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Abstract

The reactions of acrolein have been investigated on TiO2(0 0 1) single crystal surfaces by temperature programmed des-
orption (TPD), X-ray photoelectron spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS). Two
carbon–carbon bond-forming reactions were observed. The first, on defect-containing surfaces, is reductive coupling to form
olefins. The high reaction yield of ca. 80% shows the high activity of such surfaces for carbon–oxygen bond dissociation
(needed for surface oxygen restoration) and carbon–carbon bond formation to make olefins. The second reaction, observed
on the stoichiometric surface, is condensation of two acrolein molecules to give a C6H8O product tentatively identified as
2-methyl-2,4-pentadienal. Condensation reactions of carbonyls are characteristic of TiO2 surfaces; for acrolein, this reaction
is proposed to involve initial hydrogen addition followed by nucleophilic attack on a second molecule of acrolein. This results
in an aldol condensation followed by dehydration.

NEXAFS analyses were conducted in order to differentiate the states of molecularly adsorbed acrolein on the two distinctly
different surfaces. The C=O bond of adsorbed acrolein is maintained in the case of the stoichiometric surface (evidenced by
a �∗

C==O transition at 286.6 eV), while it is absent on the reduced surface. The absence of this NEXAFS transition on the
reduced surface suggests that the O atom of the C=O bond has reacted with the oxygen-deficient lattice. The restoration of
these oxygen deficiencies is concomitant with the formation of the reductive coupling products (as observed by TPD and XPS
experiments).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of oxygenates and hydrocarbons on
the surfaces of transition metal oxides are relevant to
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a variety of catalytic processes, including selective
oxidations and reductions. Of particular importance is
the relationship between the structures of surface sites,
both geometric and electronic, and surface intermedi-
ates. The struggle to obtain high reaction yields often
requires finding new chemical pathways that may
provide more efficient syntheses. This goal motivates
attempts to improve our understanding of heteroge-
neous reaction processes. Surface science provides
important tools for such investigations. Numerous
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catalytic reactions are carried out on transition metal
oxides; these processes include hydrocarbon oxida-
tion [1–3], syngas conversion[4–7], and dehydration
reactions[8,9]. Titanium dioxide is a versatile oxide
material in catalysis. Considerable number of chem-
ical reactions catalyzed by TiO2 alone or together
with other oxides or metals are found. These include
condensation reactions (TiO2) [10,11], maleic and ph-
thalic anhydride formation from butane ando-xylene,
respectively (TiO2/V2O5) [1–3], water-splitting to
produce H2 and O2 (TiO2, SrTiO3, Ni–K2La2Ti3O10,
and Pt/TiO2) [12–14] for energy conversion, and
photo-oxidation of organic molecules to form CO2
(TiO2) [15–19] for water and air decontamination.
Previously, the chemical reactions of saturated and
aromatic carbonyl compounds have been investigated
on the surfaces of TiO2(0 0 1) single crystals. For
reactants such as acetaldehyde that contain�-CH
bonds, two carbon–carbon bond-forming reactions
have been observed in ultra-high vacuum. The first
is aldol condensation of two acetaldehyde molecules
to form crotonaldehyde (an�,�-unsaturated C4 alde-
hyde) [10]. The second is the reductive coupling of
aldehydes to form symmetric olefins[20–25]. These
reactions were observed in parallel work on TiO2 pow-
ders at atmospheric pressure[26]. The condensation
reaction was essentially observed on stoichiometric
TiO2 surfaces while reductive coupling was observed
exclusively on titanium suboxide-containing surfaces.
Base-catalyzed aldol condensation of aliphatic car-
bonyl compounds requires hydrogen abstraction from
the �-carbon of the carbonyl and is thus effectively
achieved by basic sites on the surface. This role is
filled by the lattice oxygen of stoichiometric surfaces
acting as Lewis base sites. Reductive coupling re-
quires carbon–oxygen bond dissociation. The surfaces
of titanium suboxides act as an oxygen sink, i.e., the
driving force for this reaction is the filling of surface
oxygen vacancies. This chemistry is fairly aggressive.
For example, we have observed that more than 50%
of the surface oxygen could be replenished by oxygen
provided from the carbon–oxygen bond dissociation
in the reductive coupling reactions of benzaldehyde
[24] and p-benzoquinone[23] on reduced titania
surfaces.

