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Imaging individual reactive intermediates
is a long-sought goal inmolecular sciences
because direct visualization of structure

provides insight into bonding and reactiv-
ity. While there are many examples of the
imaging of individual molecules, reactive
coupling has not yet been observed. Herein,
we report for the first time the visualization
of molecular pairing that produces an inter-
mediate in a CdC bond forming reaction:
the coupling of two benzaldehyde mole-
cules to form a diolate on the rutile TiO2(110)
surface. The combination of scanning
tunneling microscopy (STM) and density
functional theory (DFT) is used illustrate
the importance of reduced titanium inter-
stitials in the bonding of benzaldehyde
monomers and the formation of the coupling
intermediate, the diolate.
Titaniumdioxide has beenwidely studied

becauseof its use in a variety of applications;
dye-sensitized solar cells,1 waste purification,2

heterogeneous catalysis,3 sensing,4,5 coat-
ings,6,7 and in biocompatible materials8;
which depend strongly on surface chemi-
stry.9 Titania is a “reducible” oxide, meaning
that oxygen loss from both the surface and
the bulk is relatively facile. The activity of
reduced TiO2 toward reaction with oxyge-
nates is often attributed to surface oxygen
vacancies.9,10 However, both surface and
bulk defects can contribute to reductive
processes. Bulk reduction also alters the
optical properties of the titania, clearly sig-
nified by the change from transparent to
blue in color with the introduction of n-dop-
ing color centers.11 Defects include O va-
cancies, Ti interstitials, and Ti vacancies, the
predominant defect present under redu-
cing conditions being the Ti interstitials.12,13

Interstitial reduced titanium centers have
the potential to alter the thermal chemistry
and photochemistry of TiO2 surfaces. For
example, interstitials are important in the
reoxidation of reduced TiO2(110) at ele-
vated temperatures,14-19 and a recent scan-
ning tunneling microscopy study imaged
morphological changes attributed to reac-
tion of O2 with interstials.20 Titanium inter-
stitials have also recently been shown to
react with various molecules containing
oxygen, including organic acids,16 alde-
hydes,21,22 and NO2,

23 over the (110) sur-
face. For example, decomposition of formic
acid on reconstructed TiO2(110)-(1� 2) pro-
duces (1� 1) islands on the (1� 2) terraces
after heating to 470 K16 when oxygen from
the acid reacts with interstitials. We also
recently attributed the reductive self-cou-
pling reactions of acrolein21 and benz-
aldehyde22 over TiO2(110) to interstitials,
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ABSTRACT We report the first visualization of a reactive intermediate formed from coupling two

molecules on a surface;a diolate formed from benzaldehyde coupling on TiO2(110). The diolate,

imaged using scanning tunneling microscopy (STM), is reduced to gaseous stilbene upon heating to

∼400 K, leaving behind two oxygen atoms that react with reduced Ti interstitials that migrate to

the surface, contrary to the popular expectation that strong bonds in oxygenated molecules react

only with oxygen vacancies at the surface. Our work further provides both experimental and

theoretical evidence that Ti interstitials drive the formation of diolate intermediates. Initially mobile

monomers migrate together to form paired features, identified as diolates that bond over two

adjacent five-coordiante Ti atoms on the surface. Our work is of broad importance because it

demonstrates the possibility of imaging the distribution and bonding configurations of reactant

species on a molecular scale, which is a critical part of understanding surface reactions and the

development of surface morphology during the course of reaction.

KEYWORDS: scanning tunneling microscopy • density functional theory • titanium
dioxide • benzaldehyde • interstitial • oxygen vacancy
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based on observed reactivity and the formation of
nanoscale TiO2 islands after loss of oxygen from ben-
zaldehyde to form stilbene.
The coupling of benzaldehyde over reduced

TiO2(110) was used to image a bimolecular reaction
on a molecular scale using scanning tunneling micro-
scopy and to further probe the role of titanium inter-
stitials in this process. The overall reactive process
deduced from our studies involves facile diffusion of
monomeric benzaldehyde after adsorption at 300 K
and subsequent formation of a diolate intermediate
that ultimately yields stilbene and TiOx nanostructures
(Figure 1). Contrary to expectations, there is no pre-
ference for reaction with oxygen vacancies on the
surface. Complementary theoretical calculations show
that interstitials play an important role in the formation
of the diolate. This reaction is highly (100%) selective;

stilbene is the only product so that no carbon or other
impurities deposit on the surface;making it ideal for
molecular imaging of the reaction. Furthermore, the
phenyl ring is imaged readily because of the π-system
in the ring, making monomers and dimers readily
distinguishable in STM. This work establishes the fea-
sibility of imaging reactive intermediates in synthetic
coupling reactions on surfaces;a major advance for
investigating complex surface chemistry.

