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Abstract

In this study, the adsorption and the reactive properties ofα-β-unsaturated aldehydes are studied by means of density functional ca
tions (DFT) on two well-defined Pt–Sn alloy surfaces, p(2× 2) Pt3Sn(111) and (

√
3 × √

3)R30◦ Pt2Sn(111). First the electronic structu
of the bulk alloys is determined: a charge transfer occurs from Sn to Pt, the work function decreases, and the d-band center is sh
from the Fermi level. Then various adsorption structures of acrolein (propenal), crotonaldehyde (2-butenal), and prenal (3-methyl,
are considered on the two alloys. The results are compared with those obtained on Pt(111). A large decrease of the adsorption
observed for the alloys. For acrolein, there is almost no change in the best adsorption modes, the adsorption through the C=C bond being
predominant. This explains why the selectivity of the acrolein hydrogenation is not changed much when Pt–Sn alloys and Pt are
For prenal on the contrary, only the atop mode is stable on the alloys, whereas a structure parallel to the surface is the most stable
This explains the modified reaction selectivity with a larger amount of unsaturated alcohol in the products in the case of the Sn allo
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The alloys of tin with transition metals have been wid
used during the last decade in order to improve the cata
properties of these metals. Particularly, the alloys of tin w
platinum have been shown to greatly enhance the sele
ity of the hydrogenation of theα-β-unsaturated aldehyde
Effectively, compared to pure Pt, the yield in unsaturated
cohol, a product showing interesting properties in the
chemical industry, is increased [1–11]. The origin of t
catalytic effect in not totally understood and several
potheses exist: Sn can act as an inert, site-blocking a
that changes the adsorption site of the molecules, an
can induce electronic effects on Pt, modifying its adsorp
properties.

The chemisorptive properties of the Pt/Sn alloys have
been studied with several kinds of adsorbates like CO [12
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0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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t

,

NO [14], and alkenes [15–17]. In all cases, the adsorp
energy decreases on the alloys compared with pure
inum. It has also been shown that alkenes keep the s
adsorption geometry (di-σ) on the alloys. No experimenta
data exist concerning the adsorption of aldehydes or ket
on the Pt/Sn alloys.

α-β-Unsaturated aldehydes like acrolein, crotonaldeh
(2-butenal), or prenal (3-methyl 2-butenal) contain a C=C
and a C=O double bonds in conjugation. Both double bon
can be hydrogenated following Scheme 1. Hydrogenatio
the C=C bond gives a saturated aldehyde SAL, that of
C=O bond gives an unsaturated alcohol UOL. Both S
and UOL can be further hydrogenated in saturated a
hol SOL. The selectivity of the hydrogenation depends
the double bond which is hydrogenated preferentially. T
knowledge of their adsorption modes can help to unders
their reactivity, although this is not the only important fact
Indeed the coadsorption of hydrogen can also play a r
Moreover the most active species for hydrogenation is
necessarily the most stable one, as it has been observ
the case of ethylene [18]. We have already studied the

http://www.elsevier.com/locate/jcat
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Scheme 1. Possible products obtained by hydrogenation ofα-β-unsaturated aldehydes.
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sorption modes of these aldehydes on platinum by mea
DFT periodic calculations [19] and our purpose in this w
is to present our results for a similar study on two Pt/Sn al-
loys.

Few theoretical works deal with calculations on these
loys. We can cite a study of the electronic structure [20]
studies of adsorption properties: CO [21], H2S and S2 [22],
SO2 [23], and ethylene [24,25]. In most of these calcu
tions, the surfaces are modeled by clusters, except the
one [25].

By vapor deposition of Sn on platinum, followed by a
nealing, well-defined surface alloys are formed. The st
ture of these alloys has been experimentally determine
the three faces of the fcc crystal: 110 [26], 100 [27,28],
111 [27,29–32]. Only the latter has been considered in
present study. When several monolayers of Sn are ev
rated onto a Pt(111) crystal and then annealed, two su
structures are formed depending on the Sn coverage: e
a p(2× 2) or a (

√
3× √

3)R30◦ Sn/Pt(111) structure as ob
served by LEED [29] with stoichiometry Pt3Sn and Pt2Sn,
respectively. It has been shown by XPD that these surf
consist in a single alloy layer on pure platinum [32]. Bo
surfaces exhibit a slight buckling in which Sn protrud
about 0.22 Å above the first Pt layer [30]. Another LEE
result gives an outward displacement of Sn atoms of 0
and 0.23 Å for the (2× 2) and (

√
3 × √

3)R30◦ phase, re-
spectively [31].

The ordered structure of these two Sn/Pt(111) alloys is
well adapted to the use of periodic methods for their stu
We will first study the geometrical and electronic stru
tures of the bare alloys, then we will consider the adso
tion modes of acrolein, crotonaldehyde, and prenal on
(
√

3×√
3)R30◦ surface and those of acrolein and prena

the (2× 2) surface. Finally, the implications for the select
hydrogenation of these molecules will be discussed.

2. Computational method

The calculations were performed with the Vienna ab
tio simulation program (VASP) [33–35]. This program p
forms density functional theory calculations using a pla
wave basis set and ultrasoft pseudo-potentials (for Sn
valence electrons are considered). The generalized gra
f

t

-

r

t

approximation (GGA) level was used with the functional
Perdew and Wang 91 [36].