Acrolein is the simplest unsaturated aldehyde and
is currently used for the production ofd,l-methionine
(an essential amino acid used as an animal feed

supplement)[27]. It is also used for the produc-
tion of other compounds such as acrylic acid[28],
pyrans, and methylpyridine[29]. Several issues
prompted this investigation of acrolein on TiO2 sin-
gle crystal surfaces. First, the conjugated character
(CH2==CH–CH==O ↔ (+)CH2–CH==CHO(−)) of
this �,�-unsaturated compound makes it a potentially
useful probe of the extent to which electron delo-
calization affects carbon–oxygen bond dissociation
as well as carbon–carbon bond formation on oxide
surfaces. Second, one needs to know which function
of the molecule—the olefin or the carbonyl group—
will dominate the reaction. Experiments with acrylic
acid indicated that the carboxyl group dominates its
reactions on the stoichiometric surface, i.e., the re-
action of the olefin function was negligible on the
surfaces of TiO2 single crystals[9], while the olefin
group had substantial reactivity on the reduced sur-
face [30]. Third, it has been observed in the case of
formaldehyde[31] as well as of acetaldehyde[10]
that oxidation reactions to form carboxylates are in-
significant on the surfaces of TiO2 single crystals in
UHV. This is unlike other oxides such as ZnO[32,33]
and CeO2 [34] (more reducible materials) both of
which can easily donate lattice oxygen to aldehydes
in order to form carboxylates. Another important
reason for studying this bifunctional molecule is to
investigate condensation reactions on a well-defined
surface. Condensation of carbonyls to�,�-unsaturated
higher carbonyls is well known and was previously
observed on the surface of TiO2 single crystals.
Acrolein cannot undergo this type of condensation
(�-aldolization) directly, because of the strong vinylic
C–H bond. However, we do see evidence for products
of carbon–carbon bond formation reactions between
acrolein molecules on TiO2 surfaces, and potential
mechanisms are presented and discussed here.

TiO2(0 0 1) single crystal surfaces have been studied
in detail by X-ray photoelectron spectroscopy (XPS)
[20–25,35,36], AES, LEED[8], UPS[36], and more
recently by near edge X-ray absorption fine struc-
ture (NEXAFS)[37]. Ion-sputtered (reduced) surfaces
contain titanium suboxides, the relative population of
which can be altered by annealing in UHV at differ-
ent temperatures[35]. Stoichiometric surfaces can be
prepared by annealing at 750 K[8] and higher.

This work presents the reactions of acrolein by TPD,
XPS and NEXAFS on the surfaces of a TiO2(0 0 1)
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single crystal and compares the reaction pathways
to those of other carbonyl compounds previously
examined.