RESULTS AND DISCUSSION
Adsorption of Benzaldehyde Monomers at Room Tempera-

ture. At low coverage and at room temperature, ben-
zaldehyde monomers bind on the Ti rows; however,
they are mobile under these conditions in STM images
(Figure 2). Defects and Ti rows on the clean surface
(Figure 2a,d) are used as markers in the images of

Figure 1. Schematic of benzaldehyde adsorption followed by pairing to form a diolate above a Ti interstitial site. Heating to
400 K produces gaseous stilbene and two oxygen atoms. The oxygen atoms formnewnanoscale islands of TiOx from reaction
with titanium interstitials.

Figure 2. STM images show the mobility of benzaldehyde at low coverages on TiO2(110) at 300 K. Images of (a) the clean,
reduced TiO2(110) surface; (b) the same region after deposition of 0.01 monolayers (ML) of benzaldehyde at 300 K; and (c) a
similar image as in (b) after a ∼4 min delay. The benzaldehyde molecules (circled) are mobile at room temperature. High-
resolution STM images of (d) clean TiO2(110) and (e) the same area after benzaldehyde deposition at 300 K (0.01 ML). The
white rectangles indicate the positions of two vacancies, and a green lattice grid is shown to guide the eye (lattice points are
approximate in the [001] direction). The benzaldehyde molecules are centered over Ti5c rows. (f) Lowest energy structure for
benzaldehyde stabilized by a Ti interstitial on TiO2(110) as calculated using DFT. Oxygen atoms are in red, titanium in gray,
carbon in green, and hydrogen in white.
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benzaldehyde. Oxygen vacancy defects are marked
with white rectangles, and a lattice of five-fold coordi-
nated Ti (Ti5c) sites is overlaid to guide the eye
(Figure 2d). On clean TiO2(110), step heights of 3.2 (
0.4 Å are measured, in accordance with the rutile
structure,24 and alternating bright and dark rows se-
parated by ∼6.5 Å that are characteristic of Ti5c and
bridging O atom rows, respectively,25 are observed.
The faint bright spots which appear between Ti5c rows
on the pristine surface are oxygen vacancy defects,
present at a concentration of ∼5% relative to the
density of Ti5c sites (5.2 � 1014 sites/cm2), which is
within the expected range of ∼4-10% for similar
surface preparation.25

New mobile features, attributed to benzaldehyde
monomers, are observed following deposition of ben-
zaldehyde at room temperature (Figure 2b,c,e). The
circled round features attributed to benzaldehyde
have apparent heights of 3.5 ( 0.4 Å and widths of
1.2 ( 0.1 nm (full width at half-maximum), similar to
that of benzaldehyde on Si(100)-(2 � 1) which mea-
sures ∼1 nm in diameter in STM.26 The extremely low
benzaldehyde coverage in these images, ∼0.01 ML,
was achieved by imaging during benzaldehyde de-
position, so that the tip shadows the nearby region of
the surface from gas, requiring that molecules diffuse
into the imaging window to be observed. The mobility
of benzaldehyde at 300 K is consistent with the fact
that a significant fraction of benzaldehyde desorbs at
340 K in temperature-programmed desorption.22

An image of the same area, taken ∼4 min later,
shows that the round features attributed to benzalde-
hyde move under these conditions (Figure 2c). The
solid white circles in Figure 2c indicate the positions of
the molecules as they were in Figure 2b, while the
dotted white circles indicate the appearance of new
features. Some newmolecules appear, while others no
longer occupy the positions marked with the solid
circles, clearly showing that the molecules are mobile
on the surface. Furthermore, the streaks observed in
the images are consistent with rapid diffusion relative
to the time scale of the scanning and possible tip-
molecule interactions.

