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Abstract

The adsorption of 2-butenal on the Pt(111), Pt(111)SrZP and Pt(111)Sn«(3 x +/3)R3( surfaces has been studied by high-resolution
photoelectron spectroscopy and DFT calculations. On Pt(111) 2-butenal adsorbs at a threefold holjgCi€ ) configuration. A sim-
ilar geometry is observed for Pt(111)Snx2), although the oxygen coordinates to tin instead of platinum. As the surface coverage of
tin increases, as for Pt(111)Sk‘8 x +/3)R3(, the most stable adsorption geometry changes; (®), where the carbonyl oxygen once
again coordinates to tin. The carbonyl bond thus retains an activated characteBaalRiys are formed. The alkene/surface interaction is,
however, dramatically influenced at increasing surface concentrations of tin.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction lectivity for the unsaturated alcohol. The geometry of tin-
modified Pt single-crystal surfaces has been studied ex-
The hydrogenation of, 8-unsaturated aldehydes puts tensively [14-19]. Formation of surface alloys displaying
the focus on challenging selectivity issues. Due to the pres-single-layer characteristics has been observed at certain cov-
ence of two unsaturated bonds£C and G=0), three types ~ erage’s and annealing temperatures. Models for two surface
of products can be obtained, i.e., the unsaturated alcoholalloys have been proposed by Paffett and Windham [14]. The
(hydrogenation of the €0 bond), the saturated aldehyde Pt(111)Sn-(2< 2) surface alloy is found at 0.25 ML (mono-
(hydrogenation of the €C bond), and the saturated alco- layers) of tin and the Pt(111)SR/B x +/3)R3C at 0.33 ML
hol (hydrogenation of both bonds). The unsaturated alcoholsof tin. These surface alloys will henceforth be referred to
are desirable hydrogenation products, being in turn reactantsas (2x 2) and(+/3 x +/3), respectively. Schematic repre-
in the fine chemicals industry [1-3]. However, since ther- sentations of the surface alloys are given in Fig. 1. In order
modynamics favors hydrogenation of the alkene bond over to compensate for the different size of the tin and platinum
the carbonyl, saturated aldehydes are often the dominatingatoms both surfaces are buckled, with an outward displace-
products [4,5]. In order to control the selectivity it is neces- ment of the Sn atoms by 0.30 and 0.22 A for tBe< 2) and
sary to determine which parameters that influence the hydro-the (/3 x +/3) surface alloys, respectively [17].
genation toward one product or the other. Several factors are  Adsorption of molecules has been studied on these sur-
known to play a crucial roles in this regard, e.g., the catalyst faces, ranging from § Hy, and CO [20-22] to more com-
metal [6—8], the orientation of the surface [6,9-11], the pres- plex molecules such as alkeneskG, CsHg, CaHg) [23,24]
ence of promoters, e.g., Sn [11], Ge [12], or Fe [13]. More- and alcohols [25]. For these latter molecules, the incorpora-
over, _different substituents at tlﬁelcar.bon can have asignif-  tion of Sn in the topmost layer of the Pt(111) surface does
icant impact on alkene bond activation [6,7,13]. not have any measurable effect on the initial sticking coeffi-
In this paper, we have compared the behavior of 2-butenal sjent at low temperature, nor on the saturation coverage, but
(crotonaldehyde) on Pt(111) and on tin-modified Pt(111) 5 gecrease of the adsorption energy is observed [24,25]. In
surfaces, tin being an additive known to enhance the Se'previous work, the adsorption of propene and 2-butenal on
Pt(111) was studied by high-resolution photoelectron spec-
~* Corresponding author. troscopy (PES) and the involvement of the carbonyl group in
E-mail address: gothelid@imit.kth.se (M. Géthelid). the bonding to the surface was evidenced [26]. The present
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Fig. 1. () Schematic representation of 2-butenal, (b) Pt(1113Sn2), and (c) Pt(111)Sriv/3 x +/3)R30°.

