 show that the isobutene-to-isobutane ratio was not
steady at 1:1 under any conditions in this study, the UHV case
most closely provided a stoichiometric situation such as that
represented in reaction (5). The imbalance could arise from the
existence of one or more competing reactions that altered the
overall isobutene-to-isobutane ratio away from 1:1.

To form isobutene, a H atom must be removed from one of
the methyl groups of the t -butyl radical,

t -Butyl(a) → i-C4H8(g) + H(a). (6)

Conversely, a H atom must be added to the tertiary C of the
t -butyl radical in order to form isobutane,

t -Butyl(a) + H(a) → i-C4H10 (g). (7)

If these processes were concerted (e.g., in the disproportiona-
tion reaction) or otherwise offset each other, then the H balance
would remain at zero; that is, there would be no deposition of H
or need for additional H. In UHV, there was a small imbalance
toward H being required because the total amount of isobutane
exceeded that of isobutene. This could indicate that some of
the acid protons deposited on the surface from TMAA disso-
ciation adsorption were used or that a slight error exists in the
calibrations of the isobutene and isobutane yields. As the O2
pressure was increased, the H balance shifted toward deposi-
tion of H on the surface because more isobutene was produced
than isobutane. TPD after ISOMS (not shown) did not provide
evidence for surface accumulation of H in any form (e.g., OH,
or adsorbed water) during UV irradiation in O2 pressures above
1 × 10−8 Torr; however other ISOMS data (not shown) suggest
that water slowly evolved from the surface during UV irradi-
ation. These data are not conclusive, however, due to the low
signal-to-noise resulting from high water background signals
caused by backfilling the chamber with oxygen. As discussed
previously, O2 reacts with OH groups bound to Ti3+ sites, re-
sulting in both H atom abstraction from the OH group and ox-
idation of the Ti3+ [reaction (4)] [6,16]. Post-irradiation TPD
(not shown) reveals that most of the OH groups formed from
dissociative adsorption of the acid on the surface have been re-
acted with O2 at RT to generate and desorb water, consistent
with previous results [16,20].

Changes in the isobutene versus isobutane selectivity as a
function of O2 pressure coincide with a structural change in the
TMA adlayer as revealed by the STM images in Fig. 6. (In each
image, the Ti4+ rows run from the upper left of the lower right.)
Fig. 6a shows the STM image of the TMA-saturated surface.
The TMA adlayer consists of a highly ordered (2 × 1) struc-
ture. (Large white spots were impurities present on the surface
at ∼0.01 ML level.) The three images in Fig. 6b–d represent
UV irradiation (in this case with a 300 W Xe lamp; see the Ex-
perimental section) of a saturation coverage of TMA at 280 K
in UHV for 1 h (b), in 1 × 10−7 Torr O2 for 15 min (c), and in
1×10−6 Torr O2 for 5 min (d). (Images were collected at 280 K
to minimize TMA surface diffusion.) The TMA photoproducts
(CO2, isobutene, and isobutane) desorb from the surface at RT,
leaving unoccupied sites. Therefore, evidence for photodecom-
position of TMA in STM comes from empty sites or groups
of sites that appear after irradiation in the otherwise completely
TMA-covered surface. The extent of photodecomposition of the
saturated TMA surface can be judged by either the number of
remaining TMA groups or on the number of empty sites. The
purpose of the STM data in Fig. 6 is not to provide an approx-
imate amount of TMA photodecomposition (although this can
be done by counting), but rather to show that the distribution
of single empty sites versus clusters of empty sites (“voids”)
changed as a function of the O2 pressure. Under UHV condi-
tions, UV irradiation for 1 h yielded a TMA overlayer in which
about 66% of the TMA groups were removed (0.17 ML left
from the initial 0.5 ML). The distributions of empty sites and
remaining TMA groups were fairly random, implying that each
photodecomposition event occurred more or less independently
from previous events or remaining (unreacted) TMA groups.
(The dark areas in the top right and bottom middle of the image
are from a lower terrace, and the dark region in the upper left is
from a small pit in the terrace similar to those in the terrace on
the right side of the image in Fig. 6a.)