The round features associated with benzaldehyde
imaged at this low coverage and relatively short time
after adsorption at 300 K are centered on Ti5c rows,
which is consistent with either an η1-atop configura-
tion (bound through theO) on Ti5c sites or, possibly, the
dioxyalkylene structure. Either of these structures is
possible, based on the combination of STM and DFT, as
discussed below; however, the η1-atop configuration
(Figure 2f) is deemedmore likely because the dioxyalk-
ylene structure would be less symmetrically disposed
over the Ti5c rows because the phenyl ring tilts toward
an oxygen row (Figure 3c). Furthermore, the η1-atop
configuration is similar to structures proposed for other
oxygenates.27 The observation of round features on Ti

rows provides strong evidence for an atop geometry, in
which the aldehydic oxygen interacts electrostatically
with the Ti5c center, analogous to proposed bonding
geometry of acetone27,28 and formaldehyde.29,30 The
individual benzaldehyde features circumscribe at least
three Ti atoms based on STM images (Figure 2e),
suggesting that benzaldehyde is rotating rapidly
relative to the imaging time scale of ∼240 s, in agree-
ment with the DFT calculations. Other organics
containing heteroatoms;catechol,31 pyridine, and
dimethylpyridine32;also bind predominantly over
the Ti rows on TiO2(110).

The adsorption energies obtained from DFT pro-
vide evidence that binding of benzaldehyde mono-
mers over defect sites is energetically favored over any
binding configuration on the stoichiometric surface
(Table 1). On the perfectly stoichiometric surface, the
most stable structure has a lone pair of the aldehydic
oxygen pointing toward the Ti5c site and themolecular
plane rotated diagonally to the rows (Supporting
Information Figure S1). The adsorption energy of -86
kJ/mol is substantially weaker than structures involving
variousdefectsbut stronger than thatof thecorresponding

Figure 3. Optimized adsorption benzaldehyde structures
and their corresponding binding energies on a defective 5 �
2-TiO2(110) slab. The four lowest energy configurations are
shown, all of which involve Ti interstitials: (a) η1-atop
configuration with molecular plane diagonal to the [001]
direction of the rows and a type I interstitial in Æ110æ channel
below shown from the side and the top; (b) η1-atop con-
figuration (diagonal) stabilized by a type II interstitial
between two Æ110æ channels (top and side view shown);
(c) η2-dioxyalkylene structure with involvement of a
bridging oxygen atom, stabilized by a type I interstitial;
(d) η1-benzaldehyde bonded in a bridging oxygen vacancy
site,molecular planeparallel to the [001] direction. Redballs
represent O, gray Ti in the lattice, yellow Ti interstitials,
green C, and white H atoms.
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formaldehyde structure (-69 kJ/mol),33 indicating an
electronic contribution of the ring to the interaction
with the surface. Nevertheless, this is weakly bound
compared to those structures involving reduced Ti
centers. The effect of interstitials on binding is compar-
able for benzaldehyde and formaldehyde,33 which
suggests that also for benzaldehyde the stabilization
may be strongly dependent on the distance to the
interstitial site and very local in nature.

There are three binding configurations associated
with defects that are essentially the same energy: η1-
atop configuration over a Ti5c site with an interstitial Ti
below (-110 kJ/mol), η1 bound to a BOV (-105 kJ/
mol), and the η2-dioxyalkylene (-105 kJ/mol) (Figure 3,
Table 1). The η1-atop binding over a Ti5c site with an
interstitial Ti between the Æ110æ channels is also similar
in energy, 98 kJ/mol. Clearly, reduction of TiO2 leads to
surface and subsurface defects that can stabilize the
adsorption of molecules, including benzaldehyde,
through a combination of electron transfer34 and sur-
face relaxation.35 Point defects between the first and
second layers were investigated in order to obtain
upper bounds for the stabilization effects of sub-
surface defects. The effect is comparable to that of
formaldehyde33 which suggests that also for benzal-
dehyde the stabilization may be strongly dependent
on the distance to the interstitial site and very local in
nature. If the diffusion barrier of benzaldehyde along
the five-coordinated Ti rows is in the typical range of
10-30% of its adsorption energy,36 the molecules
should readily diffuse to the interstitial sites at room
temperature, as is observed.

None of the round features in our STM experiments
were centered over oxygen vacancy sites or over the
bridging O rows (Figure 2d,e), which clearly shows that
binding over BOV sites is not prevalent. Although
energetically as stable as the interstitial stabilized
configurations within the systematic DFT error, the
adsorption structure in a BOV (Figure 3d) was not
observed.