The surface alloy was modeled by a periodic four-la
slab, with adsorption on one side of the slab. Only the
layer contains Sn atoms in a stoichiometry Pt3Sn for the
(2 × 2) structure and Pt2Sn for the (

√
3 × √

3)R30◦ one.
Each slab is separated from its periodic image in thez direc-
tion by a vacuum space corresponding to four layers (e
layers in the case of atop adsorption). For all structu
the geometry optimization included all degrees of freed
of the adsorbates and of the two uppermost metal lay
Most of the calculations were done with unit cells conta
ing 9 atoms per layer for the (

√
3 × √

3)R30◦ surface and
12 atoms per layer for the (2×2) surface. The lattice vecto
were therefore 3× 3 for the former surface and 2

√
3× 2

√
3

for the latter. This is illustrated on Fig. 1. One molecule
adsorbed per unit cell, which gives a coverageθ = 1/9 and

Fig. 1. Surfaces of the (
√

3 × √
3)R30◦ Pt2Sn(111) alloy (top) and of the

p(2×2) Pt3Sn alloy (bottom) with a molecular coverage of 1/6 and 1/9 and
1/4 and 1/12, respectively. The example of a di-σCC adsorption of acrolein
is shown (Pt, large white; Sn, large gray; C, medium grey; O, medium b
H, small white). The periodicity of the molecules indicates the unit
(3× √

3, 3× 3, 2× 2, and 2
√

3× 2
√

3, respectively).
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1/12, respectively. Higher coverages were also consid
in the case of acrolein: 1/6 for the Pt2Sn alloy (lattice vector
3× 2) and 1/4 for the Pt3Sn alloy (lattice vector

√
3×√

3).
The Brillouin zone integration was done on a 3× 3× 1 grid
for coverages 1/9 and 1/12, on a 3×5×1 grid for coverage
1/6, and 5× 5× 1 for coverage 1/4.

The same metal interatomic distance (2.82 Å) as in
case of pure platinum was used for the frozen part of
slab (optimized from Pt bulk calculations, 2% larger th
the experimental value 2.77 Å). This is justified by the f
that experimentally the lattice parameter is imposed by
underlying Pt bulk, and the Sn atoms in the uppermost la
accommodate this constraint by an outward displacem
inducing a Pt–Sn distance of 2.86 Å. The adsorption ene
is defined as the difference between the energy of the w
system and that of the bare slab and the isolated adsorb

Since the molecules are adsorbed on one side of the
only, the unit cell has a net dipole and a spurious electro
tic interaction between the slab and its periodic images
modify the total energy. This effect could be important
the case of polarizable molecules like unsaturated aldehy
particularly for the vertical adsorption modes. A correct
has been applied both on the energy and on the potenti
order to remove this effect. For the planar adsorption mo
the correction does not exceed 1 kcal/mol for acrolein and
2 kcal/mol for prenal showing that a four-layer thick va
uum is sufficient. For the vertical adsorption modes, the
rection is as high as 6 kcal/mol for prenal, hence a five-laye
vacuum is not enough if no correction is applied. Even wi
eight-layer vacuum, there is still a correction of 1 kcal/mol
due to the dipole interactions. However the corrected
ues with a five- and eight-layer vacuum are the same, w
shows that the use of a five-layer vacuum is sufficient if
dipole correction is done.

3. Structure of the alloys

The geometry of the slabs with the two different surfa
alloys was optimized. For the (

√
3×√

3)R30◦ structure, the
Sn atoms were found to be displaced outward by 0.23 Å f
calculation with five vacuum layers. For the (2×2) structure
the displacement of the Sn atoms was 0.27 Å. These va
are in good agreement with the experimental ones.

The work functions have been calculated to be 5.4
5.3 eV for the p(2× 2) and the (

√
3 × √

3)R30◦ alloys,
respectively. This shows a decrease compared with pure
inum work function for which the calculations give 5.7 e
These results are similar to those obtained by other calc
tions [25] and compare well with the experimental valu
5.8 eV for Pt(111), 5.4 eV for p(2× 2) Pt3Sn(111), and
5.2 eV for (

√
3× √

3)R30◦ Pt2Sn(111) [12].
To analyze the electronic structure of these surfaces

have performed calculations with the ADF-Band progra
This code, based on atomic orbitals and not on plane wa
allows us to obtain the electronic populations by a Mullik
,

-

,

analysis. The calculations were done with the geome
determined previously by VASP. They include a scalar re
tivistic effect, necessary for treating platinum. Three lay
were considered. The unit cell contained three atoms (Pt2Sn)
for the (

√
3× √

3)R30◦ surface and four atoms (Pt3Sn) for
the (2× 2) one. These calculations showed a charge tran
from Sn to Pt, in agreement with the relative electronega
ities of the atoms (2.2 and 1.8 for Pt and Sn, respectiv
following Pauling’s scale, 5.6 and 4.3, respectively, follo
ing Pearson scale [37]) and with previous works perform
with clusters [22,24]. In the case of the (

√
3 × √

3)R30◦
surface, the Sn atoms lose 0.42e− and the surface Pt atom
gain 0.13e−. For the p(2× 2) surface, the Sn atoms los
more (0.53e−) and the Pt atoms gain less (0.10e−). A sim-
ilar transfer has been found in the case of cluster calc
tions [24]. As a reference, a calculation was also done
a three-layer slab of pure platinum. In this case, the sur
atoms bare a positive charge of+0.06. That means that th
surface Pt atoms are more negatively charged for the a
than for pure platinum. For both alloys, the d orbitals g
the largest part of the transferred charge (0.2 and 0.1e− for
the (

√
3× √

3)R30◦ and the (2× 2), respectively).
The density of states (DOS) projected on a surface

atom for Pt(111) and the two alloys are compared on Fig
The d-band is narrower in the case of the alloys. One
serves a different shape around the Fermi level (EF): in the
case of Pt(111), there is a large density of states just atEF,
which is smaller in the case of Pt3Sn and disappears fo
Pt2Sn, in agreement with UPS spectra [12]. Furtherm
the d-band center relative to the corresponding Fermi l
is calculated at−1.93 eV for Pt(111),−2.09 eV for the
p(2× 2) Pt3Sn alloy, and−2.12 eV for the (

√
3×√

3)R30◦
Pt2Sn alloy. Hence the d-band center goes down when p
inum is alloyed with tin, which is consistent with the inte
action with a more electropositive metal. The greater d
sity of states aroundEF observed for Pt3Sn compared to
Pt2Sn could explain why the Pt atoms appear brighter
the p(2× 2) alloy than for the (

√
3 × √

3)R30◦ one in the
STM images [38].