Table 1
Fitting parameters used for the PyAf and Sn 4g, core levels
Pt 4f7/2 Sn 4C§',/2
B St S Py P2

I Ig o I Ig o I I o I Ig o I Ig o
(1 x 1)/clean 043 016 01 0.25 016 01 - - - - - - - - -
(1 x 1)/butenal 43 016 01 0.25 016 01 0.25 026 007 - - - - - -
(2 x 2)/butenal 43 016 01 0.25 016 0 025 026 0 Q10 013 0 Q10 024 0
(+/3 x +/3)/butenal 3 01 0.07 025 010 0 025 026 0 Q10 011 0 Q10 018 0

B, S1, and $ represent bulk, clean surface, and adsorbate covered contributions, respettivalyd I' are the Lorentzian and Gaussian widths (eV),
respectively, and is the singularity parameter.

work focuses on the influence of Sn on the bonding config- to minimize CO contamination and beam-damage problems.
uration of the molecule. No ordered overlayers were observed by LEED. The energy
resolution was 30-50 meV for both the Pt Afand Sn 4d
spectra, and approximately 80 meV for the C 1s spectra.
2. Photoelectron spectr oscopy
2.2. Data analysis
2.1. Experimental procedure
The obtained Pt 4f, core-level spectra were fitted us-
The experiments were performed at beam line 1511, Max- ing the number of peaks expected for the different phases;
lab, in Lund, Sweden [27]. This beam line is an undulator- bulk (B), clean surface ¢$, and adsorbate covered surface
based VUV, soft X-ray beam line using a modified SX-700 (Sz). An asymmetric Voigt line profile was used to describe
monochromator. The photoemission spectra were recordedhe core-level line shape [29]. The fitting parameters deter-
in normal emission at 100 K with a rotable Scienta SES200 mining the shape of the components are thus the Lorentzian
electron spectrometer [28]. Connected to the photoemissionwidth 17, the Gaussian widtlic and the asymmetry para-
chamber is a preparation chamber equipped with sputteringmeter, or singularity. I is obtained from the clean surface
facilities, and low-energy electron diffraction (LEED) optics  spectrum for the bulk and the surface components and kept
as well as sample heating and liquid nitrogen cooling constant independently of the surface preparaii@nando
possibilities. Temperatures were measured with a chromel-are allowed to vary in the spectra obtained after Sn deposi-
alumel thermocouple spot-welded on the side of the sample.tion or molecule adsorption. Two components are observed
The Pt(111) surface was prepared by argon sputtering andn the Sn 4d,, core-level spectra upon 2-butenal adsorption
oxygen treatment at high temperature (800 K), followed by (P and B). All fitting parameters are summarized in Ta-
flashing to 1100 K in order to obtain a smooth surface. ble 1. Binding energies and relative intensities are given in
The surface alloys were prepared by evaporation of Sn Table 2. All binding energies are measured relative to the
(Alfa products, m5N) from a tungsten filament evaporator. Fermi level of the Pt crystal.
Excellent LEED patterng2 x 2) or (+/3 x +/3)R3(°, were
obtained after deposition of 0.25 or 0.33 ML of tin, followed 2.3. Results
by annealing to 850 K for 1 min. The 2-butenal (Aldrich,
99+%) was purified prior to use by several freeze-pump-  The Pt 4§/, spectrum obtained at 125 eV photon energy
thaw cycles and was dosed onto the sample via a “pulse” on the Pt(111) surface (referred to dsx 1)) is displayed
leak valve (5 ms width pulses) in the preparation chamber. at the bottom of Fig. 2a. A bulk and a surface contribution
The surface was reprepared before each exposure in ordetabeled B and § respectively, can be extracted by the
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Table 2
Summary of the binding energies and intensities in the Pb4ind Sn 4¢,, core levels
2-Butenal Pt 4/, Sn 44/,
Surface Dose B B S Py )
ER 1 (%) EB AE 1 (%) EB AE 1 (%) ER EB I> (%)

1x1 0 70.86 41 7049 -0.37 59 — - - - — —
40 7088 55 7054 -0.34 8 7118 030 33 - - -

(2x2) 0 7084 47 7063 -0.21 53 — - - 243 - -
40 7089 55 7075 -0.14 10 7132 043 32 2419 2433 53

(W3x /3 0 7084 51 7061 -0.23 49 - - - 2416 - -
40 7086 66 7069 -0.17 23 7134 048 9 2418 2428 65

B, S1, and $ represent bulk, clean surface, and adsorbate-covered contributions, respeEtvédythe binding energy (eV)AE is the core-level shift
compared to the bulk contribution (eV), and%) is the relative intensity.