2. Experimental

TPD experiments were conducted in a differentially
pumped vacuum chamber (VG Mark II ESCALAB)
with a base pressure of ca. 6×10−11 mbar. The cham-
ber is equipped with a single-channel hemispheri-
cal analyzer, titanium sublimation pump, two-grid
LEED optics, and a Hiden RCAPIC3 quadrupole
mass spectrometer. A computer was used to multi-
plex the mass spectrometer. The heating rate of the
sample was controlled at 1 K/s by a PID controller
(Omega Engineering). Up to 20 masses were moni-
tored at an interval of 2–3 s for the complete cycle.
The TiO2(0 0 1) single crystal (Commercial Crystal
Laboratories) was mounted and cleaned by succes-
sive sputtering with argon ions and heating to 800 K
for 60 min. Surface sputtering was carried out using
a 2 keV beam (current= 25 mA) for 60 min at a base
pressure of 3.5–5× 10−7 mbar. The crystal was then
flashed to 600 K to remove a portion of the implanted
ions. Parallel XPS analysis indicated that no notice-
able surface oxidation occurred during this procedure
[35–38]. All TPD measurements were conducted on
surfaces saturated with acrolein (produced by direct
dosing of the surface at a background pressure of
3.5× 10−9 mbar at 120 K, for≈2 min). Acrolein was
introduced into the chamber in a separate experiment
in order to determine its mass spectrometer frag-
mentation pattern and sensitivity correction factor.
The major fragments and their corresponding relative
intensities (in parentheses) were as follows:m/e 56
(0.32),m/e 55 (0.26),m/e 29 (0.49),m/e 27 (1.0), and
m/e 26 (0.58). The sensitivity factor for acrolein rela-
tive to CO, calculated following the method of Madix
and co-workers[39], was equal to 7 form/e 56. The
fragmentation patterns of the following products were
taken from mass spectrometry data in the literature
[40], and the calculated correction factors are listed:
propene (m/e 42: 5.3), allyl alcohol (m/e 31: 5.7), and
2-methyl-2,4-pentadienal (m/e 96: 30.6). The frag-
mentation patterns for the following products were
taken from separate experiments performed on our
UHV system, and the calculated correction factors are

listed: 2,4-hexadiene (m/e 82: 21.1), 1,3,5-hexatriene
(m/e 80: 9.9) and benzene (m/e 78: 2.9).

The NEXAFS measurements were conducted on
the U1 beamline of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory.
The two-stage UHV chamber is equipped with an ion
sputtering gun, a quadrupole mass spectrometer, and
an Auger electron spectrometer. All NEXAFS spec-
tra were recorded with a partial electron yield detector
with a retarding voltage of−200 eV. The resolution
of the synchrotron monochromator was set at 0.4 eV
near the carbon K-edge region. All NEXAFS spectra
reported have been divided by the signals from a ref-
erence grid, which measures the incident beam inten-
sity simultaneously with the NEXAFS spectrum, and
then by the corresponding ratio of the spectrum of a
clean surface taken at the same incidence angle.

Quantum chemical computations for the adsorption
of acrolein were conducted by the semi-empirical PM3
method provided by the Spartan 02 windows program
(Wavefunction Inc.). A Ti8O29H26 cluster was gen-
erated with Cerius 2 molecular simulation software
and imported to Spartan (following the same proce-
dure as in[41,42]). The cluster was frozen except for
the central surface Ti atom labeled, and the adsorbed
molecule was allowed to move freely.

The adsorption energy,Eads, was computed as fol-
lows:

Eads= Emodel− (Ebare+ Emolecule)

whereEmodel is the energy of the adsorption complex,
Ebare the energy of bare cluster, andEmolecule the en-
ergy (heat of formation) of gas phase acrolein.

3. Results

Temperature programmed desorption (TPD) of
acrolein has been studied on two different character-
istic surfaces of a TiO2(0 0 1)-oriented single crystal.
The reduced surface prepared by Ar-ion sputtering
contains Ti suboxides (in addition to Ti4+ cations)
and the fully stoichiometric surface contains only
Ti4+ cations [43]. The structure and reactivity of
both surfaces have been extensively studied in other
works [8–10,20–26,35–38,44]. Fig. 1 shows the main
products resulting from acrolein TPD on the reduced
(sputtered) TiO2(0 0 1) single crystal surface (Table 1
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Fig. 1. TPD spectra of acrolein adsorbed on sputtered TiO2(0 0 1)
at 170 K: the desorption spectra of acrolein (m/e 56), hexatriene
(m/e 80), hexadiene (m/e 82), benzene (m/e 78) and the C6H8O
condensation product (m/e 96) are illustrated.

shows the quantitative analyses). Products were ob-
served in three temperature domains. The first, at
200 K, represented desorption of adsorbed acrolein
(m/e 56 in Fig. 1); the onset of desorption coincided
with the start of the linear heating ramp. A second
product desorption channel was observed between
380 and 410 K, which was largely composed of
the reductive coupling product hexatriene (m/e 80).