4. Adsorption of acrolein, crotonaldehyde, and prenal
on the (

√
3 × √

3 )R30◦ Sn/Pt(111) surface

In this section, the adsorption of the three aldehydes
be compared on the (

√
3 × √

3)R30◦ surface alloy, at cov
erageθ = 1/9 first. A comparison will also be done wit
the adsorption of the same aldehydes on pure platinum
The possible adsorption structures ofα-β-unsaturated alde
hydes are numerous since each double bond can interac
the surface in several configurations. Their number is e
increased for the alloy, compared with pure Pt, since the
face atoms involved in the adsorption can be either Pt or
These structures are shown on Fig. 3. They all have b
tested and only the most stable ones will be given here.
example, it appeared that the C=C bond did not adsorb fa
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Fig. 2. DOS (density of states) projected on a surface Pt atom in the
of pure platinum, of the p(2× 2) Pt3Sn alloy, and of the (

√
3× √

3)R30◦
Pt2Sn alloy. The dashed line indicates the Fermi level and the vertical
ment shows the energy center of the d-band.

vorably on a site containing a Sn atom, which excludes s
geometries like theη4Sn trans one, the equivalent of whic
was one of the most stable cases on Pt(111) (the Sn
in the name of an adsorption structure indicates that the
gen atom interacts with a tin atom). For acrolein finally, o
seven of them have significant adsorption energies. Two
volve both the C=C double bond and the oxygen atom: t
η3-Sncis and theη3-Sn trans where the C=C bond adsorb
on two Pt atoms and the oxygen binds to a Sn atom.
equivalent geometry exists on pure Pt [19] and involve
Pt–O interaction. The geometry where the two double bo
interact with the surface (η4-Sncis = πCC+di-σ CO), in such
a way that the C=O bond is bound to a Sn atom, transfor
into the η3-Sn cis geometry whereas it exists on Pt(11
The η4-Sn trans (di-σCC + di-σ CO) which also exists on
Pt(111) cannot exist on this alloy because a Sn atom w
be involved in the adsorption of the C=C bond. Theη4 cis
Fig. 3. Schematic description of the various possible adsorption modes
sidered for each molecule.

mode adsorbed only on Pt atoms evolves to aπCC cis geom-
etry. Three other geometries only involve the C=C bond,
the di-σ CC trans and theπCC cis andtrans. The di-σ CC cis
mode, which exists on pure Pt, does not exist here as a
ble minimum but transforms into theη3Sncis mode with a
Sn–O interaction. Effectively, this interaction is, as expec
stronger than the Pt–O one.

A structure that does not exist on pure Pt appears on
alloy: the di-σ14 geometry where only the two extremities
the molecule interact with the surface in a kind of metalla
cle (Fig. 3). Such a structure has been postulated to ex
the 1-4 hydrogenation of butadiene, for example. The
structure is an atop geometry where the oxygen atom in
acts with a Sn atom (atop-Sn). The di-σ CO mode has also
been considered. This mode has been found weakly b
on Pt(111), less than the atop-Pt one, as expected for a
stituted aldehyde. Nevertheless, the presence of tin c
modify its stability. We have thus tried a di-σ CO geometry
with the oxygen atom bound to a Sn atom. Such a st
ture is not stable for acrolein and it evolves into the atop
geometry for prenal. The atop-Pt mode, where the oxy
atom is bound to a platinum, has also been calculated.
not stable on the surface.

For crotonaldehyde and prenal, the same adsorp
geometries are found and moreover another mode exist
η4Sncis one. In this mode, both double bonds interact w
the surface, giving a planar adsorption geometry. An eq
alent mode exists also on Pt(111). For acrolein, this m
does not exist and evolves during optimization to theη3Sn
cis mode (Table 2).
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Fig. 4. Top and side views of the most stable adsorption modes of acr
and prenal on the (

√
3 × √

3)R30◦ Pt2Sn alloy (see Fig. 1 for labels o
spheres).

The most stable modes for acrolein and prenal are
scribed in Fig. 4. One can note the important differe
between the di-σ CC mode where the C=O bond moves ou
of the surface and theη3 modes where the molecule lies pa
allel to the surface. Theη3Sn cis mode is a di-σ CC mode
with an interaction of the oxygen with the surface wh
the η3Sn trans one is aπCC mode with the same O inte
action. For the di-σ14 geometry, the medium carbon atom
are clearly far from the surface. The metal atoms invol
in the adsorption are pulled out of the surface and protr
largely. This can be observed in Fig. 4, particularly for
di-σ14 mode of acrolein and theη3Sn trans mode of pre-
nal. In the case of acrolein, for example, the buckling
the Sn atom is 0.25 Å forη3Sn cis and trans and 0.48 Å
for di-σ14 relative to the noninteracting tin atoms. The buc
ling of the Pt atom is 0.4 Å forη3Sn cis, 0.5 Å for di-σ14,
and as much as 0.95 Å forη3Sn trans. For prenal in the
η3Sn trans mode, the buckling of Sn is 0.24 Å and that
Pt 1.1 Å. The displacement of the metal atoms involved
the adsorption is a general phenomenon. Since new b
are created, such atoms fill their coordination sphere and
hence less strongly bound to the other metal atoms, w
s

Table 1
Most important geometrical parameters for the adsorption structure
acrolein on (

√
3× √

3)R30◦ Sn/Pt(111) (in Å) forθ = 1/9

PtC1 PtC2 PtC3 SnO C1C2 C2C3 C3O

di-σCC trans 2.14 2.18 1.48 1.48 1.23
πCC trans 2.18 2.24 1.41 1.47 1.23
πCC cis 2.18 2.25 1.42 1.48 1.23
di-σ14 2.18 2.17 1.43 1.38 1.31
η3Sncis 2.13 2.27 2.67 2.33 1.47 1.43 1.2
η3Sn trans 2.15 2.26 2.97 2.45 1.42 1.44 1.2
Atop-Sn 2.42 1.34 1.45 1.24

The numbering of the atoms is as follows: C1=C2–C3=O.