The lack of benzaldehyde binding to bridging oxy-
gen vacancies isnot due to blockage of these siteswith

water or OH. First, directional dosing was employed,
and a base pressure in the 10-11 Torr range was
maintained before and after dosing (compared to
pressures of ca. 2 � 10-10 Torr during dosing), thus,
minimizing water exposure. Second, vacancy defects
appeared uniform in size and brightness even after
benzaldehyde exposure, as opposed to the varying
size and brightness one expects from single and
double hydroxyl formation upon water dissociation.37

Furthermore, purposeful exposure to water does not
alter surface reactivity toward benzaldehyde.22 How-
ever, we cannot completely rule out that coverage and
temperature effects may play a role in determining the
occupation sequence (population) of the different
types of defect sites.

One possible explanation for the lack of benzalde-
hyde adsorption in surface vacancies could be that
there is a kinetic barrier for the diffusion of benzalde-
hyde from the Ti5c sites into vacancy sites. For example,
a recent study of O2 dissociation on reduced TiO2(110)
found that oxygen adatoms on Ti5c sites can be stable
at room temperature in the presence of nearby vacan-
cies, which also points to a significant activation
barrier.38 Indeed, preliminary studies of formaldehyde
using DFT indicate that there is a barrier for diffusion
into a BOV site, although refinement of the calculation
is necessary.

The η2-dioxyalkylene structure stabilized by Ti in-
terstitials (Figure 3c) is also possible based on the DFT
calculations. This structure cannot be unequivocally
ruled out, although it would be expected to be asym-
metrically positioned with respect to the Ti5c rows,
based on the ring tilt. Rotation of the ring toward the
other oxygen row on the time scale of the imaging
experiments would make this asymmetry undetect-
able. Hence, we cannot rule out this species. Indeed, it
may be a pathway for migration from one Ti5c row to
the next.

Diolate Formation from Reaction of Benzaldehyde at Higher
Coverages. Reaction of benzaldehyde to form the pre-
cursor to reductive coupling is observed at higher cov-
erages of benzaldehyde. The fact that these features

TABLE 1. Calculated Adsorption Energies of Benzaldehyde on Stoichiometric and Defective 5 � 2 � 4 Unit Cella

TiO2 slab with ITi between 1st-2nd trilayer

binding configuration/slab stoichiometric TiO2 TiO2 with BOV (1/10 ML) ITi in Æ110æ channel site ITi between two channels

η1-atop/Ti5c, diagonal to rows -86 -110 -98
η1-atop/Ti5c, orthogonal -85
η1-atop/Ti5c, parallel -78
η2-dioxyalkylene with Ti5c/Obr -66 -105 -74
η1/BOV, parallel -105
η1/BOV, orthogonal -79
η1-atop/Ti5c, diagonal to rows, near BOV -74

a All energies are given in kJ/mol. Energies that are in bold have structures given in Figure 3. Other structures are in Supporting Information, Figures S1 and S2. ITi = “Ti
interstitial”.
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are also observed during in situ scanning at 300 K
establishes that a covalent interaction binds them
together. A weakly bound van der Waal's complex
would not persist under these conditions. The disper-
sion interaction should contribute less than 0.2 eV,
using benzene dimerization, which has an energy of
0.12 eV without zero-point correction,39 as a reference.
Oblong features attributed to formation of the diolate
intermediate from two benzaldehyde molecules are
clearly visible after depositing ∼0.2 ML benzaldehyde
at 25 K, subsequently heating to ∼350 K, cooling and
imaging at 50 K (Figure 4a,b). The diolate intermediate
also forms at 300 K over a time span of ca. 120min for a
coverages of 0.1 ML or above (Supporting Information,
Figure S3). In these images, lone diolates are clearly
discerned from longer chains observed at higher cov-
erages.

