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Adsorption and bonding of 2-butenal on Sn/Pt surface alloys
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Abstract

The adsorption of 2-butenal on the Pt(111), Pt(111)Sn-(2×2), and Pt(111)Sn-(
√

3×√
3)R30◦ surfaces has been studied by high-resolut

photoelectron spectroscopy and DFT calculations. On Pt(111) 2-butenal adsorbs at a threefold hollow in aη3(C,C,O) configuration. A sim-
ilar geometry is observed for Pt(111)Sn-(2×2), although the oxygen coordinates to tin instead of platinum. As the surface covera
tin increases, as for Pt(111)Sn-(

√
3 × √

3)R30◦, the most stable adsorption geometry changes toη1(O), where the carbonyl oxygen onc
again coordinates to tin. The carbonyl bond thus retains an activated character as Pt/Sn alloys are formed. The alkene/surface interaction
however, dramatically influenced at increasing surface concentrations of tin.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The hydrogenation ofα,β-unsaturated aldehydes pu
the focus on challenging selectivity issues. Due to the p
ence of two unsaturated bonds (C=C and C=O), three types
of products can be obtained, i.e., the unsaturated alc
(hydrogenation of the C=O bond), the saturated aldehy
(hydrogenation of the C=C bond), and the saturated alc
hol (hydrogenation of both bonds). The unsaturated alco
are desirable hydrogenation products, being in turn reac
in the fine chemicals industry [1–3]. However, since th
modynamics favors hydrogenation of the alkene bond o
the carbonyl, saturated aldehydes are often the domin
products [4,5]. In order to control the selectivity it is nec
sary to determine which parameters that influence the hy
genation toward one product or the other. Several factors
known to play a crucial roles in this regard, e.g., the cata
metal [6–8], the orientation of the surface [6,9–11], the pr
ence of promoters, e.g., Sn [11], Ge [12], or Fe [13]. Mo
over, different substituents at theβ-carbon can have a signi
icant impact on alkene bond activation [6,7,13].

In this paper, we have compared the behavior of 2-but
(crotonaldehyde) on Pt(111) and on tin-modified Pt(1
surfaces, tin being an additive known to enhance the
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lectivity for the unsaturated alcohol. The geometry of t
modified Pt single-crystal surfaces has been studied
tensively [14–19]. Formation of surface alloys displayi
single-layer characteristics has been observed at certain
erage’s and annealing temperatures. Models for two sur
alloys have been proposed by Paffett and Windham [14].
Pt(111)Sn-(2× 2) surface alloy is found at 0.25 ML (mono
layers) of tin and the Pt(111)Sn-(

√
3×√

3)R30◦ at 0.33 ML
of tin. These surface alloys will henceforth be referred
as (2× 2) and(

√
3 × √

3), respectively. Schematic repr
sentations of the surface alloys are given in Fig. 1. In or
to compensate for the different size of the tin and platin
atoms both surfaces are buckled, with an outward displ
ment of the Sn atoms by 0.30 and 0.22 Å for the(2× 2) and
the(

√
3× √

3) surface alloys, respectively [17].
Adsorption of molecules has been studied on these

faces, ranging from O2, H2, and CO [20–22] to more com
plex molecules such as alkenes (C2H4, C3H6, C4H8) [23,24]
and alcohols [25]. For these latter molecules, the incorp
tion of Sn in the topmost layer of the Pt(111) surface d
not have any measurable effect on the initial sticking coe
cient at low temperature, nor on the saturation coverage
a decrease of the adsorption energy is observed [24,25
previous work, the adsorption of propene and 2-butena
Pt(111) was studied by high-resolution photoelectron sp
troscopy (PES) and the involvement of the carbonyl grou
the bonding to the surface was evidenced [26]. The pre
eserved.

http://www.elsevier.com/locate/jcat
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V),
Fig. 1. (a) Schematic representation of 2-butenal, (b) Pt(111)Sn-(2× 2), and (c) Pt(111)Sn-(
√

3× √
3)R30◦.