Table 2
Adsorption modes and binding energies (in kcal/mol) of acrolein, croton-
aldehyde, and prenal on (

√
3× √

3)R30◦ Sn/Pt(111)

θ Acrolein Crotonaldehyde Prena

1/6 1/9 1/6 1/9 1/9

di-σCC trans −8.7 −11.1 −3.2 −6.0 −0.6
di-σCC cis −12.0 η3Sncis −5.8
πCC trans −6.3 −8.7 −5.3 −0.9
πCC cis −9.0 −5.4
di-σ14 −12.8 −13.8 −5.8 −7.4 −0.7
η3Sncisa di-σCC cis −15.8 η4Sncis −9.9 −2.7
η3Sn transa πCC trans −9.3 −6.2 −3.9
η4Sncisa di-σCC cis η3Sncis −3.1 −6.0 −0.2
Atop-Sna,b −3.7 −3.0 −3.7 −5.0 −6.6

a The Sn term means that the oxygen atom interacts with a tin atom
b With 8 layers of vacuum between slabs.

induces a lengthening of the metal–metal bonds with
second layer. This is a consequence of the bond order
servation principle. The stronger the adsorption, the gre
the displacement. Moreover in theη3Sn trans mode where
the C=C bond isπ bonded to one Pt atom, two new bon
are formed for this atom, which explains its huge bucklin

The main bond lengths for these various modes are g
in Table 1 in the case of acrolein. As we have already
served in the case of the adsorption on Pt(111) [19],
bonds are elongated when they interact with the surf
1.48 Å for the C=C bond (1.34 for gaseous acrolein), a
1.26–1.31 Å for the C=O bond (1.23 for gaseous acrolein
The Pt–C bonds are all in the range 2.13–2.27 Å which
responds to usual lengths in platinum complexes. The b
lengths are identical to those found on Pt(111), which sh
that the Pt–C interaction has a similar nature on the p
metal and on the alloy. This similarity has been pointed
experimentally in the case of the adsorption of ethylene [
Let us comment with more detail the di-σ14 geometry: the
Pt–C bond (2.176 Å) and the Pt–O bond (2.17 Å) are s
and real single bonds. The C1C2 bond (1.43 Å) is interme
diate between a single and a double bond and the C3–O
bond (1.31 Å) is elongated compared to its value in gase
acrolein. On the contrary, the C2C3 bond (1.38 Å) is short-
ened and is close to a double bond. These lengths corres
to the structure given on Fig. 3.

The energetic results are given in Table 2. The most
ble mode for acrolein is theη3Sncis one followed by di-σ14,
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the di-σ CC being less stable. When the adsorption of crot
aldehyde and prenal is compared to that of acrolein, the s
trend is observed as in the case of the adsorption on Pt(
there is a decrease in the adsorption energy when going
acrolein to crotonaldehyde and to prenal. This decrea
mainly due to the repulsive steric effect of the methyl grou
An exception is the atop-Sn mode which, on the contrary
comes more stable when the C=C bond is substituted (from
3 to 6.6 kcal/mol). This is due to the electron–donor effe
of the methyl groups transmitted by the conjugated ch
which induces a better interaction of the oxygen lone
with the surface. The same behavior is observed for the a
Pt mode on Pt(111). The best mode for crotonaldehyd
alsoη3Sncis, followed by di-σ14. However the other mode
are not far away, particularly the atop-Sn mode which
only 1 kcal/mol less stable thanη3Sn trans compared to
6 kcal/mol in the case of acrolein, as a result of the p
viously described trend. For prenal, only three modes
be considered as bound to the surface, although the bin
energy is weak. Among them the atop-Sn is the most sta

A consequence is that the preferred adsorption mode
the three aldehydes are very different. Acrolein prefers
η3Sncis mode and the second best geometry is the met
cycle di-σ14. For crotonaldehyde, theη3Sncis mode is also
the most stable but in tight competition with several ot
structures. Finally for prenal, the atop-Sn mode is the
which has a significant adsorption energy, even more st
than for the two other aldehydes.

At higher coverage (1/6), the planar adsorption mod
parallel to the surface (η3 or η4) do not exist anymore, be
cause they take too much space on the surface, and th
adsorption mode for acrolein is the di-σ14 one. However, the
di-σ CC cis mode is close in energy and can be in com
tition. For prenal obviously, the adsorption mode rema
atop-Sn at this coverage. The results are different on
platinum for this coverage since theη3 and η4 modes of
acrolein remain the most stable ones. The difference co
from the lattice vectors used for generating the surface
the case of Pt2Sn, the superlattice must be compatible w
the periodicity of the Sn atoms, and hence the unit cell
a coverage of 1/6 is a rect(3× √

3) lattice (see Fig. 1)
where some intermolecular contacts are present for the
nar structures. In the case of Pt, another lattice is pos
(3× 2) leading to this more favorable adsorption for the p
nar forms.

5. Adsorption of acrolein and prenal on the p(2 × 2)
Sn/Pt(111) surface

In the case of the p(2× 2) Pt3Sn alloy, only acrolein and
prenal have been considered. There are less Sn atoms
surface, thus some geometries stable on Pt(111) and w
do not exist on the (

√
3× √

3)R30◦ alloy are found on this
alloy. This is the case of theη3 cis andη4 cis geometries
where only Pt atoms are involved. This is also the case
:

-

.
f

st

-

e

Table 3
Adsorption modes and binding energies (in kcal/mol) of acrolein and prena
on p(2× 2) Sn/Pt(111) at a coverage ofθ = 1/12

Acrolein Prenal

1/4 1/12 1/12

di-σCC trans −14.3 −12.4 Not stable
di-σCC cis −14.7 −12.4
di-σ14 −12.4 −13.4 Not stable
η3cis −11.4
η4cis −8.5
η3Sncisa −17.5b −18.6 −4.0
η3Sn transa −5.3 Not stable
η4Sn transa −11.0 −15.5 −2.7
η4Sncisa η3Sncis −14.2 −3.9
Atop-Sna,c −4.5 −5.7 −7.7

a The Sn term means that the oxygen atom interacts with a tin atom
b For this coverage, the Sn–O bond is long (2.8 Å) and theη3Sn cis

mode looks like a di-σCC one.
c With 8 layers of vacuum between slabs.