;
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Fig. 2. (a) Core-level spectra of Pt#4$ and (b) Sn 4d recorded at 125 eV photon energy for Pt(111), Pt(112)$r®), and Pt(111)Si+/3 x ~/3)R3C.

fitting procedure described above. The surface shift, equalboth surface alloys is not so surprising, since the Sn atoms
to —0.37 eV, and the relative intensities (/B9%) are have the same number of neighboring Pt atoms.

in good agreement with previously published data [22].  The three surfaces were exposed to a series of doses
After deposition of tin and subsequent annealing, two of 2-butenal, namely 10, 20, and 40 pulses (20 pulses
LEED patterns are obtained depending on the initial Sn corresponding to approximately 1 ML coverage on the clean
coverage, i.e., & x 2) and a(~/3 x +/3)R30 pattern. The Pt(111) surface). Considering again the P§#fand Sn
corresponding Pt 4f, core-level spectra are presented in 40ds,> core-level spectra, a similar behavior was observed
the middle and upper part of Fig. 2a. The line shapes arefor the three surfaces. For clarity, only the spectra obtained
very similar for the two alloys and can be fitted using two after a dose of 40 pulses are presented in Fig. 3. In the Pt
components, B and’S(S]). The surface core-level shift  4f7> spectra, new adsorbate-induced components labeled
observed for thév/3 x +/3) is 0.23 eV, similar to previously Sz, S,, and § appear on the high binding energy side,
reported shifts [22]. The shift measured for tf@ x 2) with chemical shifts of 0.30 (§, 0.43 ($), and 0.48 eV
surface is 0.21 eV. The corresponding Sn 4d core-level (S;) compared to the bulk component for thiex 1), the
spectra are presented in Fig. 2b. A single component, P (2 x 2), and the (/3 x +/3) surfaces, respectively. The
appears at 24.13 and 24.16 eV for tBex 2) and(+/3 x v/3) binding energy of this adsorbate-shifted component remains
surfaces, respectively. The binding energy obtained for the stable through the entire range of exposure. This is also true
(v/3x+/3) alloy is in accord with the literature [22]. The fact  for Sy, the clean surface-shifted component on Pt(111). In
that the Sn 4¢)> levels appear at the same binding energy for contrast, the clean surface components on(the 2) and
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the (+/3 x +/3) surface alloys (§and §) shift slightly
hv=125 eV to higher binding energy, by 70 and 60 meV, as the 2-
Sndds, gy (b) butenal dose increases. It is also worth noting that after 40
pulses, the relative intensities of 8nd $ are more or less
the same (33 and 32%), while the relative intensity 6f S
is notably lower (9%). A summary of the intensities and
surface shifts of the different componentsis given in Table 2.
A fourth component, on the high binding energy side of the
spectra, had to be added in order to get a good fit to the
data, especially at high doses of 2-butenal. However, the
binding energy of this component, as well as its intensity
is not consistent throughout the experiment and can thus be
induced by an unavoidable but negligible amount of surface
defects or contaminants, detected due to the high surface
sensitivity of our settings. The Sn 4d core-level spectra

Pt 4,

Intensity (a.u.)