Fig. 6c shows the STM image collected after 15 min of UV
irradiation in 1 × 10−7 Torr O2 of a saturated TMA adlayer
on TiO2(110). The extent of the photodecomposition reaction
in this case was about 55 ± 5%, which translates into an unre-
acted TMA coverage of about 0.23 ML. The unreacted TMA
groups were not randomly distributed across the surface as was
observed for the UHV case (Fig. 6b). Voids in the TMA adlayer
existed in which the local coverage of TMA was <0.1 ML. In
addition, features were resolved inside these voids that were
previously assigned to OH and/or Ox species [6–8]. There was
also evidence in the image of Fig. 6c for homogeneous removal
of TMA in areas away from the voids. This suggests that at low
O2 pressures, the kinetics for homogeneous removal of TMA
compete well with void formation. As discussed previously [7],
the appearance and growth of the void regions matches the rate
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(a) (b)

(c) (d)

Fig. 6. STM images from (a) a saturation coverage of TMA on TiO2(110), (b) UV irradiation of ‘a’ in UHV for 1 h, (c) UV irradiation of ‘a’ in 1 × 10−7 Torr O2
for 15 min, and (d) UV irradiation of ‘a’ in 1 × 10−6 Torr O2 for 5 min. Each image is nominally 31 × 31 nm2, and obtained using a sample bias of +1.3 to +1.6 V
and tunneling current of ∼0.4 nA. UV irradiation was with a 300 W Xe lamp.
acceleration seen in the isobutene ISOMS signals (Fig. 1) and
hence the point at which the selectivity shifts from the mini-
mum in the isobutene-to-isobutane ratio to preferential produc-
tion of isobutene.

To further illustrate the spatial inhomogenity of the TMA
photodecomposition reaction on TiO2(110) in a background
of O2, the STM image of Fig. 6d shows the distribution of TMA
groups remaining after 5 min of UV irradiation of a saturated
TMA adlayer in 1 × 10−6 Torr O2. In this case, the extent of re-
action was also about 50%, but in contrast to the image obtained
in 1 × 10−7 Torr O2 (Fig. 6c), the void regions were larger and
the surface coverage in the TMA-rich regions was greater than
in the 1 × 10−7 Torr O2 case. (Note also that the reaction time
required to reach 50% depletion decreased significantly with in-
creasing O2 pressure.) The voids did not adopt a uniform shape,
but had irregular borders between TMA-rich and OH/O-rich ar-
eas of the surface. Under these conditions, the selectivity of the
reaction significantly shifted toward isobutene, and the rate of
reaction accelerated as the selectivity shifted.

Taken together, the data in Figs. 1–6 show a correlation
between the selectivity of TMA photodecomposition and the
degree of spatial homogeneity in which the reaction proceeds
on the surface. These data also suggest that two experimental
parameters play determining roles in the selectivity of TMA
photodecomposition on TiO2(110) at RT. The most obvious fac-
tor is the influence of O2. Data in Figs. 7–12 show that TMA
coverage is also an important factor.

3.2. Effect of TMA coverage

Figs. 7–9 show ISOMS data for isobutene, isobutane, and
TMAA, respectively, during UV irradiation of various ini-
tial coverages of TMA on TiO2(110). For these experiments,
a background O2 pressure of 5 × 10−7 Torr was used to en-
sure detectable ISOMS signals at low TMA coverages as well
as conditions in which void formation was favorable. Fig. 7
shows isobutene ISOMS traces for various initial coverages of
TMA photolyzed in 5 × 10−7 Torr O2. There was no sign of
acceleration in the isobutene ISOMS rate indicative of void
formation for initial TMA coverages <0.28 ML. Instead, the
maximum rate was observed immediately on exposure of the
surface to UV, with the rate attenuating rapidly thereafter. The
intensity of the initial spike and the amount desorbed did
not scale with the TMA coverage, as discussed below. Evi-
dence for void formation and rate acceleration were evident
in the “hump” observed in the latter stages of the photoly-
sis experiment for coverages above ∼0.28 ML. In contrast to
these isobutene ISOMS results, very little isobutane (Fig. 8)
or TMAA (Fig. 9) ISOMS signal were detected at the low-
est TMA coverage probed (0.05 ML). The small amounts of
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Fig. 7. Isobutene ISOMS scans from UV irradiation of various coverages of
TMA on TiO2(110) at RT in 5×10−7 Torr O2. UV irradiation was commenced
at time 0 s and was terminated at time 300 s. UV irradiation was with a 100 W
Hg lamp. Spectra are displaced vertically and provided with background lines
for clarity.