Fig. 5. Top and side views of the most stable adsorption modes of acr
on the p(2× 2) Pt3Sn alloy (see Fig. 1 for labels of spheres).

theη4Sntrans mode where the oxygen atom interacts wit
Sn atom. Except for these modes, the other ones are the
as in the previous studied alloy and will not be describe
detail.

The energy results are given in Table 3. The most st
mode for acrolein at a coverage of 1/12 remains theη3Sn
cis one followed by the twoη4Sn modes instead of the d
σ14 mode which was the second most stable on the (

√
3 ×√

3)R30◦ alloy. If the adsorption energies of theη3 cis and
η4 cis modes are compared with those of theη3Sn cis and
η4Sn cis modes, a stabilization of 7 kcal/mol is observed
when the oxygen atom interacts with tin instead of platin
This is a measure of the strength of the Sn–O bond comp
to the Pt–O bond. The most stable modes are represen
Fig. 5. Theη3Sn cis mode looks like that on the first allo
but we can describe more precisely theη4 modes: theη4Sn
cis geometry is a combination of aπCC and a di-σ CO modes
while theη4Sn trans one is a combination of a di-σ CC and
a di-σ CO modes. The behavior of prenal is the same on b
alloys: the atop-Sn mode is the sole significantly stable o

For acrolein, a higher coverage has also been consid
(θ = 1/4) giving a (2× 2) adsorbate arrangement. Only t
best adsorption modes have been calculated. Theη3Sn cis
mode remains the most stable although it is slightly de
bilized compared to coverage 1/12. In this geometry, th
SnO bond is long (2.8 Å), which means that the interac
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is weak. Nevertheless this form does not evolve by a fur
decoordination of the oxygen to the di-σ CC one which is less
stable. The same phenomenon as on Pt(111) is observe
di-σ CC modes are more stable than at lower coverage.
have explained this result by the existence of stabilizing
eral dipole–dipole interactions induced by the presenc
oxygen in the molecules. Theη4Sn trans geometry, involv-
ing four surface atoms, is more strongly destabilized and
η4Sncis geometry even transforms to theη3Sncis one, even
if this transformation needs an important movement fr
πCC to di-σ CC. Obviously, prenal remains atop at high co
erage.

In conclusion, the two alloys have roughly the same
havior toward the adsorption of the studied unsaturated a
hydes, although, in some aspects, the Pt3Sn alloy is interme-
diate between Pt and Pt2Sn. The same adsorption modes
observed, except theη4Sn trans one which does not exist i
the case of the (

√
3× √

3)R30◦ Pt2Sn alloy. There is also
slight difference in the stability order since the di-σ14 geom-
etry is the second most stable for Pt2Sn against theη4Sn
geometries in the case of Pt3Sn.

6. Discussion

In this section we will compare the results obtained
the two studied alloys with those obtained for Pt(111) a
described in [19]. Then we will try to relate the adsorpti
behavior of the unsaturated aldehydes on Pt(111) and o
alloys with tin to the selectivity of their hydrogenation.

6.1. Comparison of the adsorption on Pt(111) and on the
two Pt–Sn alloys and electronic interpretation

In the case of the p(2× 2) Pt3Sn alloy, we can compar
the di-σ CC, the η3 cis, andη4 cis modes, which also exis
on Pt(111). For a coverage of 1/12 in the case of acrolein
we note a decrease of the adsorption energy of 8.9, 12.2
12.5 kcal/mol on the alloy for these three modes, resp
tively. In the case of the (

√
3 × √

3)R30◦ Pt2Sn alloy, only
the di-σ CC and theπCC cis andtrans can be compared, th
η3 or η4 modes involving a Sn atom. A decrease of 10
6.5, and 6.5 kcal/mol is observed for the three modes,
spectively. Hence theπCC modes are less destabilized th
the di-σ CC. For crotonaldehyde and prenal also, the ads
tion energy decreases strongly from Pt to Pt2Sn(111) for the
geometries parallel to the surface. Such a decrease o
alkene adsorption energy has been observed experime
on these two alloy surfaces [15–17], although its value
smaller (4 kcal/mol for Pt3Sn and 6 kcal/mol for Pt2Sn).
Recent periodic DFT calculations for ethylene on Pt(11
Pt3Sn(111) [25], and cluster calculations [24] give the sa
trend. We have seen in the previous section that the a
Pt modes are not stable on the Pt2Sn alloys, whereas the
are stable on Pt(111) (−6, −6.3, and−8.3 kcal/mol for
acrolein, crotonaldehyde, and prenal, respectively). On
e

y

other hand, the atop-Sn geometries are stable, particu
for crotonaldehyde and prenal, which again highlights
better interaction of the oxygen atom with tin compared
platinum. They are nevertheless less stable than the c
sponding atop-Pt modes on pure platinum.

We have already pointed out previously that theη3Sncis
andη4Sncis modes are also stabilized by this Sn–O inter
tion compared to theη3 cis or η4 cis modes. As a result, th
additional adsorption energies for theη3Sn cis or η4Sn cis
modes compared to the di-σ CC ones are larger on the allo
than on platinum: for acrolein 4.4 vs 1.7 kcal/mol, and for
crotonaldehyde 3.9 vs 1.1 kcal/mol. This important Sn–O
interaction explains also the existence of the di-σ14 geome-
try, where the oxygen atom interacts with tin by its lone p
Nevertheless, these modes involving a Sn atom are less
ble than the corresponding modes on pure platinum, w
shows that the specific interaction of oxygen with Sn d
not fully compensate the weakening of the Pt–C interact
on the alloy.