S2 acquired on thg2 x 2) and the(v/3 x +/3) surface after
\ (1x1) exposure to 40 pulses 2-butenal are presented in Fig. 3b. The
rav. N peak B (P/) shifts slightly toward higher binding energy and

a second component, RP,) appears at 24.33 and 24.28 eV

L L B I A B B B L LA I B B L LB N B B )

7 7 2 60 246 242 238 for (2 x 2) gnd(\/ﬁ x +/3), respectively. ' .
Bindine E v A clear influence of Sn on the adsorption of 2-butenal is

inding Energy (eV) seen in the C 1s core-level spectra. The main component in

Fig. 3. (a) Core level spectra of Pt4$ and (b) Sn 4g), recorded the C 1s spectrum at low coverage on the Pt(111) surface

at 125 eV photon energy for Pt(111), Pt(111)@x 2), and Pt(111) is labeled A in Fig. 4a, centered at 283.13 eV for 10

Sn{v/3 x V/3)R30, after exposure to 40 pulses of 2-butenal. pulses. Some more complex features, on the high binding

side, are also observed. Going from 10 to 20 pulses does
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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}« )1 yBwk
(c) Pt(111)Sn-/3 x +/3)R30°, respectively.
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Table 3 trons were described by Vanderbilt ultrasoft pseudopoten-
Binding energies of the different components in the C 1s core level tials [32]. The Brillouin zone was sampled by>44 x 2
2-Butenal Ep k-points [33]. Three different two-layer slabs were used as
Surface Dose A B c D unit cells. For Pt(111), 18 Pt atoms were fixed at bulk posi-
Ax1) 10 28313 _ _ _ tions. In the Pt(111)Siiv/3 x +/3) surface alloy, tin atoms
20 28315 - - - were fixed at positions 0.22 A above the surface plane [17].
40 28312 28441 - 28681 A somewhat smaller unit cell with 16 metal atoms was used
2x2) 10 28334 28460 28581 28670 {5 the Pt(111)SN2 x 2) surface model. Here, the tin atoms
20 28335 28461 28578 28670 fixed 0.30 A above th ‘ | 171 Surf q
40 28335 28473 28574 28699 were fixed 0. above the surface plane [17]. Surface ad-
(V3 x V3 10 28338 28467 28583 28695 sorbates were allowed to relax, although surface atoms were
20 28339 28470 28584 28695 kept rigid. The quality of the two-layer surface models was
40 28342 28512 - 28728

not modify the binding energy of the main component
nor its lineshape, but its intensity increases. At a 40-pulse
exposure, two new components B and D appear in the

spectrum at 284.41 and 286.81 eV, respectively. These

peaks are broader than the A contribution. On (Rex 2)

surface, the main component in the C 1s spectrum at low

coverage is labeled 'An Fig. 4b, centered at 283.34 eV.
This componentis equivalent contribution A observed on the
(1 x 1) surface. However, already at this low dose, three new
components are discernible in the spectrufmat284.60 eV,

C' at 285.81 eV, and Dat 286.70 eV binding energy. As
was the case for thél x 1) surface, neither the binding

tested by comparing the adsorption energies for two equiv-
alent adsorbate structures on two- and three-layer surface
models. For a three-layer, 27 Pt slab, the adsorption energies
changed only little, decreasing by 0.3 kaalol compared to

(1 x 1)-3 and by 0.9 kcglmol compared tql x 1)-5. The
two-layer surface models were thus accepted as being suffi-
ciently accurate.

3.2. Results

The goal of the theoretical calculations has been to find
the most favorable adsorption geometry of 2-butenal on
Pt(111), Pt(111)Sr2 x 2), and Pt(111)Sr+/3 x /3), re-
spectively, and correlate these results with the experimental

energies nor the overall line shape of the C 1s spectrumobservations. Fig. 5 gives schematic representations of the
are significantly changed when raising the 2-butenal doseconverged geometries [34]. The adsorption in strucluise

to 20 pulses. Only the overall intensity increases. A 40-

dominated by a dizcc bonding of the C—C double bond to

pulse exposure results in a drastic increase of the intensitya Pt pair. This type of €C activation is known for shorter

of the B and O components. The behavior of the C 1s
core level when 2-butenal is adsorbed on thé3 x +/3)
surface alloy shares some similarities with tt& x 2)

alkenes on Pt(111) and PtSn alloys [24,35-37]. In structures
2 and 3, an additional bonding component is added as the
carbonyl group rotates into position for an O—M bond [6].