isobutane detected as the initial TMA coverage was increased
evolved predominantly in the spike region. The spike persisted
in the isobutane ISOMS signal for initial TMA coverages up to
at least 0.28 ML, but above this point the spike decreased and
the isobutane ISOMS profile evolved into the shape and char-
acteristics seen for high TMA coverages irrespective of the O2

pressure (Fig. 2). The TMAA ISOMS signals retained a max-
imum rate in the spike but developed a tail in the rate as the
initial coverage of TMA was increased.

As was done for the isobutene and isobutane ISOMS data
in Fig. 4, Fig. 10 shows the fractional yield of isobutene dur-
ing the course of the photodecomposition reactions probed in
Figs. 7 and 8. At low initial TMA coverages, the isobutene
yield remained >90% throughout the reaction. The isobutene
yield decreased slightly as the initial TMA coverage was in-
creased to 0.15 ML. Evidence for the rate acceleration effect,
as revealed by a minimum in the isobutene yield followed by a
shift toward more isobutene, was seen at an initial TMA cover-
age of 0.28 ML. The fractional yield curves for 0.5 and 0.6 ML
TMA were nearly identical.

In the case of the 0.05 ML initial TMA coverage, near-100%
conversion of the adsorbed TMA was achieved after about 50 s
of UV light (see filled circles in Fig. 11), but the conversion
Fig. 8. Isobutane ISOMS scans from UV irradiation of various coverages of
TMA on TiO2(110) at RT in 5×10−7 Torr O2. UV irradiation was commenced
at time 0 s and was terminated at time 300 s. UV irradiation was with a 100 W
Hg lamp. Spectra are displaced vertically and provided with background lines
for clarity.

percentage during the 5-min irradiation period dropped to 56%
as the initial TMA coverage was increased to 0.15 ML. The
conversion decreased linearly with increasing initial TMA cov-
erage between 0.15 and 0.5 ML, as shown in Fig. 11. This
decrease in conversion can be attributed to one of two effects.
First, whereas the conditions in the 0.05 ML case may have
been ideally balanced in terms of the fluxes of light and O2 to
achieve ∼100% conversion in 50 s, an increase in TMA cov-
erage might have placed the reaction in a flux-limited situation
with regards to UV light and/or O2. But this does not appear
to be the case, for two reasons: (1) The rates of TMA photode-
composition in the two cases (0.05 and 0.15 ML TMA) were
approximately the same, indicating the absence of a flux limi-
tation in the first 20 s of the reaction, and (2) achieving ∼100%
selectivity in a flux-limiting situation should only require the re-
action time to be scaled by the coverage increase (a factor of 3).
This was not observed since only 56% conversion was reached
by a six-fold increase in the reaction time (i.e., from 50 s for
∼100% conversion in the 0.05 ML case to 300 s to reach only
56% conversion in the 0.15 ML case).

The second possibility, supported by STM, suggests that
the TMA photodecomposition probability is affected by TMA–
TMA interactions. STM images in Fig. 12 correspond to initial
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Fig. 9. TMAA ISOMS scans from UV irradiation of various coverages of TMA
on TiO2(110) at RT in 5 × 10−7 Torr O2. UV irradiation was commenced at
time 0 s and was terminated at time 300 s. UV irradiation was with a 100 W Hg
lamp. Spectra are displaced vertically and provided with background lines for
clarity.