Table 1
Relative product yield (%) from acrolein-TPD on reduced and
stoichiometric TiO2(0 0 1) single crystal surfacesa

Product Temperature
(K)

Reduced
surface

Stoichiometric
surface

Benzene 500, 700 2.5% 0.4%
Hexatriene 380–410, 500 49.8 4.7
Hexadiene 500 30.3 1.3
C6H8O 350–500 2.0 4.4
Allyl alcohol 380–410 1.2 0.3
Propene 380–410 14.2 0.5

a All percentages are expressed in terms of the total carbon
content of products desorbing in experiments on the reduced
surface.

Hexatriene formation by this pathway is in accord
with previously observed reductive coupling reactions
of aldehydes and ketones on reduced TiO2(0 0 1) sur-
faces[20–25,35,36]. The sputtered surface contains
hydrogen implanted during ion-bombardment and get-
tered during exposure of reactive, low-valent titanium
cations to the UHV background after surface reduc-
tion. This results in partial hydrogenation of adsorbed
organics[45]. In the present case hexadiene (m/e 82),
derived from the partial hydrogenation of hexatriene,
desorbed at 500 K, coincident with a second desorp-
tion channel for hexatriene. Benzene (m/e 78) also
desorbed at this temperature, a likely product of de-
hydrocyclization of hexatriene. A small amount of the
oxygen-containing product C6H8O (m/e 96) also des-
orbed at a 2% yield. Them/e 96 desorption product
was coincident with signals fromm/e 65, 67, and 95
and is attributed to 2-methyl-2,4-pentadienal. The ra-
tio of m/e96 tom/e67 is 0.26. Both 2,4-dimethylfuran
and 1-formyl cyclopentene (each having a C6H8O
stoichiometry) are also known to give rise to large
signals form/e 65, 67, 95, and 96[40], and are poten-
tial candidates to explain this product. However, since
a route to 2-methyl-2,4-pentadienal can be sketched
with minimal involvement of steps not previously doc-
umented on TiO2 surfaces, them/e96 peak inFig. 1is
thus attributed to that product (seeSection 4). A still
higher temperature desorption feature for benzene at
700 K is likely due to cyclotrimerization of surface
acetylides at Ti2+ sites; formation of benzene from
surface acetylides has previously been demonstrated
in studies of acetylene chemistry on the sputtered
TiO2(0 0 1) surface[46].

Fig. 2 and Table 1present the products observed
in acrolein TPD on a TiO2(0 0 1) surface annealed to
900 K for 45 min. This surface is fully oxidized and
contains no Ti suboxides within the sensitivity of XPS
[8,24,38], UPS[36], and NEXAFS[47]. Important re-
activity changes occurred upon annealing. The total
carbon capacity of the surface was only about 15%
of the capacity of the sputtered surface as determined
by XPS. This is simply due to re-crystallization of the
amorphous surface produced by Ar-ion bombardment.
Acrolein desorbed from the oxidized surface in two
peaks. The first, at 200 K, is the desorption of molec-
ular acrolein, likely from a condensed state, while the
second occurs from a more stable molecularly ad-
sorbed state at 280 K. The yield of coupling products
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Fig. 2. Acrolein TPD performed on the 900 K-annealed surface, representing the stoichiometric TiO2(0 0 1) surface.

declined considerably, dropping from almost 80% on
the sputtered surface to 6.4% on the 900 K-annealed
surface. Hexatriene, hexadiene, and benzene desorbed
nearly simultaneously at 500 K. There was no lower
temperature state for hexatriene. The existence of the
reductive coupling reaction at all on the stoichiometric
surface suggests that acrolein may be utilized to find
point oxygen vacancies below the level detectable by
spectroscopic methods. The production of the conden-
sation product C6H8O doubled on the 900 K-annealed
surface, although it was still outpaced by the pro-
duction of coupling products. The condensation prod-
uct also shifted down in temperature, developing as a
broad feature desorbing from the surface between 350
and 500 K.