spectrum. Four components appear at low coverage in theStructure4 represents a metalacycle geometry. The G

spectrum, labeled ‘Aat 283.38 eV, B at 284.67 eV, C at
285.83 eV, and Dat 286.95 eV, as seenin Fig. 4c. The major

double bond present in this geometry displays a weak
interaction with Pt. A simple O-M interaction is observed

difference, comparing the two tin-modified surfaces, lies in in structure5. The calculated energies of adsorption and
the relative intensities of the different contributions. Peak selected geometrical parameters are presented in Tables 4
A" is no longer the dominant component in the spectrum. and 5. The intramolecular bond lengths of gas phase 2-
Rather, peak B has the greater intensity, already at a 10- butenal and 1-butenol are also given, as useful references.
pulse coverage. Increasing the dose to 20 pulses does not The results show that a fairly large number of coordina-
significantly change the relative intensities of the different tion geometries are possible fer 8-unsaturated aldehydes.
contributions. At 40 pulses, peaks Bnd D' dominate the On the clean Pt surfacé] x 1)-3 is the most stable struc-
spectrum while peaks’Aand C' are nearly unresolved. Al ture. The carbon double bond of 2-butenal is clearly broken
binding energies are summarized in Table 3. forming a diocc coordination to the metal. The O—Pt inter-
action elongates the carbonyl bond by 0.04 A and shortens
the G—C, bond by 0.05 A, compared td x 1)-1. Spectro-
scopic data for 2-butenal on Pt(111) agrees with agti-co-
ordination alongside a strong oxygen metal interaction [26].
On the tin-modified Pt(111)S(2 x 2) surface, a similar 2-
butenal coordination proves to be the most stable structure
Calculations with periodic boundary conditions have with the major difference that oxygen now coordinates to
been performed using the DACAPO code [30]. The gradient- Sn ((2 x 2)-3b). Comparing the intramolecular distances of
corrected PW91 exchange-correlation functional has been(1 x 1)-3 and (2 x 2)-3b it is seen that the structures are
used [31]. Wave functions were expanded in terms of plane very closely related. In the second most stable structure on
waves up to a kinetic energy of 340.145 eV. Core elec- the (2 x 2) surface, 2-butenal is bonded through a O-Sn in-

3. DFT calculations

3.1. Methods and models
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Fig. 5. Schematic representation of selected 2-butenal adsorption geometries.

Table 4 Table 5
Adsorption energies (kcamol), calculated as the difference in energy  Selected geometrical parameters of the investigated surface geometries (A)
between the adsorbed surface structures and the summed energy of gasg
ntr O0-G C1—-C Cr—C3 O-Sn O-Pt @-Pt G—Pt G-Pt
phase 2-butenal and clean surface y G C1=% GG ¢ < %
2-Butenal (g) 123 146 134 - - - - -

Entry Site AEags 1-Butenol(g) 41 135 151 - - - - -

(1x1)-1 My =My =Pt —143 1x1)-1 123 149 149 - 380 290 220 216
(1x1)-2 My =Mz =My =Pt —114 (1x1)-2 125 148 152 - 235 304 211 218
(1x1)-3 M1=Ms=My=Pt —-151 (1x1)-3 127 144 149 - 227 283 228 213
(1x1)-4 M1 =My =Pt -85 (1x1)-4 129 141 143 - 221 287 288 223
(1x1)-5 M1 =Pt -55 (1x1)-5 125 144 135 - 237 - - -

(2x2)-1 My =My =Pt 00 (2x2)-1 123 148 149 353 389 298 227 220
(2x2)-2 My =My =Pt, Mg =Sn +0.3 (2% 2)-2 125 148 151 252 351 315 215 218
(2% 2)-3a M1=Mp=My=Pt +0.2 (2x2-3a 126 145 149 308 268 296 232 219
(2% 2)-30 M1 =Sn, Mp =My =Pt -85 (2x2-3b 128 143 148 236 337 295 242 221
(2x2)-4 M1 =Sn, Mp =Pt -20 (2% 2)-4 129 140 142 227 356 328 323 244
(2x2)-5 M1 =Sn -5.9 (2% 2)-5 125 144 135 248 - - - -