In summary, all the adsorption modes on the alloy
less strongly bound than on platinum. A recent study d
with the hydrogenation of crotonaldehyde over the two
Sn alloys studied in the present paper [39]. It is found that
reactivity is enhanced on the alloys, which could be rela
to the weaker adsorption, although a complete study of
reaction pathways would be needed to assess this.

The variation of the adsorption energies when platin
is alloyed with tin can be easily understood by the consid
ation of the electronic structure of the alloys. We have s
in Section 3 that an electron transfer occurs from Sn to P
results in a large positive charge on the Sn atoms which
be considered as Snδ+. On the contrary, the surface Pt atom
are more negatively charged on the alloy than on pure p
inum. An alkene being mainly an electron donor, its int
action with the electron-enriched Pt atoms of the surfac
weakened. This can be seen as an increased Pauli rep
between theπ electrons of the alkene and the d electro
of the surface Pt atoms. One can also understand tha
electron-rich oxygen atoms have a better interaction by t
lone pairs with the depleted Sn atoms than with the Pt ato
It is also easy to explain why the double bonds, either C=C
or C=O, do not adsorb favorably on sites containing a
atom. Effectively, the filled d-band of Sn is too low in ener
to give rise to back-donation and the sp band, which is
tially empty, takes part only slightly in this interaction. T
decrease of the back-donation compared to Pt is not c
pensated by the increase of the donation of the occupieπ

orbitals to the vacant Sn orbitals and therefore the tin at
are not favorable sites for the adsorption of double bond

The molecule–surface interaction processes can be
scribed in more details from an analysis of the DOS.
have also pointed out in Section 3 that the shape of the D
changes with alloying and that the d-band center is displa
farther from the Fermi level. Let us consider the di-σ CC
adsorption mode of acrolein on Pt and Pt2Sn. The main in-
teractions occur between theπ orbitals of acrolein located
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Scheme 2. Schematic interactions between the orbitals of the surface Pt atoms and theπ system of acrolein in the di-σCC geometry.

Fig. 6. di-σCC adsorption mode of acrolein on Pt(111), DOS-projected on the d
z2 and dxz orbitals of an interacting surface Pt atom: (a, b) on the bare sur

(c, d) after adsorption; DOS-projected on the C2 and C3 carbons of acrolein. The numbering of the acrolein atoms is shown in Table 1. The dash
indicates the Fermi level.
The
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on C1 and C2 and the dz2 and dxz orbitals of the two plat-
inum atoms involved in the adsorption (see Scheme 2).
DOS projected on the interacting orbitals dz2 and dxz of the
Pt atoms and on the pz orbitals of the C2 and C3 carbon
atoms are plotted on Figs. 6 and 7 for the cases of Pt
Pt2Sn, respectively (for the numbering of the carbon ato
see Table 1). In these figures, the DOS have all the s
energy reference (energy of vacuum). Acrolein has fouπ

orbitals: two occupiedπCC + πCO andπCC − πCO and two
vacantπ∗

CC+π∗
CO andπ∗

CC−π∗
CO. In the gas phase, all atom

have contributions in the four orbitals. In the adsorbed dσ

geometry, the molecule is distorted and the twoπ systems
are more separated. Moreover theπ system mixes with the
σ one, which gives more numerous peaks. The combina
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are
ashed
Fig. 7. di-σCC adsorption mode of acrolein on Pt2Sn(111), DOS-projected on the d
z2 and dxz orbitals of an interacting surface Pt atom: (a, b) on the b

surface; (c, d) after adsorption; DOS-projected on the C2 and C3 carbons of acrolein. The numbering of the acrolein atoms is shown in Table 1. The d
line indicates the Fermi level.
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of the DOS projected on the pz orbitals of carbons C2 and C3

(Figs. 6e and f) allows us to assign the peaks around−12.5
and−10.9 eV to theπ orbitals of acrolein. These peaks a
widened, particularly the latter (Fig. 6f), which indicates t
existence of an interaction with the Pt orbitals. Theπ∗ or-
bitals appear as two large bands between the Fermi leve
−2.5 eV and between−2.5 and 0 eV, with a large contri
bution of pz C3 at −2 eV. This broadening also shows
important interaction with the Pt orbitals.

If the DOS projected on dz2 in the case of bare Pt and
the case of the acrolein adsorption are compared (Figs
and c), one observes that a large part of the d-band has
pushed aboveEF. There are two possible reasons. The fi
one is the repulsive four-electron interactions of Pauli t
between the occupiedπ orbitals and the almost full d-ban
of platinum, which stabilize theπ orbital and destabilize
the d-band. The peak at−10.9 eV, corresponding to theπ
n

system of acrolein, reflects this interaction. The second
son is the back-donation from the d-band to theπ∗ orbitals
of acrolein, the antibonding combination of which appe
aboveEF. Hence, the two large bands between the Fe
level and the 0 eV correspond to interactions of dz2 with both
π andπ∗. Similarly, in the DOS projected on dxz (Fig. 6d),
one observes a high peak at−12.5 eV and small peaks be
tween−11.5 and−10.5 eV (by comparison with Fig. 6b
corresponding also to theπ system of acrolein. For dxz, the
interaction with theπ∗ orbital is weak: one can only ob
serve a small peak around−2 eV. In this case, no shift of th
d-band aboveEF is observed.

In the case of the alloy, the same features are obse
(Fig. 7). The dz2 orbital also shows a large part above t
Fermi level. Peaks at−12.4 (dxz) and−10.9 (dz2 and dxz)
show the interaction with theπ orbitals of acrolein. It is dif-
ficult to compare the strength of the interactions between
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d and theπ orbitals since no significant displacement is o
served for the latter between the case of pure platinum
the case of the alloy. Hence we cannot see the stronge
pulsive four-electron interactions which would be induc
for the alloy by the lower d-band center. In contrast, theπ∗
orbital located at−2 eV in the case of Pt (Fig. 6e) is dow
shifted to−2.5 eV in the case of Pt2Sn (Fig. 7e). Moreove
this orbital is broader in the case of Pt (Fig. 6e compare
Fig. 7e). These two observations suggest a better intera
of the d orbitals withπ∗ in the case of Pt, in agreement wi
the higher d-band center.