Table 1
Fitting parameters used for the Pt 4f7/2 and Sn 4d5/2 core levels

Pt 4f7/2 Sn 4d5/2

B S1 S2 P1 P2

ΓL ΓG α ΓL ΓG α ΓL ΓG α ΓL ΓG α ΓL ΓG α

(1× 1)/clean 0.43 0.16 0.1 0.25 0.16 0.1 – – – – – – – – –
(1× 1)/butenal 0.43 0.16 0.1 0.25 0.16 0.1 0.25 0.26 0.07 – – – – – –
(2× 2)/butenal 0.43 0.16 0.1 0.25 0.16 0 0.25 0.26 0 0.10 0.13 0 0.10 0.24 0
(
√

3× √
3)/butenal 0.43 0.1 0.07 0.25 0.10 0 0.25 0.26 0 0.10 0.11 0 0.10 0.18 0

B, S1, and S2 represent bulk, clean surface, and adsorbate covered contributions, respectively.ΓL andΓG are the Lorentzian and Gaussian widths (e
respectively, andα is the singularity parameter.
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work focuses on the influence of Sn on the bonding con
uration of the molecule.

2. Photoelectron spectroscopy

2.1. Experimental procedure

The experiments were performed at beam line I511, M
lab, in Lund, Sweden [27]. This beam line is an undula
based VUV, soft X-ray beam line using a modified SX-7
monochromator. The photoemission spectra were reco
in normal emission at 100 K with a rotable Scienta SES
electron spectrometer [28]. Connected to the photoemis
chamber is a preparation chamber equipped with sputte
facilities, and low-energy electron diffraction (LEED) opti
as well as sample heating and liquid nitrogen coo
possibilities. Temperatures were measured with a chro
alumel thermocouple spot-welded on the side of the sam
The Pt(111) surface was prepared by argon sputtering
oxygen treatment at high temperature (800 K), followed
flashing to 1100 K in order to obtain a smooth surfa
The surface alloys were prepared by evaporation of
(Alfa products, m5N) from a tungsten filament evapora
Excellent LEED patterns,(2× 2) or (

√
3× √

3)R30◦, were
obtained after deposition of 0.25 or 0.33 ML of tin, follow
by annealing to 850 K for 1 min. The 2-butenal (Aldric
99+%) was purified prior to use by several freeze-pum
thaw cycles and was dosed onto the sample via a “pu
leak valve (5 ms width pulses) in the preparation cham
The surface was reprepared before each exposure in
.

r

to minimize CO contamination and beam-damage proble
No ordered overlayers were observed by LEED. The en
resolution was 30–50 meV for both the Pt 4f7/2 and Sn 4d
spectra, and approximately 80 meV for the C 1s spectra

2.2. Data analysis

The obtained Pt 4f7/2 core-level spectra were fitted u
ing the number of peaks expected for the different pha
bulk (B), clean surface (S1), and adsorbate covered surfa
(S2). An asymmetric Voigt line profile was used to descr
the core-level line shape [29]. The fitting parameters de
mining the shape of the components are thus the Loren
width ΓL, the Gaussian widthΓG and the asymmetry para
meter, or singularityα. ΓL is obtained from the clean surfa
spectrum for the bulk and the surface components and
constant independently of the surface preparation.ΓG andα

are allowed to vary in the spectra obtained after Sn dep
tion or molecule adsorption. Two components are obse
in the Sn 4d5/2 core-level spectra upon 2-butenal adsorpt
(P1 and P2). All fitting parameters are summarized in T
ble 1. Binding energies and relative intensities are give
Table 2. All binding energies are measured relative to
Fermi level of the Pt crystal.

2.3. Results

The Pt 4f7/2 spectrum obtained at 125 eV photon ene
on the Pt(111) surface (referred to as(1 × 1)) is displayed
at the bottom of Fig. 2a. A bulk and a surface contribut
labeled B and S1, respectively, can be extracted by t
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Table 2
Summary of the binding energies and intensities in the Pt 4f7/2 and Sn 4d5/2 core levels

2-Butenal Pt 4f7/2 Sn 4d5/2

Surface Dose B S1 S2 P1 P2

EB I (%) EB �E I (%) EB �E I (%) EB EB I2 (%)

(1× 1) 0 70.86 41 70.49 −0.37 59 – – – – – –
40 70.88 55 70.54 −0.34 8 71.18 0.30 33 – – –

(2× 2) 0 70.84 47 70.63 −0.21 53 – – – 24.13 – –
40 70.89 55 70.75 −0.14 10 71.32 0.43 32 24.19 24.33 53

(
√

3× √
3) 0 70.84 51 70.61 −0.23 49 – – – 24.16 – –

40 70.86 66 70.69 −0.17 23 71.34 0.48 9 24.18 24.28 65

B, S1, and S2 represent bulk, clean surface, and adsorbate-covered contributions, respectively.EB is the binding energy (eV),�E is the core-level shift
compared to the bulk contribution (eV), andI (%) is the relative intensity.