The diolates form over the entire surface, not
preferentially at surface bridging oxygen vacancies,
and are always centered on the five-coordinate Ti rows.
Wenever observed diolates between Ti5c rows in an ex-
haustive search of thousands of features over∼25 μm2

at different scanning temperatures and tunneling con-
ditions. Thus, it is clear that the precursor to reductive
coupling does not selectively form at surface bridging
oxygen vacancy sites. Diolates orient along the [001]
direction with a faint node-like depression between
the two lobes. These features were stationary over the
duration of scanning (∼5 h), which provides further
evidence that they are covalently attached. If, instead,
there were weak forces leading to simple packing of
benzaldehyde, feature sizes of random multiples,
rather than dimers would form. Instead, discrete pairs
were observed by STM which formed over Ti atom
rows (Figure 4a,b and Figure S3 in the Supporting
Information). The apparent length along the [001]
direction is measured to be 1.1 ( 0.1 nm, and the
measured height was 1.6 ( 0.2 Å.

Going across the [110] direction, a single feature
averaged 5.5 ( 0.6 Å in width, slightly less than the
spacing between Ti rows of ∼6.5 Å. This overall de-
crease in apparent size and change in shape in com-
parison to the singular mobile features shown in
Figure 2 may be due to a number of factors: (1) upon
pairing, themolecules are no longermobile or rotating;
(2) the orientation of the rings is diagonal to the rows,
giving the elongated shape; and (3) there may be a
change in electronic structure upon pairing. The dis-
tance between the two lobes of each feature is 3.5 (
0.3 Å, which is slightly larger than the 3 Å spacing
between the Ti atoms in the [001] direction and in
agreement with the DFT calculations. The average
experimentally measured distance between pairs
which stacked in the [110] direction was 7.1 ( 0.7 Å,
slightly larger than the distance between Ti rows (6.5 Å).
In counting each elongated feature as two benzal-
dehyde molecules, we estimated the coverage to be
0.2 ML.

The bonding of these paired intermediates and the
corresponding STM images were modeled using DFT.
Preliminary X-ray photoelectron spectroscopy (XPS)
studies provide evidence that the C-O bond remains
intact after heating to 300 K (Supporting Information,
Figure S5); therefore, the diolate structures were used
to model the paired species (Figure 4c,d). The diolate
structure is similar to that proposed previously for
reductive coupling on highly reduced Ti(001), although
others have proposed that stilbene forms rapidly at
300 K.40,41 On TiO2(110), a diolate was proposed to
form from two formaldehyde molecules adsorbed in
adjacent oxygen vacancies.42

The formation of the diolates on two adjacent Ti5c
sites by coupling of the aldehydic carbons with a new
C-Cbond leads to a substantial energy gain compared

Figure 4. Formation of diolates via benzaldehyde pairing is
observed using STM. (a) Low-temperature STM image of
benzaldehyde adsorption over TiO2(110) taken at 50 K.
(b) Image of a 21 Å � 14 Å group of paired features. The
green overlay shows the underlying Ti lattice. (The position
of the Ti atoms is not exact in the [001] direction, but the
spacing is correct.) The contrast is enhanced in (b) for
comparison to (c), the simulated image of the lowest energy
trans-diolate structure on the same size scale, and (d) the
simulated image of the higher energy cis-diolate. In both
cases, the diolates are on two adjacent Ti5c sites. The
simulations are for constant-current images of empty state
(þ0.5 to 0 eV above the theoretical “Fermi” level
(corresponding to Ubias ≈ 0.5 V) and a tip-sample distance
of ∼4 Å using the Tersoff-Hamann66 approach. The two
measured lobes correspond to the charge density of the
two phenyl rings in the simulated images, providing a
qualitative guide. Both simulations include an interstitial
below between two Æ110æ channel sites (lowest energy
configuration). Red balls represent O, gray Ti, green C, and
white H atoms. Additional simulations are included in the
Supporting Information, Figure S4. Image acquired with a
sample bias voltage of 1.9 V and a constant tunneling
current of 0.11 nA.
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to the adsorption of two molecules (Figure 5, Table 2).
Compared to the lowest energy η1 configuration
(Eads =-110 kJ/mol), up to 44 kJ/mol additional energy
can be gained with the most stable trans-diolate
structure above an interstitial site between Æ110æ
channels (Figure 5a).