The weaker interaction of the Pt orbitals withπ∗ stabi-
lizes less the d-band in the alloy case. Moreover, the stro
interaction of the Pt orbitals withπ destabilizes more th
d-band. The two effects result in a smaller displacemen
the d-band center upon adsorption in the case of the a
Indeed, in both cases (Pt and Pt2Sn) the d-band is pushe
farther fromEF after adsorption. The d-band center is c
culated at−2.20 eV for Pt and−2.27 eV for Pt2Sn, with
respect to the Fermi level, compared to−1.93 and−2.12 eV,
respectively, in the case of the clean surfaces. Hence
d-band center moves much more in the case of Pt (−0.27 eV)
than in the case of Pt2Sn (−0.15 eV). All the previous ar
guments converge to the conclusion that the adsorptio
acrolein in the di-σ CC geometry is weaker on the alloy tha
on platinum. This can also be related to the geometrical p
meters. Indeed, the Pt–C bonds are longer on the alloy, 2
and 2.177 Å vs 2.124 and 2.155 Å on platinum and the C=C
bond is less elongated on the alloy, 1.479 vs 1.483 Å.

Besides the change of the adsorption energies, a ma
change in the preferred adsorption modes is observed w
the two surface alloys are compared with platinum.
Pt(111) at low coverage (1/9 or 1/12), all three aldehyde
prefer geometries involving the whole molecule (η3 cis or
η4 trans for acrolein and crotonaldehyde,η4 trans for pre-
nal) [19]. Acrolein on the alloys still prefers this type
modes,η3 cis on both alloys. The behavior of crotonald
hyde and prenal is different. For crotonaldehyde, theη3 cis
mode is also the most stable but numerous other mode
not far in energy, among them the atop-Sn one. For pr
only the atop-Sn mode can be considered as stable. Th
ference is then more pronounced in the case of prena
which the atop-Pt mode becomes the most stable on
platinum only at high coverage (> 1/6).

At high coverage, the behavior of acrolein changes c
pared with platinum. On the Pt2Sn alloy, the di-σ14 mode is
the most stable one. Moreover, already at coverage 1/6, the
modes parallel to the surface (η3 andη4) do no more ex-
ist and transform into di-σ CC or πCC modes (Table 2). On
Pt(111), these modes still remain stable at this coverage
even at a coverage of 1/4, although less stable than the
σ CC modes. On Pt3Sn at coverage 1/4, the modes paralle
to the surface are less destabilized sinceη4Sn trans still ex-
ists, although not very stable (Table 3). Theη3Sn cis mode
does not transform totally into di-σ CC cis since the oxygen
atom remains directed toward the surface at a long dist
-

r
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Table 4
Experimental selectivity to saturated aldehyde (SAL), unsaturated alc
(UOL), and saturated alcohol (SOL) during the hydrogenation of uns
rated aldehydes on Pt/aerosil and PtSn/aerosil (from Ref. [3])

SAL UOL SOL

Pt PtSn Pt PtSn Pt PtS

Acrolein 92.6 67.0 1.6 27.5 1.8 2.9
Crotonaldehyde 50.0 50.1 13.0 29.5 33.6 19.4
Prenal 17.0 7.6 20.5 77.5 55.0 14.9

(Sn–O= 2.8 Å). Nevertheless, it can be considered as a
σ CC mode, the interaction between Sn and O being wea
conclusion, at high coverage, acrolein is di-σ14 in competi-
tion with di-σ CC on Pt2Sn (θ = 1/6) and di-σ CC on Pt3Sn
(θ = 1/4).

Crotonaldehyde behaves similarly to acrolein: at h
coverage (1/6), the di-σ14 and di-σ CC modes are in com
petition. Prenal, which is already atop at low coverage,
fortiori also atop at high coverage.

We have therefore just seen that the unsaturated ald
des have a different adsorption behavior on platinum an
its alloy with tin. We will now show that there is a relatio
with the different selectivity observed during the hydroge
tion of these aldehydes on Pt and the Pt–Sn alloys.

6.2. Relation between adsorption and hydrogenation
selectivity

First we recall here some experimental results (see
ble 4). On silica-supported Pt catalysts, an increase o
selectivity to unsaturated alcohol (UOL) is observed w
going from pure Pt to Pt–Sn alloys: from 2 to 27%
acrolein, from 13 to 29% for crotonaldehyde, and from
to 77% for prenal, at low conversion. The concomitant
crease in the quantity of saturated alcohol (SOL) in the c
of the alloy must be underlined: from 34 to 19% for croto
aldehyde and from 55 to 15% for prenal. That means tha
Pt–Sn, only a small quantity of SOL is formed as prim
product of the reaction, if any, or the further hydrogena
of UOL is difficult, in contrast to the case on pure platinu
Obviously, the fact that the experiments are performed w
supported catalysts makes more difficult the direct com
ison with our calculations. In the study cited above wh
deals with the hydrogenation of crotonaldehyde over the
Pt–Sn alloys studied in the present work [39], the con
sion is that the selectivity does not change much on the a
compared to platinum.

The case of prenal is the simplest one: even at low c
erage, the atop mode is the most stable and leads t
C=O hydrogenation (UOL). On pure platinum, this mo
becomes the most stable only at high coverage. The abs
of theη4 modes for PtSn precludes the formation of the
urated alcohol SOL as primary product, as it is the cas
platinum. Moreover we have considered the further beha
of the unsaturated alcohol formed, the 3-methyl-2-bute
Like for prenal, the atop-Sn mode is the most stable with
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adsorption energy of−7.6 kcal/mol, the di-σ CC mode being
5 kcal/mol less stable. The preferred adsorption in the a
geometry precludes the hydrogenation of the C=C bond and
hence the obtention of SOL. The situation is totally differ
on platinum, on which 3-methyl-2-butenol adsorbs in the
σ CC geometry and is easily hydrogenated to SOL. Henc
and Pt–Sn have a the different behavior toward the sec
hydrogenation reaction.