Fig. 2. (a) Core-level spectra of Pt 4f7/2 and (b) Sn 4d recorded at 125 eV photon energy for Pt(111), Pt(111)Sn-(2× 2), and Pt(111)Sn-(
√

3× √
3)R30◦.
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fitting procedure described above. The surface shift, e
to −0.37 eV, and the relative intensities (41/59%) are
in good agreement with previously published data [2
After deposition of tin and subsequent annealing, t
LEED patterns are obtained depending on the initial
coverage, i.e., a(2× 2) and a(

√
3× √

3)R30◦ pattern. The
corresponding Pt 4f7/2 core-level spectra are presented
the middle and upper part of Fig. 2a. The line shapes
very similar for the two alloys and can be fitted using t
components, B and S′1 (S′′

1). The surface core-level shi
observed for the(

√
3×√

3) is 0.23 eV, similar to previously
reported shifts [22]. The shift measured for the(2 × 2)

surface is 0.21 eV. The corresponding Sn 4d core-l
spectra are presented in Fig. 2b. A single component1,
appears at 24.13 and 24.16 eV for the(2×2) and(

√
3×√

3)

surfaces, respectively. The binding energy obtained for
(
√

3×√
3) alloy is in accord with the literature [22]. The fa

that the Sn 4d5/2 levels appear at the same binding energy
both surface alloys is not so surprising, since the Sn at
have the same number of neighboring Pt atoms.

The three surfaces were exposed to a series of d
of 2-butenal, namely 10, 20, and 40 pulses (20 pu
corresponding to approximately 1 ML coverage on the cl
Pt(111) surface). Considering again the Pt 4f7/2 and Sn
4d5/2 core-level spectra, a similar behavior was obser
for the three surfaces. For clarity, only the spectra obta
after a dose of 40 pulses are presented in Fig. 3. In th
4f7/2 spectra, new adsorbate-induced components lab
S2, S′

2, and S′′2 appear on the high binding energy sid
with chemical shifts of 0.30 (S2), 0.43 (S′2), and 0.48 eV
(S′′

2) compared to the bulk component for the(1× 1), the
(2 × 2), and the(

√
3 × √

3) surfaces, respectively. Th
binding energy of this adsorbate-shifted component rem
stable through the entire range of exposure. This is also
for S1, the clean surface-shifted component on Pt(111)
contrast, the clean surface components on the(2 × 2) and
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Fig. 3. (a) Core level spectra of Pt 4f7/2 and (b) Sn 4d5/2 recorded
at 125 eV photon energy for Pt(111), Pt(111)Sn-(2 × 2), and Pt(111)
Sn-(

√
3× √

3)R30◦ , after exposure to 40 pulses of 2-butenal.
the (
√

3 × √
3) surface alloys (S′1 and S′′1) shift slightly

to higher binding energy, by 70 and 60 meV, as the
butenal dose increases. It is also worth noting that afte
pulses, the relative intensities of S2 and S′2 are more or les
the same (33 and 32%), while the relative intensity of′′

2
is notably lower (9%). A summary of the intensities a
surface shifts of the different components is given in Tabl
A fourth component, on the high binding energy side of
spectra, had to be added in order to get a good fit to
data, especially at high doses of 2-butenal. However,
binding energy of this component, as well as its inten
is not consistent throughout the experiment and can thu
induced by an unavoidable but negligible amount of surf
defects or contaminants, detected due to the high su
sensitivity of our settings. The Sn 4d5/2 core-level spectra
acquired on the(2 × 2) and the(

√
3 × √

3) surface after
exposure to 40 pulses 2-butenal are presented in Fig. 3b
peak P′1 (P′′

1) shifts slightly toward higher binding energy a
a second component P′

2 (P′′
2) appears at 24.33 and 24.28 e

for (2× 2) and(
√

3× √
3), respectively.