(V3 x+/3)-1 M =My =Pt +4.0 (v3x+/3)-1 123 148 149 361 378 296 227 223
(V3% +/3)-2 My =Mz =My =Pt +120 (v3x+/3)-2 123 150 152 359 276 317 219 223
(v/3x+/3)-3 M1 =Sn, Mp =My =Pt -11 (v/3x+3)-3 128 142 148 234 336 301 250 222
(V3 x+/3)-4 M1 =Sn, Mp =Pt +0.3 (v3x+/3)-4 129 140 143 229 355 315 309 235
(W3 x+/3)-5 M1 =Sn —54 (v3x+/3)-5 125 144 135 248 - - - -

Heteroatom to metal distances refers to the closest surface atom.

teraction. A slight stretch of the carbonyl bond (0.02 A) is 4. Discussion
observed for2 x 2)-5 compared to the free gas geometry.
For Pt(111)Sn~/3 x +/3), (v3 x +/3)-5 is the most stable The adsorption of 2-butenal on the Pt(111) surface has
structure, once again coordinating through a O-Sn bond.  previously been discussed in detail, where the participation
Itis clear that Sn generally weakens the interactions of 2- of the carbonyl group in the bonding to the surface has
butenal with the platinum surfaces and this effect becomesbeen evidenced [26]. It should be noted that the calculations
more pronounced as the fraction of Sn increases in thepresented here predict an adsorption geometry givei ky
surface alloy. This can be seen both by a general weakening1)-3, being more stable than a geometry suclilag 1)-2,
of adsorption energies as well as from the increased bondwhich has been suggested by others [6]. The component
lengths of similar structures, for instance comparing C—Pt A was assigned to the vinylic §5C3—Cy4) fragment of the
bonds of(1 x 1)-1, (2 x 2)-1, and (v/3 x v/3)-1, or (1 x molecule in(1 x 1)-3. The signal at B was attributed to the
1)-3, (2 x 2)-3b and (/3 x 4/3)-3. This is in agreement  same molecular fragments, present in a multilayer phase, not
with experimental observations for various alkenes on theseinteracting with the metal. Carbonyls in the multilayer phase
surfaces [23,24]. As will be commented upon below, the resulted in D peaks. The absence of any contribution from
weakening of C-Pt interactions as Sn is introduced is the C=0O group in the monolayer regime was attributed to
also consistent with experimental data presented in thisthe involvement of the oxygen atom in the bonding to the
work. surface [26].
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We will focus now on the influence of tin on the fact the second most stable adsorption geometry according
adsorption of the molecule. The C 1s line shape showsto calculations. For thé./3 x +/3) surface the situation is
significant changes. Analogue with the assignment on thereversed. Apart from the dominating components dd
unmodified Pt(111) surface, the’ &and A’ components  D”, a significant amount of ‘Ais also observed, implying
are attributed to the vinylic part of the molecule. These that (v/3 x +/3)-3 coexists with(+/3 x +/3)-5. These are
components are shifted by 0.20 eV (fof)/and 0.24 eV the two most stable structures according to calculations (see
(for A”) compared to A, for a 20 pulse adsorbate dose. Table 4). Returning to the’@nd C' signals present in the
This shift is not attributed to a change in the adsorption spectra, we previously stated that these components were
mode, but rather to a weakening of theo@jc bond strength,  due to carbonyl carbons. It is not self-evident whether the
in agreement with calculations (see Table 5). The binding carbonyl group interacts with the surface, as in variants of
energy difference between the “surface-shifted” component structure3, or if it is comparatively far from the surface, as
$; and the “adsorbate-shifted” componenti§the Pt 4%/, in variants of structurd. Calculations predict very similar
core-levels spectra is practically the same for the three adsorbate structures f@f x 1)-3, (2 x 2)-3b and (v/3 x
surfaces at low coverage. This indicates a retention of the +/3)-3, with strong oxygen to surface interaction. Since the
di-occ character of the bonding. A similar behavior has binding energy position of the C 1s carbonyl signal for the
been reported for ethylene on these surfaces [38]. A newstructure(1 x 1)-3 has been proposed to overlap with the
component appears in the low coverage spectra, labeledsignal of the vinyl fragment (&-C3—Cs) [26], we suggest
C for the (2 x 2), and C for the (v/3 x +/3) alloy. The that this is also the case for structurés x 2)-3b and
binding energy difference observed between peakanil (+v/3 x +/3)-3. Components Cand C’ are of small intensity
C' (A7 and C)) is equal to 2.43 eV (2.45 eV) at 20 pulses in all cases and could be due to minority species such as
on the (2 x 2) ((+/3 x +/3)) surfaces. A similar shift of (2 x 2)-1and(+/3 x v/3)-1.