The cases of acrolein and crotonaldehyde are less c
At low coverage, the best adsorption geometry is theη3
cis one, like on platinum, which leads to the C=C hydro-
genation (SAL). At higher coverage, the di-σ14 becomes in
competition with the di-σ CC one. Hence the greatest pa
of acrolein and crotonaldehyde is hydrogenated through
C=C bond (SAL) as on platinum. However, the behav
of the di-σ14 geometry toward hydrogenation is not know
Does this mode lead to the hydrogenation of the C=C or of
the C=O bond? This will be actually the subject of a fort
coming study.

Several experimental studies assume that the a
species of the Pt–Sn alloys, responsible for the enha
catalytic properties, are not the Sn atoms but rather tin
ides SnOx formed at the surface [11, and references there
[40]. These oxides act as Lewis acids and coordinat
the oxygen atom of the aldehydes, leading to a polar
tion of the C=O bond and hence to an easier hydrogena
of this bond. Nevertheless, another author noted that
bimetallic Pt–Sn/SiO2 catalysts in which Sn0 atoms are
present are more selective toward the unsaturated alc
than those containing ionic tin SnIV or SnII present as oxi
dized species [41].

Our results show that, effectively, it is not necessary to
idize Sn in order to have coordination by the oxygen ato
This is due to the fact that there is an electron transfe
the alloy from the Sn atoms to the Pt ones (vide Section
which leads to positively charged Sn atoms. We have n
ertheless investigated the influence of oxidized tin on
adsorption of acrolein on the Pt2Sn alloy. For that we hav
adsorbed one oxygen per unit cell (coverage 1/9) on sites
containing a tin atom. We have compared the adsorption
on a tin atom, bridge between a tin and a platinum atoms
three-fold between a tin and two platinum atoms. The m
stable structure is the fcc threefold one. It is more stable
the hcp threefold one by 6.3 kcal/mol. The bridge site doe
not exists and evolves to the threefold fcc one. The atop
is far less stable. These results are in agreement with p
ous calculations [25]. We have then studied the adsorptio
acrolein on the surface containing one fcc threefold oxyg
the adsorption geometries involving the oxidized Sn at
Theη3Sn trans mode evolves into the di-σ CC trans, with a
slightly smaller adsorption energy than on the nonoxidi
surface. Theη4Sn cis geometry evolves into theη3Sn cis
one, which is 4 kcal/mol less stable than on the nonoxidiz
surface. The most stable mode is the di-σ14 one. Its adsorp
tion energy is increased by 0.9 kcal/mol compared with the
nonoxidized surface. The atop-Sn mode is also more st
.

l

by 2.9 kcal/mol. Hence the modes involving a real Sn–
single bond (atop and di-σ14) are slightly stabilized on th
oxidized surface. Moreover, in the case of acrolein, the
adsorption mode in changed fromη3Sn cis to di-σ14 when
the surface is oxidized. Therefore the presence of oxid
tin atoms increases the stability of the atop-Sn mode rela
to the other modes. For crotonaldehyde it becomes com
tive with the di-σ14 and theη3Sncis modes and for prenal it
predominance is accentuated. Hence the better yield in U
for crotonaldehyde and prenal on the alloy can be expla
by the presence of oxidized tin atoms, although, in the c
of prenal, this effect is already present without oxidation
the case of acrolein for which the di-σ14 mode is the mos
stable, the reactivity of this mode should be known in or
to conclude, as pointed out before.

7. Conclusion

Although the adsorption structures of the adsorbate m
not be the only important factor for the determination of
hydrogenation selectivity, the present study shows that
knowledge of such structures allows us to give a qualita
interpretation of the reactivity trends. DFT calculations
a useful tool for obtaining information on the factors whi
can change the adsorption geometries.

In this study, we have particularly compared the adso
tion geometries of the unsaturated aldehydes on plati
and on two Pt–Sn alloys, in order to understand why the
lectivity of their hydrogenation toward unsaturated alco
is enhanced on the alloys especially for prenal. In all ca
the adsorption energy is smaller on the alloys than on p
inum, which could explain the enhancement of the reacti
observed experimentally. Effectively, the activity of ethyle
hydrogenation is increased by 75% with PtSn catalysts [
and so does also that of crotonaldehyde hydrogenation

One observes on the alloys an enhancement of the rel
stability of the atop-Sn mode, where the molecule intera
by the oxygen atom, comparatively to the other modes.
prenal it is the most stable modes at all coverages, which
plains the high yield in unsaturated alcohol. For acrolein
crotonaldehyde, theη3 cis mode and the di-σ CC mode re-
main the most stable on the alloy, which gives a high yield
saturated aldehyde, as on platinum. Nevertheless the dσ14
mode becomes competitive at lower coverage, which co
explain why more unsaturated alcohol is obtained comp
to platinum, if this mode leads to the hydrogenation of
C=O bond. This assumption must be verified by the st
of the reaction path.

The second hydrogenation (hydrogenation of the form
unsaturated alcohol) does not take place on the alloys
does on platinum, due to the fact that UOL adsorbs atop
and not di-σ CC, hence with no activation of the C–C bond

The presence of oxidized tin atoms accentuates the
erence for the atop-Sn mode for prenal and crotonaldeh
which agrees with the increase of the selectivity to UOL,
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gives a preference for the di-σ14 mode in the case of acrolei
the evolution of which is not known. In the case of pren
however, the oxidation of tin is not necessary for explain
the selectivity.

The different behavior of the alloys compared to p
inum has been explained in terms of interactions betw
the d-band of the surface platinum atoms and theπ andπ∗
orbitals of the substrate, in relation to the shape of the D
and the movement of the d-band center. The interaction
the d-band withπ∗ are weaker on the alloys and, on t
contrary, the repulsive Pauli interactions are stronger, w
results in a smaller adsorption energy for the modes inv
ing the C=C bond. This phenomenon has a strong influe
on the molecular chemisorption mode and on the related
drogenation selectivity.
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