TMA coverages at 280 K on TiO2(110) between 0.014 and
0.13 ML. In each case, the clean surface (which had ∼10%
O vacancies) was exposed to 200 L O2 at RT before TMAA
adsorption. Although this adsorption order was switched in the
ISOMS data of Figs. 7–9, the surfaces in the latter saw ∼120 L
O2 between the adsorption of TMA and the commencement of
UV irradiation because the O2 pressure (5 × 10−7 Torr) was
typically stabilized for 4 min before UV irradiation. These con-
ditions are comparable as long as the TMA coverage was low
based on ISOMS data in which the TMAA and O2 adsorption
order was switched (data not shown). The bright spots in Fig. 12
were due to TMA groups, and the faint spots (also on the Ti4+
rows) were due to Ox species [20,24,25]. At the lowest cov-
erage (0.014 ML; Fig. 12a), the TMA groups were isolated
from each other, and very few occupied adjacent surface unit
cells in either surface direction (along or across the Ti4+ row
direction). This situation was maintained when the coverage
was near doubled to 0.026 ML (Fig. 12b), although some TMA
groups formed pairs along the <11̄0> direction. The presence
of Ox species on the Ti4+ sites did not appear to prevent TMA–
TMA interactions along the <001> direction because there were
a number of incidents in the image of Fig. 12b in which no faint
spots separated TMA groups along this direction and yet TMA–
Fig. 10. Isobutene fractional yield curves obtained from the isobutene and
isobutane ISOMS data in Figs. 8 and 9. Dots represent the raw data and lines
represent least-squares polynomial fits to the data (provided for guiding the
eye).

TMA pairings did not form. This is because carboxylates tend
to repel each other on TiO2(110) along the <001> direction [22,
26].

A significant change in the ordering of TMA did occur when
the coverage was increased by an additional factor of 5 (from
0.026 to 0.13 ML). Although there were still numerous isolated
TMA groups at a 0.13-ML coverage, a significant number par-
ticipated in forming linear chains along the <11̄0> direction.
The ordering in this direction is believed to be facilitated by the
deposition of acid protons (residing on the bridging O2− rows),
which screen and align adjacent carboxylates [26]; similar or-
dering has been observed with other carboxylates on TiO2(110)
[22]. Comparing the ISOMS data in Figs. 7–9 with the STM
images in Fig. 12 suggests that the rate of TMA photodecom-
position on TiO2(110) was influenced by whether or not TMA–
TMA interactions existed. We speculate that the reaction proba-
bility of a TMA group in a TMA-OH–TMA pairing (where the
OH refers to a bridging OH located on the rows of bridging O2−
sites, formed from dissociation of the TMAA O–H bond) with
a hole in the TiO2 valence band is less than that with an isolated
TMA group. Whether electrostatics inhibit approach of the
hole, or whether the bridging OH group becomes a trap site for
an excited electron and, consequently, a recombination center
for an approaching hole, cannot be determined from these data.
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Fig. 11. Total yields as a function of TMA coverage during the 5 min UV irradi-
ation periods shown in Figs. 8–10 for isobutene (open circles), isobutane (open
squares) and TMAA (open diamonds). The total amount of TMA depleted by
UV irradiation (closed circles) was obtained from summation of these three
yields. The dashed line represents 100% conversion of the initial TMA cover-
age to product (e.g., isobutene).

Fig. 12c also shows the beginning signs of establishment
of order along the <001> direction as <11̄0>-oriented lines of
TMA groups are forced to accommodate with each other. The
reaction selectivity of the resulting t -butyl radical does not shift
from isobutene toward an isobutene and isobutane mixture un-
less the initial coverage is higher than that probed in Fig. 12.
Therefore, the changes in selectivity appear to arise not from
TMA–TMA interactions along the <11̄0> direction, but rather
from increasing TMA–TMA interactions along the <001> di-
rection, where TMA groups come into adjacent sites along the
rows of Ti4+ sites. This coincides with isobutane selectivity be-
coming more pronounced as the coverage was increased above
0.28 ML (Fig. 10). A possible mechanism for this is the reac-
tion of a t -butyl group with a TMA group to form isobutene and
isobutane,

t -Butyl(a) + TMA(a) → i-C4H8(g) + i-C4H10(g) + CO2(g). (8)

A complication with this reaction is that at saturation cover-
ages the photoreaction initially favors isobutene over isobutane
(see Fig. 10), but this may be because there are few available
sites for the t -butyl group to adsorb, so the t -butyl group uni-
molecularly decomposes to isobutene via H-atom transfer to
the surface.