2.4 eV was found for propenal adsorbed on the Pt(111) The calculated structures also correlate well with other
surface at 95 K [39]. The high binding energy component spectral data. Comparing the Pt;Af core-level spectra
was in this case assigned to the carbonyl group while the of the two surface alloys (see Fig. 3), it is clear that the
lower binding energy component was assigned to the vinylic adsorbate-induced peak decreases in intensity, going from
part of the molecule. Consequently, the contributiods C the (2 x 2) to the (+/3 x +/3) alloy (S, vs S)). At the same
and C' are attributed to the carbonyl carbon of 2-butenal time, the component due to clean platinum atoms at the
molecule. It is interesting to note the early appearance of surface increases{$s S). This is consistent with the fact
the B and D respective B, D” components when 2-butenal that Pt—adsorbate bonds are important®s 2), while Sn—

is adsorbed on thé2 x 2) and the(+/3 x +/3) surfaces.  adsorbate bonds are important@/3 x +/3). The Sn 4¢,
These components are analogue to peaks B and D, observedpectra of(2 x 2) and(+/3 x +/3) display two components

on the unmodified Pt(111) surface, which are assigned to afor the 2-butenal-covered surfaces. Both peaks show shifts
multilayer phase [26]. Furthermore, whilé #till dominates toward higher binding energies when comparing the clean
the C 1s spectrum (at low coverage) in the cas€of 2), and 2-butenal-covered surfaces, consistent with Sn taking
B”, and O are the most intense peaks far3 x +/3). part in the adsorbate bonding in both instances. Itis not clear

At this point we look closer at the correlation between the if the small energy shifts seen fog F0.06 eV for(2 x 2) and
stable structures predicted by theory with the experimental 0.02 eV for(+/3 x +/3), are chemical shifts, i.e., if the two
results. As stated above, calculations predittx 1)-3, components in the spectra are indeed due to two different
(2 x 2)-3b, and(+/3 x +/3)-5 as the most stable adsorption Sn-O interactions. However, O 1s spectra taken at the lowest
geometries on the respective surfaces (see Table 4). At theand highest adsorbate coverages (10 and 40 pulses) show
lowest coverage, the C 1s spectra of ¢the< 1) and(2 x 2) three components. A peak corresponding to carbonyl oxygen
systems show the same dominating component, namely Asignal in the multilayer phase of 2-butenal is observed at
and A, respectively. This is completely consistent with 531.7 eV for(2 x 2) and at 532.0 eV fofv/3 x +/3). At
the preference for structur@ x 1)-3 and (2 x 2)-3b, i.e., lower binding energies, two overlapping peaks are observed
2-butenal structures with closely related geometries. For at 530.0 and 531.3 eV fai2 x 2) and 530.1 and 531.6 eV
the (v/3 x +/3) surface, the components’Band D' are for (v/3 x +/3). These results agree well with the idea of
dominating already at 10 pulses of 2-butenal. Once again thecoexistence of different surface species, which calculations
most stable structure found by theory, i@/3 x +/3)-5, is in predict to be(2 x 2)-3b and(2 x 2)-5 or (+/3 x +/3)-3 and
agreement with this experimental finding, i.e., the presence (v/3 x +/3)-5.
of an important surface species with no carbon to surface Insights into the influences of Sn on the selectivity in hy-
interaction. The position of Dsuggests that the carbonyl drogenation can be gained by comparing the trends and sta-
is only weakly activated by the surface. The C 1s spectra ble structures observed for the surfagésx 1), (2 x 2),
indicate that more than one adsorption geometry may beand (+/3 x +/3). It has been observed by us and by oth-
present at the surface alloys. K& x 2), both B and D ers that the addition of tin to platinum weakens the present
components are seen alongsidé iA the spectrum. This  C-Ptbonds [23,24]. As has been noted, we observe weaken-
implies the additional presence @ x 2)-5, which is in ing of the adsorption energies and lengthening of the C-Pt
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bonds on comparable structures, as the amount of Sn in-tained while the alkene interaction with the surface is first
creases in the surface alloy (see Tables 4 and 5). Rodrigueaveakened and later entirely eliminated.

