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Abstract

Platinum surfaces alloyed with an electropositive metal (e.g., Fe, Sn) are known to largely improve the selectivity in the hydrogenation
of «, B-unsaturated aldehydes toward unsaturated alcohols. We have investigated various adsorption modes for acrolein and prenal ¢
the PgoFexg (111) surface applying spin-polarized density-functional theory, following a similar recent study on a pure Pt (111) surface
(F. Delbecq, P. Sautet, J. Catal. 211 (2002) 398). It turns out that only the existence of iron atoms in the surface layer bears the potential t
influence the hydrogenation selectivity in favor of unsaturated alcohols. On the clean alloy surface there is a strong segregation of Pt atom
toward the surface layer, but a significantly higher aldehyde-adsorption energy upon the formation of O—Fe bonds can change the surfac
segregation profile, increasing the Fe content in the surface layer. The electronic structure changes due to O—Fe instead of O—Pt interactio
will be discussed. Eventually, calculated vibrational spectra are presented as a link to experiments.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction a, B-unsaturated aldehydes present two adjacent double
bonds in conjugation, €C and G=0. The simplest of these
aldehydes are sketched in Fig. 1. The selective hydrogena-
tion of only the G=0 double bond is difficult to achieve be-

reactions are significantly influenced by the nature of the . .

) . cause of two reasons [4,5]: (a) thermodynamics favors the
catalyst employed. The selective hydrogenationaof- hydrogenation of the €C over the G-O group and (b)
unsaturated aldehydes to unsaturated (allylic) alcohols has, yarog group

recently attracted much interest and the understanding oflcor kmeug reasons the reactlwty.of th group in hy-
7 - . drogenation is supposed to be higher than that of ta®©C
the origin of selectivity raises a great challenge to cataly-

sis research in view of the complexity of the reaction [1-3]. group. Consquently, on conventlpnal hydrogenation gata-
lysts (Pt, Ru, Ni, etc.) the predominant products are either

Unsaturated alcohols, such as allyl alcohol (E4€H- the saturated aldehydes (undesired because they can be pro-

CHo—OH), crotyl alcohol (CH—CH=CH—CH—OH), or 3- y y P

methylbutenol ((CH),—CH=CH—CH—OH), are important duced by alkene hydroformylation in industri.al chemistry)
intermediates in fine chemistry, particularly in pharmaceuti- or the saturated alcohols from the consecutive hydrogena-

cals and cosmetics. Considering the low scale of productiontlon of both double bonds.

in these industries, high product yields and selectivity are Trllis'gi[iglgf;ﬂae;Sgleescrsvgr:?mﬁ?: q rl])yd\sgﬁgzzt;ggt::s
often crucial. Hence, the realization of even a small increase®’ p y y ’

. . : . Among others the selectivity to the unsaturated alcohols is
in selectivity for the desired product would result in a large ) . .
generally increased by: (a) larger substituents on the terminal

Product selectivity and yield in heterogeneous catalytic

added value. _
carbon atom of the €C bond (C3); the substituents prevent
the adsorption via this functional group and subsequent hy-
* Corresponding author. drogenation by Pquli repulsion.; (b) using Iarger. metal clus-
E-mail addressrobin.hirschi@univie.ac.at (R. Hirschl). ters when performing the reactions on nanoparticles because
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studied the adsorption of unsaturated aldehydes on pure
Pt (111) surfaces [13]. Compared to the latter study, the
/g\ 3 /H present system posed an even larger calculational challenge
C because of the need of a spin-resolved treatment of the
| | surface [12].
H H This paper is organized as follows: in Section 2 we de-
H scribe the main points of our calculations and present a
| guasi-chemical model to investigate the segregation profile
CH 0. C CH of the alloy surface. Section 3 introduces details of our sur-
} \(13/ Z\é/ } face models and discusses adsorption energies and geome-
| | | | tries of the aldehydes. The formqtion of very strong O-Fe
H H H CH, bonds might change the segregation profile of the alloy sur-
(b) (©) face, an issue that is treated in Section 4. In Section 5 we
_ , , briefly discuss some properties of the local electronic struc-
Fig. 1. Simplea, p-unsaturated aldehydes: (a) acrolein (2-propenal), (b) -6 of hoth surface and adsorbate upon adsorption. Vibra-
crotonaldehyde (2-butenal), and (c) prenal (3-methyl-2-butenal). The cor- .
responding unsaturated alcohols are allyl alcohol, crotyl alcohol, and tional Spectra present a means to connect our results to ex-
3-methylbutenol, respectively. C atoms are numbered consecutively, start- Perimental investigations. The spectra of aldehydes adsorbed
ing from the one nearest to the oxygen. in different configurations are discussed in Section 6. Fi-
nally, Section 7 summarizes our results.
Table 1
Experimentally determined selectivities for the hydrogenationo o8-
unsaturated aldehydes on well definedggPeyg surfaces and small 2. Methodology