NEXAFS measurements of acrolein-derived adlay-
ers on both the sputtered (reduced) and 900 K-annea-
led (stoichiometric) surfaces of TiO2(0 0 1) were
carried out. Acrolein was adsorbed on the surface
as in a normal TPD experiment, and the crystal was
heated at 1 K/s to 250 K to desorb multilayer acrolein;

the NEXAFS spectrum was then recorded. After
NEXAFS data collection, the crystal was heated to
350 K (400 K in the case of the reduced surface) and
a second NEXAFS spectrum was collected.

Fig. 3 illustrates the normal incidence NEXAFS
spectra for acrolein adsorbed on the 900 K-annealed
surface. A NEXAFS transition at 285.4 eV is assigned
as the�∗

C==C feature corresponding to the vinyl group
of the acrolein molecule. A transition at 286.6 eV is
present, and is characteristic of a�∗

C==O anti-bonding
orbital (as was also observed for benzaldehyde on
TiO2(0 0 1) [48]). Consequently, the spectrum at
250 K is characteristic of chemisorbed acrolein on
this oxidized surface. The NEXAFS transitions at
289.4 and 293.0 eV are characteristic of�∗

C–H and
�∗

C–C features, respectively. Upon heating to 350 K,
the edge-jump is further reduced, consistent with
desorption from the surface. While the low carbon
coverage makes analysis of the 350 K spectrum diffi-
cult, it is apparent that the�∗

C==O feature at 286.6 eV
has disappeared from the spectrum. The�∗

C==C fea-
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Fig. 3. Carbon K-edge NEXAFS for acrolein adsorbed on{1 1 4}-faceted TiO2(0 0 1) at 170 K. The lower spectrum was recorded after
heating to 250 K; the upper spectrum was recorded after heating to 350 K.

ture at 285.2 eV decreases in intensity; there is no
apparent change in the intensity of the�∗

C–H and�∗
C–C

features.
Fig. 4 illustrates the NEXAFS spectra for the

acrolein-dosed reduced surface of TiO2(0 0 1). The
presence of the narrow and intense�∗

C==C feature
at 285.4 eV indicates that the vinyl groups of the
acrolein molecules are unperturbed by the surface,

and thus are likely positioned away from the surface.
The absence of a�∗

C==O feature at 286.6 eV, unlike in
the case of the 900 K-annealed surface, suggests that
the oxygen atom in the carbonyl group is no longer

sp2-hybridized, most likely due to its insertion into
the lattice vacancy. Thus, this NEXAFS spectrum is
consistent with an intermediate structure comparable
to the pinacolate intermediate proposed for reductive
carbonyl coupling reactions on TiO2(0 0 1) [24]. The
NEXAFS spectrum at 250 K also shows the charac-
teristic�∗

C–H and�∗
C–C features at 289.0 and 292.6 eV,

respectively.

The 400 K NEXAFS spectra reveal a change
in adsorbate bonding. Hexatriene and hexadiene
start to desorb from the reduced TiO2(0 0 1) sur-
face in this temperature region; the NEXAFS tran-
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Fig. 4. Carbon K-edge NEXAFS for acrolein adsorbed on sput-
tered TiO2(0 0 1) at 170 K. The lower spectrum was recorded after
heating to 250 K; the upper spectrum was recorded after heating
to 400 K.

sition at 285.2 eV is broadened and attenuated
relative to that at 250 K, indicative of interac-
tion of the �∗

C==C orbitals with the crystal surface
after heating to 400 K. Scheme 1 shows a pos-
sible intermediate in the reductive coupling of
acrolein.