The formation of these diolates requires the invol-
vement and stabilization by Ti interstitials. Both inter-
stitial types I and II stabilize both the both cis- and
trans-diolates, but the symmetric positioning in a type
II site in the center below the diolates is generally
favored by ca. 20 kJ/mol, which is above the DFT error
bar. The diolate formedwith a newC-Cbond between
two adjacent benzaldehyde molecules is stable in the
presence of subsurface interstitials but not on a stoi-
chiometric slab. Diolates adsorbed next to each other
in bridging oxygen vacancies are also stable in our
calculations (not shown); however, this structure dis-
agrees with the features centered over the Ti5c rows as
observed in STM. We speculate that the kinetic barriers
involved in thediffusionof separateBOVs, or, respectively,

molecules bonded in BOVs, and subsequent coupling
are higher and disfavor this pathway. Corresponding
investigations of the different coupling pathways are
underway for a simpler probe, formaldehyde. A pre-
liminary estimate of the barrier for coupling of two
adjacent formaldehyde molecules is ∼51 kJ/mol. The
diolates would most likely form upon diffusion of a
second benzaldehyde molecule to one that is bonded
on a Ti5c site over a subsurface interstitial.

Of the four possible isomers of the diolate struc-
tures, the trans-configuration bound over a type I
interstitial (in the Æ110æ channel) is the most stable
(Figure 4c and Figure 5a). The other structures, most
notably the cis isomers, are considerably less stable
(Figure 5, Table 2). Furthermore, only the trans isomer
structures agree with our STM images (Figure 4),
whereas the cis isomers do not (Figure 4d and Figure
S4 in Supporting Information). Bonding to two adja-
cent five-coordinate Ti sites, they shadow four Ti5c sites
along their long axis, consistent with the length of the
two lobes of an intermediate of 900 pm. The simula-
tions for the cis isomers show an “L”-shaped feature,
that present on the surface should give rise to diaster-
eomeric domains.

Although STM studies of other ring compounds,
including benzoic acid43 and catechol31 have been
reported, the stacking of these phenyl-containing spe-
cies is different than for the benzaldehyde diolates
observed here. Benzoic acid forms benzoate on
TiO2(110), which binds strongly to Ti atoms along the
[001] Ti troughs in a bidentate fashion. At 0.5 ML
saturation coverage, these bound benzoate molecules
then form dimer and trimer rows due to the interaction
of the phenyl rings across the Ti rows (in the [110]
direction);different than the direction of pairing for
benzaldehyde along the [001] direction. The packing of
the benzoates is attributed to interactions between
phenyl rings because neither acetate44 nor formate,45

both lacking this ring, pair on the TiO2(110) surface.
Catechol on TiO2(110) also preferentially stacks across
Ti troughs (in the [001] direction).31

The benzaldehyde diolates do, however, stack in
chains of various lengths across the Ti rows, similar to
catechol and benzoate. This packing is imperfect in
that there is often an offset from the [110] direction
between the center of one diolate and the next. This
offset measures on average to be 3.4 ( 0.9 Å in the
[001] direction, close to the distance of ∼3 Å between
unit cells. Although the exact nature of the ring inter-
actions is unclear,46,47 it is conceivable that the stack-
ing and the offsets observed are the result of
noncovalent ring interactions. “T”-type phenyl group
interactions were presumed to occur in the case of
benzoic acid adsorption on TiO2(110),

43 with one ring
oriented such that the H atoms of the ring are pointed
toward the center of the π-ring of the other ring. It is
likely thatpackingof the trans-diolates inourexperiment

Figure 5. Optimized adsorption structures and corre-
sponding binding energies of trans- and cis-diolates (a,b
and c,d, respectively) on a 5 � 2-TiO2(110) slab with two
different types of subsurface Ti interstitials (a and c with
type I interstitial in Æ110æ channel; b and d with type II
interstitial between two channels) using the DFT-PW91
calculations. These structures were used to simulate STM
images (Figure 4c,d and Supporting Information Figure S4).
Red balls represent O, gray Ti in the lattice, yellow Ti
interstitials, green C, and white H atoms.

TABLE 2. Calculated Formation Energies of Diolates from

TwoGas-Phase BenzaldehydeMolecules on theDefective

5 � 2 � 4 TiO2 Slab
a

TiO2 slab with ITi between 1st-2nd trilayer

binding configuration/slab ITi in Æ110æ channel site ITi between two channels

(s)-trans-diolate -247 -264
(s)-cis-diolate -217 -237

a All energies are given in kJ/mol. ITi = “Ti interstitial”.
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occurs through similar interactions, whichwewill more
generally attribute to van der Waals type inter-
actions,47 and giving rise to the straight chains and
chains with offsets observed. Current DFT methods are
not capable of modeling such interactions.