Although the isobutene fractional yield profile did not
change much when the coverage was increased from 0.5 to
0.6 ML (Fig. 10), the total conversion during the 5-min UV
irradiation period significantly increased from ∼38% for the
0.5 ML case to 60% for the 0.6 ML case (Fig. 11). This in-
creased conversion might be interpreted as resulting from the
rate being sensitive to coverage. The difference between the
degree of intermolecular repulsion at a coverage of 0.5 ML
Fig. 12. STM images from (a) 0.014 ML, (b) 0.026 ML and (c) 0.13 ML of
TMA on TiO2(110) surface. In each case, the surface was dosed with 200 L
O2 at RT prior to TMAA adsorption. Each image is nominally 21 × 21 nm2,
and obtained using a sample bias of +1.3 to +1.6 V and tunneling current of
∼0.4 nA.

(one TMA per every two Ti4+ sites) and 0.6 ML (three TMAs
per every five Ti4+ sites) should be significant; however, in-
creased repulsions between 0.15 and 0.5 ML TMA decreased
the conversion. The isobutene and isobutane ISOMS profiles
for the two coverages (0.5 and 0.6 ML) were similar (Figs. 7
and 8), as were the isobutene fractional yield curves (Fig. 10).
The difference in conversion between the two highest cov-
erages may instead have arisen from a structural difference
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between the two adlayers of these coverages. A likely source
of the selectivity difference between 0.5 and 0.6 ML TMA
may have been due to the presence of some η1-TMA in the
0.6-ML surface. Ideally, a 0.5-ML coverage of TMA would
comprise all η2-TMA groups bridge-bonded between adjacent
Ti4+ sites along the surface’s <001> direction. For the cover-
age to exceed 0.5 ML, some η2-TMA groups must convert to
η1-configurations, where the TMA is bound to a single Ti4+
site through a single t -BuC(=O)–O–Ti linkage. To achieve a
0.6-ML TMA coverage, approximately 0.2 ML of TMA must
be adsorbed in the η1-configuration. The η1-configuration has
been observed for high coverages of carboxylates on TiO2(110)
using STM [27]. In those STM experiments, because of long
data acquisition times, a constant flux of carboxylic acid was
maintained on the surface to keep the surface saturated. In the
ISOMS experiments, the time between dosing and data col-
lection was typically short (no longer than minutes), so high
coverages dosed at RT could be probed without significant loss
of coverage due to slow thermal desorption. On the other hand,
as much as 10% of the initial TMA coverage was lost to vac-
uum at RT by holding the as-dosed surface at RT for 20 min
before data acquisition (data not shown). Therefore, the sur-
face corresponding to the STM image in Fig. 6a likely did
not have much η1-TMA. Another situation in which η1 car-
boxylates are observed is when the surface cation–cation site
distance is too large for η2 species to form a bridge. This is not
the case for TiO2(110), but has been observed for formate on
rutile TiO2(111) [28]. The possibility that η1 carboxylates are
more photoreactive to holes in TiO2 than are η2 carboxylates
suggests that the structure of the TiO2 crystal face is important.
Surfaces in which η1-carboxylates dominate [e.g., TiO2(111)]
may show higher photocatalytic activity for oxidation of car-
boxylic acids.

3.3. Effect of surface preoxidation

The TMA adlayers used in the photooxidation experiments
of Figs. 7–9 were, by necessity, exposed to O2 before irradia-
tion with UV. The O2 preexposure period was not important for
saturation coverages of TMA, because no adsorption sites for
O2 were available until a TMA photodecomposition event had
occurred. However, at lower TMA coverages, it is important
to consider what effect, if any, O2 adsorption before UV irra-
diation might have had on the photooxidation process. Fig. 13
shows ISOMS data for isobutane, isobutene, TMAA, and wa-
ter from a saturation coverage of TMA adsorbed on TiO2(110)
that was predosed with 15 L of O2 at RT. In this case, UV
irradiation was conducted in UHV after dosing TMAA. The
data show spikes in the isobutane, isobutene, and TMAA sig-
nals on exposure to UV, each decaying away with irradiation
time. Even though the photolysis was conducted in UHV, where
the isobutene-to-isobutane ratio would otherwise be nearly 1:1
(see Fig. 4), the preadsorbed Ox species enhanced the initial
isobutene yield to >90% and sustained the overall selectivity
of the reaction at >65% isobutene at any given moment during
the reaction (see the dots at the bottom of Fig. 13). Although
little or no water was detected (see the top trace of Fig. 13), an
Fig. 13. ISOMS scans for water, TMAA, isobutene and isobutane from UV ir-
radiation of a saturation TMA coverages on TiO2(110). The surface was dosed
with 15 L O2 at RT prior to TMAA adsorption. UV irradiation was commenced
at time 0 s and was interrupted at time 300 s, at which point the surface was
exposed to an additional 15 L O2. UV irradiation was then recommenced.
(UV start time for the second UV irradiation period was shifted on the x-axis
to 400 s.) UV irradiation was with a 100 W Hg lamp. Spectra are displaced ver-
tically and provided with background lines for clarity. Dots in the lower portion
of the figure are the isobutene fractional yields.