A clear influence of Sn on the adsorption of 2-butena
seen in the C 1s core-level spectra. The main compone
the C 1s spectrum at low coverage on the Pt(111) sur
is labeled A in Fig. 4a, centered at 283.13 eV for
pulses. Some more complex features, on the high bin
side, are also observed. Going from 10 to 20 pulses
Fig. 4. (a) C 1s core-level spectra recorded at 374 eV photon energy after a 2-butenal dose of 10, 20, or 40 pulses on Pt(111), (b) Pt(111)Sn-(2 × 2), and
(c) Pt(111)Sn-(

√
3× √

3)R30◦, respectively.
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Table 3
Binding energies of the different components in the C 1s core level

2-Butenal EB

Surface Dose A B C D

(1× 1) 10 283.13 – – –
20 283.15 – – –
40 283.12 284.41 – 286.81

(2× 2) 10 283.34 284.60 285.81 286.70
20 283.35 284.61 285.78 286.70
40 283.35 284.73 285.74 286.99

(
√

3× √
3) 10 283.38 284.67 285.83 286.95

20 283.39 284.70 285.84 286.95
40 283.42 285.12 – 287.28

not modify the binding energy of the main compone
nor its lineshape, but its intensity increases. At a 40-p
exposure, two new components B and D appear in
spectrum at 284.41 and 286.81 eV, respectively. Th
peaks are broader than the A contribution. On the(2 × 2)

surface, the main component in the C 1s spectrum at
coverage is labeled A′ in Fig. 4b, centered at 283.34 e
This component is equivalent contribution A observed on
(1× 1) surface. However, already at this low dose, three n
components are discernible in the spectrum: B′ at 284.60 eV,
C′ at 285.81 eV, and D′ at 286.70 eV binding energy. A
was the case for the(1 × 1) surface, neither the bindin
energies nor the overall line shape of the C 1s spect
are significantly changed when raising the 2-butenal d
to 20 pulses. Only the overall intensity increases. A
pulse exposure results in a drastic increase of the inte
of the B′ and D′ components. The behavior of the C
core level when 2-butenal is adsorbed on the(

√
3 × √

3)

surface alloy shares some similarities with the(2 × 2)

spectrum. Four components appear at low coverage in
spectrum, labeled A′′ at 283.38 eV, B′′ at 284.67 eV, C′′ at
285.83 eV, and D′′ at 286.95 eV, as seen in Fig. 4c. The ma
difference, comparing the two tin-modified surfaces, lies
the relative intensities of the different contributions. Pe
A′′ is no longer the dominant component in the spectr
Rather, peak B′′ has the greater intensity, already at a 1
pulse coverage. Increasing the dose to 20 pulses doe
significantly change the relative intensities of the differ
contributions. At 40 pulses, peaks B′′ and D′′ dominate the
spectrum while peaks A′′ and C′′ are nearly unresolved. A
binding energies are summarized in Table 3.

3. DFT calculations

3.1. Methods and models

Calculations with periodic boundary conditions ha
been performed using the DACAPO code [30]. The gradi
corrected PW91 exchange-correlation functional has b
used [31]. Wave functions were expanded in terms of pl
waves up to a kinetic energy of 340.145 eV. Core e
t

trons were described by Vanderbilt ultrasoft pseudopo
tials [32]. The Brillouin zone was sampled by 4× 4 × 2
k-points [33]. Three different two-layer slabs were used
unit cells. For Pt(111), 18 Pt atoms were fixed at bulk po
tions. In the Pt(111)Sn-(

√
3 × √

3) surface alloy, tin atoms
were fixed at positions 0.22 Å above the surface plane [
A somewhat smaller unit cell with 16 metal atoms was u
for the Pt(111)Sn-(2× 2) surface model. Here, the tin atom
were fixed 0.30 Å above the surface plane [17]. Surface
sorbates were allowed to relax, although surface atoms
kept rigid. The quality of the two-layer surface models w
tested by comparing the adsorption energies for two eq
alent adsorbate structures on two- and three-layer su
models. For a three-layer, 27 Pt slab, the adsorption ene
changed only little, decreasing by 0.3 kcal/mol compared to
(1 × 1)-3 and by 0.9 kcal/mol compared to(1 × 1)-5. The
two-layer surface models were thus accepted as being s
ciently accurate.