Pty gFey o particles to the saturated aldehyde (SAL), the unsaturated al-

cohol (UOL), and the saturated alcohol (SOL) 2 1. DFT calculations

Pt PgoFeo

SAL  UOL SOL SAL UOL SOL All calculations of ground-state energies and ionic re-
Well-defined P§gFey (111) surfaces, Ref. [6] laxations have been performed in the framework of local
Crotonaldehyde 10 13 spin-density-functional theory by the use of the plane-wave-
Prenal 56 70 based Vienna ab initio simulation package (VASP) [14,15]
Small Pp.gFep 2 particles, Ref. [8] to solve the single-particle Kohn—-Sham equations. The lo-
Acrolein 926 16 18 849 73 74 5| density approximation for the exchange-correlation func-

Crotonaldehyde 50.0 13.0 33.6 44.9 27.8 26.1 . . . )
Prenal 170 205 550 51 804 144 tional was improved by using the generalized gradient ap-

proximation (GGA) as proposed by Perdew and Wang
(PW91) [16]. Brillouin-zone sampling was performed on
of steric constraints on the metal surface; (c) electronic and Monkhorst—Pack special points [17], integrated utilizing a
steric effects due to ligands and supports (e.g., zeolites);generalized Gaussian smearing. The plane-wave cutoff was
(d) by modifying monometallic catalysts via addition of a set to 400 eV throughout all calculations, theoint mesh
second metal [2,6-9]. This second metal can either be anwas chosen t6 x 6 x 1) and(3 x 3 x 1) k-points in(2 x 2)
electropositive p-electron (e.g., Sn) or d-electron element and (2+/3 x 2+/3) supercells. Sufficient convergence with
(e.g., Fe). respect to energy cutoff and numberiepoints was con-

We have investigated the capabilities of two simple firmed.
o, -unsaturated aldehydes (acrolein and prenal, Figs. 1a The projector-augmented-wave (PAW) method of Blochl
and c) to adsorb on thedgFeyo (111) transition-metal-alloy  [18], in the formulation of Kresse and Joubert [19], is
surface. Experimentally determined selectivities of this alloy applied to describe electron—ion interactions. This method,
to the different possible reaction products are compiled in being essentially all electron, improves the description of
Table 1. It can be assumed that only intramolecular bonds, transition metals compared to the use of pseudopotentials.
that are previously weakened through direct interaction of 3p states of iron are treated as valence states to guarantee a
the constituting adsorbate atoms with the surface, might good transferability of the potential.
become activated for hydrogenation. Hence the relative Plane-wave-based codes necessitate periodic boundary
strength of the various adsorption modes is of crucial conditions, which in turn fix a slab geometry as the setup
interest. The results we present in the following, obtained of choice. Our supercell consisted of 4 layers of substrate,
from calculations based on local spin-density-functional separated by 4 to 7 layers of vacuum, depending on the ad-
theory [10,11], tie in with two recently published articles: sorption mode. Vertically adsorbed aldehydes possess a large
On the one hand, we have investigated the local properties ofdipole moment. Not only does the periodic lattice of dipoles
PtsoFexo (111) surfaces using small probe adsorbates [12], introduce errors, but also the dipoles cause spurious charges
on the other hand two of us (Delbecq and Sautet) havein the surface [20]. These effects considerably slow down the
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energy convergence with respect to the dizef the super-  The subscripts denote Fe and Pt sites in the surface (1) and

cell. They can be counterbalanced by adding a linear electro-subsurface (2) layers, respectively. Reaction (1) describes

static potential to the local potential [21]. However, the au- the exchange at equilibrium ofA at% second-layer Pt

tomatically determined corrections adversely influence the atoms with first-layer Fe atoms. The allowed surface-layer

convergence of the wavefunctions in the iterative solution platinum content in our model is therefore 80 at%pt1 <

of the Kohn—Sham equations. The importance of dipole cor- 100 at%. The associated equilibrium equation,

rections for upright adsorption modes will be discussed be- 0

low. lonic relaxation of the adsorbate and of the topmost RTIn Kseq+ AGgeg=0, (2)

surface layers is performed after determining the Hellmann—has two unknown terms, the equilibrium constateq and

Feynman forces [22] acting on the atoms. the excess Gibbs energy for segregatimGgeg Calculat-
The full vibrational spectrum of a molecule or an ad- ing the configurational entropy through Boltzmann’s well-

sorbate can be obtained by numerically approximating the known equationS = kg In W, W being the number of mi-