The pinacolate, proposed here, has been proposed
before for identical reactions of benzaldehyde[24],
as well as for reductive coupling reactions carried
out in slurries containing low-valent metal cations
[19]. The NEXAFS spectrum for the 250 K sur-
face suggests that the vinyl groups in Scheme 1
were lifted away from the surface. After heating
the surface to 400 K, the NEXAFS spectrum sug-
gests that the vinyl groups rotated down, as they
might with flat-lying hexatriene or hexadiene. The
NEXAFS �∗

C–H (289.0 eV) and �∗
C–C (292.6 eV)

transitions have not shifted outside of the resolu-
tion of the spectrometer (0.4 eV) with respect to the
250 K spectrum. The NEXAFS edge-jump has di-
minished somewhat, consistent with desorption of
carbon-containing species from the surface of the
crystal.

4. Discussion

4.1. Olefins versus carbonyls on TiO2 single
crystal surfaces

The data from acrolein TPD and NEXAFS on the
reduced surfaces of TiO2 clearly indicated the ab-
sence of a direct interaction between the olefin group
(CH2=CH–) and the surface. This is in contrast to
the reactions of the corresponding acid (acrylic acid)
[30]. Previous work indicated that de-carboxylation
of acrylic acid is favored on the reduced surface,
giving CO2 and a hydrocarbon fragment (that un-
dergoes coupling subsequently). On the other hand,
de-carbonylation of the aldehyde is not favored;
the dominant reaction is reductive coupling (see
Section 4.2). Interaction of acrolein with the surface
via both the carbonyl and olefin functions would
likely result in propionaldehyde formation due to
facile hydrogenation of the vinyl group. Propionalde-
hyde was not observed during TPD, however. Thus
the intra-molecular competition for surface sites is
far more in favor of the C=O function rather than the
CH2=CH– function. In order to obtain some insight
into the strength of the interaction of both functional
groups of acrolein with the surface, we have conducted
PM3 calculations on a Ti8O29H26 charge-neutral
cluster representing the TiO2(0 1 1) surface. Recent
computational works on this cluster have given rea-
sonable results for the adsorption energies of several
molecules including formaldehyde, formic acid and a
series of primary alcohols, when compared to other
works [41,42]. As shown inFig. 5, acrolein is ad-
sorbed via the oxygen of the carbonyl group with
minimal perturbation (compare the IR frequencies of
adsorbed acrolein to those of the free molecule in
Table 2). The adsorption energy is relatively weak,
ca. 21 kcal/mol, when compared to that of the alco-
hols or carboxylic acids on this surface[41,42]. For
comparison the adsorption energy of CH2=CHCH3
was also computed and was found to be unbound
by 0.5 kcal/mol, indicating the very weak nature of
adsorption of the olefin group on the surface of TiO2.

4.2. Reductive coupling

Fig. 1andTable 1show the formation of C6 olefins
and benzene from acrolein on the reduced surface of
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Fig. 5. Acrolein molecule on a Ti8O29H26 charge neutral cluster representing TiO2(0 1 1) surface. IR frequencies of the free and adsorbed
acrolein molecules are also given inTable 2.

a TiO2(0 0 1) single crystal. The formation of olefins
from carbonyl-containing molecules has been ob-
served previously on this same surface. Acetaldehyde
[10], acetone[25], p-benzoquinone[23], acetophe-
none [20], and benzaldehyde[24] were all found
to undergo reductive coupling. The formation of C6
products during the reactions of CH2=CH–CHO can
be described by reactions (1)–(3). Here,Vo represents
a lattice oxygen vacancy, while Os represents a lattice
oxygen anion

2CH2==CH–CHO+ 2Vo

→ CH2==CH–CH==CH–CH==CH2

+2Os (Reductive coupling) (1)

CH2==CH–CH==CH–CH==CH2

→ C6H6 + 2H(a) (Dehydrocyclization) (2)

Table 2
Computed IR frequencies for free acrolein molecules and for an adsorbed acrolein on a cluster representing the TiO2(0 1 1) surface

Mode Gas phase,
experimental (cm−1)a

Gas phase,
H.F. (cm−1)b

Gas phase,
PM3 (cm−1)b

Adsorbed,
PM3 (cm−1)b

CH2-νa 3103 3404 3142 3123
CH(2)-ν 3028 3371 3051 3062
CH2-ν 3000 3315
CH(1)-ν 2800 3155 2925
C=O-� 1724 1916 1978 1893
C=C-� 1625 1837 1848 1787
CH(1)-ip bend 1360 1542 1340 1326
CH(2)-ip bend 1275 1435 1204
CH2 rock 912 998 928 976

a From NIST (http://www.webbook.nist.gov).
b Calculated.