3.2. Results

The goal of the theoretical calculations has been to
the most favorable adsorption geometry of 2-butenal
Pt(111), Pt(111)Sn-(2× 2), and Pt(111)Sn-(

√
3 × √

3), re-
spectively, and correlate these results with the experime
observations. Fig. 5 gives schematic representations o
converged geometries [34]. The adsorption in structure1 is
dominated by a di-σ CC bonding of the C–C double bond
a Pt pair. This type of C=C activation is known for shorte
alkenes on Pt(111) and PtSn alloys [24,35–37]. In struct
2 and3, an additional bonding component is added as
carbonyl group rotates into position for an O–M bond [
Structure4 represents a metalacycle geometry. The C1–C2
double bond present in this geometry displays a weakπ -
interaction with Pt. A simple O–M interaction is observ
in structure5. The calculated energies of adsorption a
selected geometrical parameters are presented in Tab
and 5. The intramolecular bond lengths of gas phas
butenal and 1-butenol are also given, as useful referenc

The results show that a fairly large number of coordi
tion geometries are possible forα,β-unsaturated aldehyde
On the clean Pt surface,(1 × 1)-3 is the most stable struc
ture. The carbon double bond of 2-butenal is clearly bro
forming a di-σCC coordination to the metal. The O–Pt inte
action elongates the carbonyl bond by 0.04 Å and shor
the C1–C2 bond by 0.05 Å, compared to(1× 1)-1. Spectro-
scopic data for 2-butenal on Pt(111) agrees with a di-σCC co-
ordination alongside a strong oxygen metal interaction [2
On the tin-modified Pt(111)Sn-(2× 2) surface, a similar 2
butenal coordination proves to be the most stable struc
with the major difference that oxygen now coordinates
Sn ((2× 2)-3b). Comparing the intramolecular distances
(1 × 1)-3 and (2 × 2)-3b it is seen that the structures a
very closely related. In the second most stable structur
the(2 × 2) surface, 2-butenal is bonded through a O–Sn
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Fig. 5. Schematic representation of selected 2-butenal adsorption geometries.
gy
of ga

is
try.

.
f 2-
mes
the
ning
ond
–Pt

t
ese
the

is
this

es (Å)

has
tion
has
ions

nent

e
, not

ase
rom
to

the
Table 4
Adsorption energies (kcal/mol), calculated as the difference in ener
between the adsorbed surface structures and the summed energy
phase 2-butenal and clean surface

Entry Site �Eads

(1× 1)-1 M2 = M4 = Pt −14.3
(1× 1)-2 M2 = M3 = M4 = Pt −11.4
(1× 1)-3 M1 = M2 = M4 = Pt −15.1
(1× 1)-4 M1 = M2 = Pt −8.5
(1× 1)-5 M1 = Pt −5.5
(2× 2)-1 M2 = M4 = Pt 0.0
(2× 2)-2 M2 = M4 = Pt, M3 = Sn +0.3
(2× 2)-3a M1 = M2 = M4 = Pt +0.2
(2× 2)-3b M1 = Sn, M2 = M4 = Pt −8.5
(2× 2)-4 M1 = Sn, M2 = Pt −2.0
(2× 2)-5 M1 = Sn −5.9
(
√

3× √
3)-1 M2 = M4 = Pt +4.0

(
√

3× √
3)-2 M2 = M3 = M4 = Pt +12.0

(
√

3× √
3)-3 M1 = Sn, M2 = M4 = Pt −1.1

(
√

3× √
3)-4 M1 = Sn, M2 = Pt +0.3

(
√

3× √
3)-5 M1 = Sn −5.4

teraction. A slight stretch of the carbonyl bond (0.02 Å)
observed for(2 × 2)-5 compared to the free gas geome
For Pt(111)Sn-(

√
3 × √

3), (
√

3 × √
3)-5 is the most stable

structure, once again coordinating through a O–Sn bond
It is clear that Sn generally weakens the interactions o

butenal with the platinum surfaces and this effect beco
more pronounced as the fraction of Sn increases in
surface alloy. This can be seen both by a general weake
of adsorption energies as well as from the increased b
lengths of similar structures, for instance comparing C
bonds of(1 × 1)-1, (2 × 2)-1, and(