unusually sharp and intense TMAA spike was observed on ex-
posure of the surface to UV. The TMAA spike decayed more
rapidly than did the spikes of isobutene or isobutane. Such in-
tense TMAA spikes in ISOMS were detected only when the
surface was preoxidized and a saturation coverage of TMAA
followed. Note that reexposure of this surface to 15 O2 after the
initial 5-min photolysis period resulted in additional (although
smaller) isobutene and isobutane production, but with little or
no TMAA or water signal when subsequently irradiated with
UV in UHV. TPD after the ISOMS experiments of Fig. 13 (not
shown) indicated that more than half of the initial TMA cover-
age was unreacted and that virtually all of the initial coverage
of H from the acid dissociation still resided on the surface. The
H balance appeared to be made up through TMAA production
according to the following reaction:

2TMA(a) + hν → i-C4H8(g) + CO2(g) + TMAA(g). (9)

Keeping in mind that intense TMAA desorption was observed
only with preadsorbed O and a saturation coverage of TMA,
and only on initial exposure to UV light, the mechanism may
involve an η1-TMA group as one of the two TMA groups. This
would explain the rapid decay for the TMAA ISOMS signal
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as the high coverage situation (which favors η1-TMA) was re-
lieved by TMA photodecomposition. However, the need for the
preadsorbed Ox species is not understood.

The preoxidation data show that the presence of adsorbed
Ox species increased the initial TMA photodecomposition rate,
but the rate decayed as the influence of the Ox species was
dissipated. We have previously speculated that preadsorption
of O2 titrates electron density associated with oxygen vacan-
cies, permitting an initially fast reaction until the coverage of
trapped electrons increased and inhibited hole-related processes
[6–8]. It also appears that preadsorbed Ox species shifted the
isobutene-to-isobutane ratio toward isobutene and promoted
TMAA photodesorption.

4. Conclusion

We have shown that the selectivity of TMA photodecompo-
sition on TiO2(110) is sensitive to both the O2 pressure and the
initial coverage of TMA. The TMA-covered surface forms a
well-ordered (2 × 1) array of TMA groups. The first photode-
composition event in this saturated array results in a spike of
CO2 and isobutene (i-C4H8) desorption, presumably with the
retention of a H atom on the surface. Because the surface is
saturated, the selectivity in this first step in the reaction is rela-
tively insensitive to the O2 pressure. As photolysis is continued
in UHV (no O2), additional decomposition events open sites on
the surface that permit the overall stoichiometry to favor a dis-
proportion reaction of the resulting t -butyl groups to roughly
a 1:1 mixture of isobutane (i-C4H10) to isobutene. This trend
continues until the adlayer is depleted. Initially, the trend to-
ward a 1:1 yield of isobutane to isobutene is also observed in
an O2 background, but as the number of unoccupied sites in-
creases, void regions open in the TMA overlayer, facilitating
O2 adsorption, which accelerates the rate and shifts the selec-
tivity toward isobutene. The reaction proceeds rapidly at the
hydrophobic (TMA)–hydrophilic (OH) boundary on the sur-
face until the reactant is consumed. These results illustrate both
the changing dynamics of a typical photooxidation reaction on
TiO2 and also how the same factors that influence these dynam-
ics (i.e., O2 pressure and TMA coverage) cause changes in the
selectivity of the photooxidation reaction.
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