CH2==CH–CH==CH–CH==CH2 + 2H(a)

→ hexadiene(s) (Reduction) (3)

4.3. Condensation reactions on the stoichiometric
surface

As shown inTable 1and Fig. 2, desorption of a
product having a molecular weight of 96 was observed
for the reaction of acrolein on the stoichiometric
surface. This product is the result of a condensation
reaction. The stoichiometric surface of TiO2 showed
very high activity for condensation of acetaldehyde to
crotonaldehyde and crotyl alcohol in past experiments
[44]. However, while acetaldehyde contains hydrogen
atoms on the�-carbon, acrolein does not. Thus, while
aldol condensation is facile for acetaldehyde, acrolein
gives rise to a much lower yield for the condensation

http://www.webbook.nist.gov
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product. The requirement for the condensation of
aliphatic aldehydes and ketones on stoichiometric
TiO2 surfaces is essentially the presence of a basic
site: lattice oxygen anions. On acidic surfaces such as
zeolites, zirconia[49], and alumina[50], aldol con-
densation can occur by Brønsted acid catalysis, via a
different reaction mechanism not discussed here.

Both the base-catalyzed aldol condensation and
the related Michael addition are characterized by at-
tack of a nucleophilic carbanion at an sp2-hybridized
carbon of a second molecule. In the case of acrolein
on TiO2 surfaces, the most plausible nucleophile is
CH3CH(−)CHO, since the hydrogen atoms on the
vinyl ligand are much less acidic than those at the
alpha position of aliphatic aldehydes and ketones.
Therefore, hydrogen abstraction from the vinyl group
of acrolein to form an even more unsaturated species
is unlikely. Second, TiO2 surfaces prepared by sputter-
ing and annealing appear to contain excess hydrogen,

as observed in a number of previous reaction studies.
Aliphatic aldehydes scavenge this hydrogen to form
the corresponding alkoxides (and ultimately the cor-
responding alcohols). However, a carbanion (needed
to initiate condensation) can be formed if a hydride is
instead added to a carbon atom in the vinyl group. The
preferred position for such addition is readily appar-
ent, as only(CH3CH(−)CH=O ↔ CH3CH=CHO(−))

exhibits resonance stabilization;(−)CH2CH2CHO
does not. Thus, we propose that the aldol and Michael
addition pathways involve nucleophilic attack of
CH3CH(−)CHO on acrolein. The selectivity between
aldol condensation and Michael addition is deter-
mined by the competition for the nucleophile between
the two ends of the�,�-unsaturated carbonyl. Aldol
condensation involves an attack at the carbonyl car-
bon, while for Michael addition the attack is at the
terminal end of the vinyl group.

Aldol condensation:

Michael addition:

Aldol condensation of acetaldehyde on TiO2 is ac-
companied by dehydration to yield crotonaldehyde:
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The analogous OH elimination process from the
primary acrolein-derived aldol condensation product
would produce 2-methyl-2,4-pentadienal:

The expected Michael addition product is the result
of a net 1,4-hydrogen shift and H(−) elimination:

That the latter is not formed as a volatile prod-
uct from acrolein in our TPD experiments is quite
clear; no signal for the corresponding parent ion with
m/e = 112 was observed. The aldol/dehydration prod-
uct, 2-methyl-2,4-pentadienal does possess the correct
mass (96) and stoichiometry (C6H8O) and is the most
likely candidate for the 500 K product on stoichiomet-
ric surfaces.