√
3 × √

3)-1, or (1 ×
1)-3, (2 × 2)-3b and (

√
3 × √

3)-3. This is in agreemen
with experimental observations for various alkenes on th
surfaces [23,24]. As will be commented upon below,
weakening of C–Pt interactions as Sn is introduced
also consistent with experimental data presented in
work.
s-

Table 5
Selected geometrical parameters of the investigated surface geometri

Entry O–C1 C1–C2 C2–C3 O–Sn O–Pt C1–Pt C2–Pt C3–Pt

2-Butenal (g) 1.23 1.46 1.34 – – – – –
1-Butenol (g) 1.41 1.35 1.51 – – – – –
(1× 1)-1 1.23 1.49 1.49 – 3.80 2.90 2.20 2.16
(1× 1)-2 1.25 1.48 1.52 – 2.35 3.04 2.11 2.18
(1× 1)-3 1.27 1.44 1.49 – 2.27 2.83 2.28 2.13
(1× 1)-4 1.29 1.41 1.43 – 2.21 2.87 2.88 2.23
(1× 1)-5 1.25 1.44 1.35 – 2.37 – – –
(2× 2)-1 1.23 1.48 1.49 3.53 3.89 2.98 2.27 2.20
(2× 2)-2 1.25 1.48 1.51 2.52 3.51 3.15 2.15 2.18
(2× 2)-3a 1.26 1.45 1.49 3.08 2.68 2.96 2.32 2.19
(2× 2)-3b 1.28 1.43 1.48 2.36 3.37 2.95 2.42 2.21
(2× 2)-4 1.29 1.40 1.42 2.27 3.56 3.28 3.23 2.44
(2× 2)-5 1.25 1.44 1.35 2.48 – – – –
(
√

3× √
3)-1 1.23 1.48 1.49 3.61 3.78 2.96 2.27 2.23

(
√

3× √
3)-2 1.23 1.50 1.52 3.59 2.76 3.17 2.19 2.23

(
√

3× √
3)-3 1.28 1.42 1.48 2.34 3.36 3.01 2.50 2.22

(
√

3× √
3)-4 1.29 1.40 1.43 2.29 3.55 3.15 3.09 2.35

(
√

3× √
3)-5 1.25 1.44 1.35 2.48 – – – –

Heteroatom to metal distances refers to the closest surface atom.

4. Discussion

The adsorption of 2-butenal on the Pt(111) surface
previously been discussed in detail, where the participa
of the carbonyl group in the bonding to the surface
been evidenced [26]. It should be noted that the calculat
presented here predict an adsorption geometry given by(1×
1)-3, being more stable than a geometry such as(1 × 1)-2,
which has been suggested by others [6]. The compo
A was assigned to the vinylic (C2–C3–C4) fragment of the
molecule in(1 × 1)-3. The signal at B was attributed to th
same molecular fragments, present in a multilayer phase
interacting with the metal. Carbonyls in the multilayer ph
resulted in D peaks. The absence of any contribution f
the C=O group in the monolayer regime was attributed
the involvement of the oxygen atom in the bonding to
surface [26].
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We will focus now on the influence of tin on th
adsorption of the molecule. The C 1s line shape sh
significant changes. Analogue with the assignment on
unmodified Pt(111) surface, the A′ and A′′ components
are attributed to the vinylic part of the molecule. The
components are shifted by 0.20 eV (for A′) and 0.24 eV
(for A′′) compared to A, for a 20 pulse adsorbate do
This shift is not attributed to a change in the adsorpt
mode, but rather to a weakening of the di-σCC bond strength
in agreement with calculations (see Table 5). The bind
energy difference between the “surface-shifted” compon
S1 and the “adsorbate-shifted” component S2 in the Pt 4f7/2
core-levels spectra is practically the same for the th
surfaces at low coverage. This indicates a retention of
di-σCC character of the bonding. A similar behavior h
been reported for ethylene on these surfaces [38]. A
component appears in the low coverage spectra, lab
C′ for the (2 × 2), and C′′ for the (

√
3 × √

3) alloy. The
binding energy difference observed between peaks A′ and
C′ (A′′ and C′′) is equal to 2.43 eV (2.45 eV) at 20 puls
on the (2 × 2) ((