Formation of TiO2 Nanoscale Islands via Benzaldehyde Re-
duction. Cleavage of the C-O bonds in the diolates
upon heating to ∼400 K leads to evolution of stilbene
and formation of nascent TiO2 species from reaction of
the oxygen lost from the diolate and a Ti interstitial that
migrates to the surface (Figure 1).22 New features
attributed to nascent TiO2 are observed following
heating of benzaldehyde (θ ∼ 0.1 ML) to 500 K
(Figure 6a). As reported previously, gaseous stilbene
is evolved below this temperature and no carbon
remains on the surface.22 After heating to 500 K, there
are no visible paired features (Figure 6), even though
they are clearly observed after adsorption of benzal-
dehyde at room temperature (Figure S3 in Supporting
Information). Instead, few features attributed to nas-
cent TiO2 particles, indicated by white arrows in the
image, appear above the bridging O atom rows. These
features measured 4.1( 0.8 Å in height and 9.2( 2.0 Å
in width and are very similar to those reported by
Wendt et al.,20 who noted the formation of new
terraces following exposure of a reduced TiO2(110)
surface to oxygen. Further deposition of a total of 0.3
ML and annealing to 900 K produced larger, more
ordered features that clearly have the characteristic
row structure of TiO2(110) (Figure 6b). The inset
shows one feature which exhibits the underlying row

structure, demonstrating that deposition of benzalde-
hyde followed by annealing leads to the formation of
nanoscale TiO2 and TiOx terraces. As reported pre-
viously, after annealing to 900 K, these new terraces
measure 3.4( 0.9 Å in height, consistent with the step
height of 3.2 Å, and 1.6 ( 0.2 nm in width, spanning
slightly more than the distance between two Ti rows
on average.

SUMMARY

Our unprecedented imaging of diolates formed
from benzaldehyde using STM are used in conjunction
with DFT to show that benzaldehyde coupling on
reduced TiO2(110) is promoted by subsurface intersti-
tials. The features attributed to the diolate appear as
discretely paired features along the rows in the [001]
direction and are attributed to the trans-diolate config-
uration based on comparison to simulations using DFT.
Titanium interstitials also bind benzaldehyde mono-

mers more strongly, which provides a mechanism for
trapping of a monomer and formation of the diolate.
The interstitials drive the ensuing reductive coupling
that yields stilbene and nanoscale TiO2 islands ob-
served using STM. DFT calculations show that reaction
with the interstitials is thermodynamically favorable
and help identify specific intermediates. Our work also
provides further evidence of the importance and
highly dynamic nature of subsurface interstitials in
surface redox chemistry and points to the controllable
nanostructuring of TiO2 by reaction with an organic
over layer.

METHODS
Scanning tunneling microscopy (STM) experiments were

performed at room temperature and at 50 K using liquid He
coolingwith a variable temperature Omicron STM (VT-STM/AFM
model) in a chamberwith a base pressure of∼3� 10-11 Torr. All
images were acquired in constant current mode, with a sample-
tip bias of 1.6 to 2.2 V and a tunneling current of 0.07-0.40 nA,

such that electrons tunneled into the empty states of the
sample. Image processing was done using WSXM.48 Electro-
chemically etched W tips were employed. Benzaldehyde was
cleaned with repeated freeze-pump-thaw cycles, and cleanli-
ness was checked with a quadrupole mass spectrometer
(Pfeiffer Prisma 200) and subsequently dosed through a leak
valve coupled to a directional doser which was positioned∼4 cm

Figure 6. (a) STM image of a TiO2(110) surface after adsorbing 0.1 ML benzaldehyde and heating to 500 K. (b) STM image of a
TiO2(110) surface after adsorbing 0.3 ML benzaldehyde and heating to 900 K. A nanoscale island with the underlying terrace
structure visible is shown in the inset. Both images were acquired at room temperature.
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in front of the sample. The STM sample was prepared with
multiple cycles of sputtering (20 min each cycle, 1 kV, 2 μA total
current) and annealing in a separate preparation chamber
(∼1000 K, 5 min, after each sputter cycle), until reduced to a
blue color. We confirmed reactivity for the benzaldehyde
coupling reaction using themass spectrometer. Sample heating
was accomplished using a doped siliconwafermounted directly
beneath the sample, and a temperature calibration was sepa-
rately performed using a type K thermocouple glued into a
second sample with ultrahigh vacuum compatible ceramic glue
(Aremco, Ceramabond 503). Finally, the chamber also contained
an Auger electron spectrometer (Omicron) with which we
checked sample cleanliness before and after reaction.
Density functional theory calculations were carried out using