et al. have proposed an electronic analysis of the Pt-Sn
bond for PtSn(111)+/3 x +/3)R3C, 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 rearrangementis thus a
decreased donor as well as acceptor ability of Pt. Tin, onthe This work was supported by the Swedish Research
other hand, is more electrophilic after alloying with Pt and Council (VR). Parallelldatorcentrum (PDC) at the Royal
may therefore form bonds, e.g., with the free electron pairs Institute of Technology is gratefully acknowledged for
of the carbonyl oxygen. In a sense, the introduction of the providing computer facilities. H.v.S. would like to thank the
Pt surface with Sn therefore decreases the ability of the sur-Ernst Johnson Foundation for a grant. We thank Dr. Mats
face to activate the alkene bond ofra8-unsaturated alde-  Nyberg for assistance with the DACAPO software and
hydes, while the ability to activate the carbonyl bond is re- helpful discussions. The MAX-lab staff is acknowledged for
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tained. This is illustrated in a pleasing and direct way by the its assistance.
most stable structures found for the two alloys investigated,
i.e., (2 x 2)-3b and (v/3 x +/3)-5. In the former geometry
2-butenal is bound to the surface throughzéC,C,0) con-
figuration, while in the latter only through@ (O) interac-
tion. A preferential activation of the carbonyl bond no doubt
points in the desired direction with respect to the original
question of selectivity, i.e., forming the unsaturated alcohol
of 2-butenal through hydrogenation. An important question
is whether the activation of the carbonyl through Sn-0O in-
teraction is enough to enhance the carbonyl hydrogenation,
compared to a Pt-only catalysts. In related work with sup-
ported PtSn clusters it is often stated that tin in the form of
Sn(ll) or Sn(1V) is needed for improving selectivity toward
unsaturated alcohol [41-43]. Recent experiments, where 2-
butenal was hydrogenated ovey 8h surface alloys, did not
show improved selectivity for 2-butanol [44]. Together with
the results at hand, this suggests that the primary function
of the PySn alloy is to impair the activation of the alkene
bond, thereby affecting the hydrogenation selectivity. In this
context, it is striking that a fairly small change in surface
concentration of Sn, from 0.25 ML fa2 x 2) to 0.33 ML

for (v/3 x +/3), can lead to a drastic shift in the structure of
the surface species.

5. Conclusion

We have adsorbed 2-butenal (crotonaldehyde) on Pt(111)
Sn{2 x 2) and Pt(111)Sr+/3 x +/3) surface alloys and
compared the results with adsorptions on Pt(111). For
Pt(111) we find 2-butenal adsorbed in a threefold hollow,
with the alkene bonded in a dicc configuration and the
carbonyl interacting with Pt through its oxygen lone pair.
For the surface alloys, two surface species appear to coexist
One structure is analogue to the Pt(111) situation, i.e., a co-
ordination in a threefold hollow, with the difference being
that the carbonyl oxygen now coordinates to a tin atom. This
structure dominates on Pt(111)&2x 2) but a second sur-
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