√
3 × √

3)) surfaces. A similar shift o
2.4 eV was found for propenal adsorbed on the Pt(1
surface at 95 K [39]. The high binding energy compon
was in this case assigned to the carbonyl group while
lower binding energy component was assigned to the vin
part of the molecule. Consequently, the contributions′
and C′′ are attributed to the carbonyl carbon of 2-bute
molecule. It is interesting to note the early appearanc
the B′ and D′ respective B′′, D′′ components when 2-buten
is adsorbed on the(2 × 2) and the(

√
3 × √

3) surfaces.
These components are analogue to peaks B and D, obs
on the unmodified Pt(111) surface, which are assigned
multilayer phase [26]. Furthermore, while A′ still dominates
the C 1s spectrum (at low coverage) in the case of(2 × 2),
B′′, and D′′ are the most intense peaks for(

√
3× √

3).
At this point we look closer at the correlation between

stable structures predicted by theory with the experime
results. As stated above, calculations predict(1 × 1)-3,
(2 × 2)-3b, and(

√
3 × √

3)-5 as the most stable adsorptio
geometries on the respective surfaces (see Table 4). A
lowest coverage, the C 1s spectra of the(1× 1) and(2× 2)

systems show the same dominating component, name
and A′, respectively. This is completely consistent w
the preference for structure(1 × 1)-3 and (2 × 2)-3b, i.e.,
2-butenal structures with closely related geometries.
the (

√
3 × √

3) surface, the components B′′ and D′′ are
dominating already at 10 pulses of 2-butenal. Once again
most stable structure found by theory, i.e.,(

√
3×√

3)-5, is in
agreement with this experimental finding, i.e., the prese
of an important surface species with no carbon to sur
interaction. The position of D′′ suggests that the carbon
is only weakly activated by the surface. The C 1s spe
indicate that more than one adsorption geometry may
present at the surface alloys. For(2 × 2), both B′ and D′
components are seen alongside A′ in the spectrum. This
implies the additional presence of(2 × 2)-5, which is in
d

fact the second most stable adsorption geometry accor
to calculations. For the(

√
3 × √

3) surface the situation i
reversed. Apart from the dominating components B′′ and
D′′, a significant amount of A′′ is also observed, implying
that (

√
3 × √

3)-3 coexists with(
√

3 × √
3)-5. These are

the two most stable structures according to calculations
Table 4). Returning to the C′ and C′′ signals present in th
spectra, we previously stated that these components
due to carbonyl carbons. It is not self-evident whether
carbonyl group interacts with the surface, as in variant
structure3, or if it is comparatively far from the surface, a
in variants of structure1. Calculations predict very simila
adsorbate structures for(1 × 1)-3, (2 × 2)-3b and (

√
3 ×√

3)-3, with strong oxygen to surface interaction. Since
binding energy position of the C 1s carbonyl signal for
structure(1 × 1)-3 has been proposed to overlap with t
signal of the vinyl fragment (C2–C3–C4) [26], we sugges
that this is also the case for structures(2 × 2)-3b and
(
√

3× √
3)-3. Components C′ and C′′ are of small intensity

in all cases and could be due to minority species suc
(2× 2)-1 and(

√
3× √

3)-1.
The calculated structures also correlate well with ot

spectral data. Comparing the Pt 4f7/2 core-level spectra
of the two surface alloys (see Fig. 3), it is clear that
adsorbate-induced peak decreases in intensity, going
the(2 × 2) to the(

√
3 × √

3) alloy (S′
2 vs S′′

2). At the same
time, the component due to clean platinum atoms at
surface increases (S′

1 vs S′′
1). This is consistent with the fac

that Pt–adsorbate bonds are important on(2× 2), while Sn–
adsorbate bonds are important on(

√
3× √

3). The Sn 4d5/2

spectra of(2 × 2) and(
√

3 × √
3) display two component

for the 2-butenal-covered surfaces. Both peaks show s
toward higher binding energies when comparing the cl
and 2-butenal-covered surfaces, consistent with Sn ta
part in the adsorbate bonding in both instances. It is not c
if the small energy shifts seen for P1, 0.06 eV for(2×2) and
0.02 eV for(