the plane wave code implemented the Vienna Ab Initio simula-
tion package.49,50 We employed PAW pseudopotentials51 and
the well-established GGA-PW91 functional52 but also per-
formed test calculations using the PBE functional,53 which as
expected did not differ from each other. Since there is sub-
stantial controversy as to the accuracy of hybrid functionals and
the “appropriate” empirical amount of Hartee-Fock admix-
ture,54-60 we did presently not pursue calculations with such
functionals. Although it is often quoted that DFT-GGA does not
reproduce the band gap and gap states due to defects in
reducible oxides and semiconductors,54-57,59,60 we want to
point out that, in contrast to time-dependent DFT, ground-state
DFT is not a correct technique to compute excited state proper-
ties (such as unoccupied states) and the band gap.61 In contrast,
it has been shown that GGA functionals despite their short-
comings give accurate energetics and structural parameters on
TiO2.

54,58,62-65

In order to model defect concentrations and avoid lateral
interactions between more than two benzaldehyde molecules,
a 5 � 2 unit cell was modeled with a 4-trilayer thickness and
a large vacuum of ∼16 Å above. The two uppermost trilayers
were relaxed as well as the adsorbates and the defects, while
the bottom layers were fixed at the optimized bulk distances.
Dipole corrections have been applied normal to the slabs to
minimize unphysical interactions between repeating images.
A plane wave cutoff of 400 eV together with Gaussian

smearing (0.2 eV) and 1� 3� 1 special Monkhorst-Pack k-point
meshes66were employed. Convergencewas tested by systema-
tic increase of the cutoff to 600 eV and the increase of the
k-point mesh to 3� 3� 1, which resulted or adsorption energy
differences below 2 kJ/mol. However, we estimate that the
systematic error bar in calculated energies due to the inherent
approximation made by the choice of surface cell, coverage,
periodicity, GGA functional, and computational parameters
(basis set, Fourier grids, smearing methods, plane wave projec-
tor pseudopotentials, zero-point vibrational energy, etc.) is on
the order of 5-10 kJ/mol. The effect of spin has been tested for
all calculations, and the low spin solutions (singlet) have been
found to be lowest in energy with the GGA functional.54,55,58,62

However, the use of different functionals may change the
relative energy of different spin configurations.54,55,58,62 For
further computational details, please see ref 35. Constant
current STM simulations have been carried out within the
Tersoff-Hamann approximation,67 and results have been vi-
sualized using the “p4vasp” software.68 A tip-surface distance
of ∼4 Å, a Ubias of 0.5 eV, and an isocontour value of 1 � 10-4

electrons/Å3 was chosen for all images, and the density was
smoothed with a Gaussian function to qualitatively simulate the
effect of a finite sized tip. We note that this bias was chosen in
the calculations to best represent the clean surface, allowing a
reasonable qualitative comparison to the actual STM images.63

At tested higher Ubias of þ1 eV, the contrast between bright Ti
rows and dark bridging O rows was reduced, but the unoccu-
pied π states of the phenyl ring still dominated the images. The
discrepancy between the experimental and theoretical bias
may be partly due to DFT being a ground-state theory (but
STM tunneling into virtual states)69 and the known inaccuracy of
DFT-GGA approaches to correctly predict the band gap for TiO2

and, hence, the position of the Fermi level62-64,69 which,
furthermore, strongly depends on the reduction degree of
the surface (see for example work-function changes in ref 35).

With respect to the calculations involving Ti interstitials, two
configurations were tested: Ti interstitials in Æ110æ channel sites
(type I) and in a site between two Æ110æ channels (type II). These
twomodels on an adsorbate-free slab are energetically identical
within the DFT error bar (the binding site between two Æ110æ
channels is ∼2 kJ/mol lower in energy, Figure 3b). This model
corresponds to a realistic defect concentration of ca. 2.5%20 for
a low coverage of benzaldehyde (0.1 ML) when using a (5� 2�
4) slab.
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