The two other potential cyclic isomers, 1-formyl
cyclopentene and 2,4-dimethylfuran, would require
net 1,4 and 1,5-hydrogen shifts, respectively, in addi-
tion to ring closure. While there is ample precedent for
cyclization of unsaturated hydrocarbons (e.g. alkynes
and allenes on reduced TiO2(0 0 1) surfaces[46,51]),
we have observed little evidence for such chemistry on
oxidized surfaces. Likewise, production of formyl cy-
clopentene from the primary Michael addition product
would require a 1,5-hydrogen shift, oxygen elimina-
tion and cyclization; production of 1,4-dimethylfuran
would require even more rearrangement. It should be
noted that while CH3CH(−)CHO appears to attack
acrolein at the expected position for aldol condensa-
tion rather than Michael addition, the regioselectivity
of H addition to form this nucleophile in the first
place is just the opposite. The carbanion required for
the subsequent condensation reactions is formed by
addition of hydrogen to the terminal methylene group
(the point of attack for nucleophiles in Michael addi-
tion) rather than at the carbonyl carbon. The carbonyl
carbon is the target for aldol condensation, which
would likely lead to the formation of allyl alcohol. We
have suggested above that the regioselectivity of hy-
drogen addition to acrolein can be explained in terms

of the electron donating characteristics of the vinyl
group. Clearly, the structure and size of the attacking
nucleophile also play a role: CH3CH(−)CHO addition

appears to occur at the opposite end of the acrolein
molecule from the position of initial H addition. Ques-
tions about the regioselectivity of nucleophilic reac-
tions on well-defined surfaces have not been widely
addressed; further study is clearly needed to provide
mechanistic detail for these processes.

Fig. 6shows results from the full set of experiments
to summarize the work in a more quantitative way.
The effect of the degree of reduction is well seen on
the reductive coupling (as was the case of benzalde-
hyde[10] and acetaldehyde[24]). Also shown is the
condensation product profile that is clearly more pro-
nounced on the stoichiometric surfaces.

0

20

40

60

80

100

100 200 300 400 500 600 700 800 900

   Prior Annealing Temperature (K)

C
ou

pl
in

g 
P

ro
du

ct
 Y

ie
ld

 (
%

),
 

  T
i

4+
 C

at
io

n 
P

op
ul

at
io

n 
(%

)

0

5

10

15

20

25

30

C
on

de
ns

at
io

n 
P

ro
du

ct
 Y

ie
ld

 (
%

)
Ti 4+

Coupling

Condensation

Fig. 6. Change of the population of Ti4+ (as determined from
the peak area of XPS Ti 2p3/2), of the condensation product
(m/e 96 attributed to 2,4-hexadienal), and of the reductive cou-
pling products, all as a function of prior annealing temperatures
of TiO2(0 0 1) single crystal. The yields of both coupling prod-
ucts as a function of prior annealing temperatures are deter-
mined as inTable 1. For example, that at 400 K, is that of the
Ar+-sputtered surface that has been annealed to 400 K, and is
equal to(hexadiene+ hexatriene) = (49.8 + 30.3 = 80.1).
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5. Conclusions

Two different reaction pathways were observed for
acrolein on TiO2(0 0 1) surfaces, each leading to the
formation of C6 products. The first is the reductive
coupling of adsorbed acrolein to form conjugated
olefins. This reaction, which involves carbon–oxygen
bond dissociation and carbon–carbon bond forma-
tion, was observed mainly on reduced surfaces of
TiO2(0 0 1). The second reaction pathway involving
the production of the condensation product C6H8O,
assigned as 2-methyl-2,4-pentadienal, was more pro-
nounced on the stoichiometric surface. However, the
absence of hydrogen in the�-position of acrolein lim-
ited this pathway to low product yield. NEXAFS spec-
tra collected from both reduced and stoichiometric
TiO2(0 0 1) surfaces suggested two different adsorbed
states. The adsorbates on the reduced TiO2(0 0 1) sur-
face potentially represent a spectroscopic glimpse of
the pinacolate intermediate proposed for the coupling
reaction. A more general scheme relating coupling
(condensation) reactions of acrolein to the extent of
reduction (oxidation) of the surface is presented.
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