√
3 × √

3), are chemical shifts, i.e., if the tw
components in the spectra are indeed due to two diffe
Sn–O interactions. However, O 1s spectra taken at the lo
and highest adsorbate coverages (10 and 40 pulses)
three components. A peak corresponding to carbonyl oxy
signal in the multilayer phase of 2-butenal is observed
531.7 eV for(2 × 2) and at 532.0 eV for(

√
3 × √

3). At
lower binding energies, two overlapping peaks are obse
at 530.0 and 531.3 eV for(2 × 2) and 530.1 and 531.6 e
for (

√
3 × √

3). These results agree well with the idea
coexistence of different surface species, which calculat
predict to be(2 × 2)-3b and(2 × 2)-5 or (

√
3 × √

3)-3 and
(
√

3× √
3)-5.

Insights into the influences of Sn on the selectivity in h
drogenation can be gained by comparing the trends and
ble structures observed for the surfaces(1 × 1), (2 × 2),
and (

√
3 × √

3). It has been observed by us and by o
ers that the addition of tin to platinum weakens the pres
C–Pt bonds [23,24]. As has been noted, we observe wea
ing of the adsorption energies and lengthening of the C
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bonds on comparable structures, as the amount of S
creases in the surface alloy (see Tables 4 and 5). Rodr
et al. have proposed an electronic analysis of the P
bond for PtSn(111)-(

√
3 × √

3)R30◦, with a Sn(5s,5p)→
Pt(6s,6p) charge transfer and a Pt(5d)→ Pt(6s,6p) rehy
bridization [40]. The net result of the rearrangement is th
decreased donor as well as acceptor ability of Pt. Tin, on
other hand, is more electrophilic after alloying with Pt a
may therefore form bonds, e.g., with the free electron p
of the carbonyl oxygen. In a sense, the introduction of
Pt surface with Sn therefore decreases the ability of the
face to activate the alkene bond of aα,β-unsaturated alde
hydes, while the ability to activate the carbonyl bond is
tained. This is illustrated in a pleasing and direct way by
most stable structures found for the two alloys investiga
i.e., (2 × 2)-3b and(

√
3 × √

3)-5. In the former geometr
2-butenal is bound to the surface through aη3(C,C,O) con-
figuration, while in the latter only through aη1(O) interac-
tion. A preferential activation of the carbonyl bond no do
points in the desired direction with respect to the origi
question of selectivity, i.e., forming the unsaturated alco
of 2-butenal through hydrogenation. An important ques
is whether the activation of the carbonyl through Sn–O
teraction is enough to enhance the carbonyl hydrogena
compared to a Pt-only catalysts. In related work with s
ported Pt/Sn clusters it is often stated that tin in the form
Sn(II) or Sn(IV) is needed for improving selectivity towa
unsaturated alcohol [41–43]. Recent experiments, whe
butenal was hydrogenated over Pt/Sn surface alloys, did no
show improved selectivity for 2-butanol [44]. Together w
the results at hand, this suggests that the primary func
of the Pt/Sn alloy is to impair the activation of the alke
bond, thereby affecting the hydrogenation selectivity. In
context, it is striking that a fairly small change in surfa
concentration of Sn, from 0.25 ML for(2 × 2) to 0.33 ML
for (

√
3 × √

3), can lead to a drastic shift in the structure
the surface species.

5. Conclusion

We have adsorbed 2-butenal (crotonaldehyde) on Pt(
Sn-(2 × 2) and Pt(111)Sn-(

√
3 × √

3) surface alloys and
compared the results with adsorptions on Pt(111).
Pt(111) we find 2-butenal adsorbed in a threefold holl
with the alkene bonded in a di-σCC configuration and the
carbonyl interacting with Pt through its oxygen lone p
For the surface alloys, two surface species appear to co
One structure is analogue to the Pt(111) situation, i.e., a
ordination in a threefold hollow, with the difference bei
that the carbonyl oxygen now coordinates to a tin atom. T
structure dominates on Pt(111)Sn-(2× 2) but a second sur
face species is also present, where 2-butenal coordina
the surface only through a O–Sn interaction. On Pt(111
(
√

3× √
3), this latter structure is the most stable. Upon

creasing the Sn:Pt ratio, the carbonyl activation is thus
-
z

,

)

t.

o

tained while the alkene interaction with the surface is fi
weakened and later entirely eliminated.
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