Hessian matrix using finite differences and evaluating its croscopic permutations yielding the same macroscopic con-

eigenvalues. In the case of adsorbates this approach necentration, one obtains for the rate constant [25]

glects the coupling of the adsorbate vibrations to the surface A

phonons, which luckily introduces significant errors only Kseg= 302-A) 3)

fqr the lowest ad_sorbate frequenmgs. Fgrad.sorbate.frgqgenﬁ.he excess Gibbs energy is determined from a constant

cies corresponding to the stretching vibrations of individ-

: i . bond-energy assumption, including the change in surface

't“'hal bonc:s, Whthh arefgenerally or?hers of'm'agnlt]:Jdg h'gbh?renergy, the change in total bond energy, and a possible

an surtace phonon frequencies, the omission ot adsorbat€s ., o i) pump effect” [26] due to a preferential chemisorp-
surface coupling is certainly reasonable. The correct deter-

inati f vibrational f . ; inlv th tion of an external species on different surface species
mlnet '0(;] orvi tTa |or]1ce}[h requencies rgqlilr;es r;aln y the ac- (AE4g). Since the resulting&Ggeg contains the equilibrium
curate description of the 1onic ground state. SInce We Com- oy . cantration change as well as the rate constakiteg
pare systems that differ only by a tiny shift of certain atoms,

e . o Eq. (2) eventually has to be solved numerically.
DFT-specific systematic errors have only little influence on It shall be noted again that this crude model is only
the frequencies.

gualitative. Nevertheless, it provides important insights in
the alloy-surface composition as will be discussed in Sec-
tion 4, avoiding at the same time the implementation of time-
consuming more sophisticated algorithms that are not ex-
pected to substantially change the picture.

2.2. Segregation profile

Atoms near the surface of an (alloy) crystal are subjected
to forces other than those residing in the bulk. This leads
in many cases to surface segregation, relaxation, reconstruc-
tion, and (dis)ordering processes [23]. As these changes may; - adsorption geometriesand energies
have a substantial impact on the chemical reactivity of the
alloy surface, a detailed knowledge of the composition and 3 1. Surface model
geometry of the surface under catalytic conditions is highly
desirable. Following Creemers [24] and Creemers and Deur-  Following experimental investigations of thegffex
inck [25], we will introduce a simple quasi-chemical model (111) surface [25,27,28], the initial model consists of et
to qualitatively determine the composition of the topmost bulk terminated by a single layer of pure Pt (cf. Fig. 2 and
surface layer in a B§Fexo (111) alloy surface under the in-  our previous discussion in [12]). The model leads to two
fluence of adsorbates. geometrically inequivalent Pt sites in the surface, distin-

Segregation occurs spontaneously because the alloy canguished by the existence or non existence of a subsurface Fe
by reordering of the atoms, lower its Gibbs free energy nearest neighbor, labeled Pt1 and Pt2, respectively. The cal-
in a surrounding at a given temperature and pressure. Theculated supercell consists of 4 layers of 12 atoms each, layers
equilibrium surface composition corresponds to the situation below the surface contain 3 Fe atoms per supercell. To test
of minimal Gibbs energy. In the following we consider only the influence of Fe atoms in the surface, one of the subsur-
the top two layers of the alloy surface, initially consisting of face iron atoms was interchanged with a surface Pt nearest
80 at% Pt and 20 at% Fe with no Fe—Fe nearest neighbors. Itheighbor (see insets in Fig 2). This surface is henceforth re-
is known from experiment that the topmost layer of the clean ferred to as “modified BsFexo” surface. Details regarding
surface almost entirely consists of platinum. Consequently, the surface relaxation and electronic structure can be found
in the simplest model the only process allowed to contribute in [12].
to surface segregation is the interchange of surface Fe atoms
with underlying Pt nearest neighbors, treated as a chemical3.2. Adsorption energies
reaction,

A Theoretical investigations on the stability of different ad-
Fere1 + Plpto = Ptre1 + Fepro. Q) sorption modes of unsaturated aldehydes on pure Pt (111)
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affinity for the O atoms of the aldehydes. A slightly differ-
ent approach to the selective hydrogenation of unsaturated
aldehydes toward unsaturated alcohols has recently gained
attention, namely the use of noble-metal nanoclusters, par-
ticularly gold [5,33].

Coming to the different adsorption structures afg-
unsaturated aldehydes on surfaces, there are various possi-
bilities, since each of the two double bonds can interact, sep-
arately or in combination, with the metal atoms. A double
bond can interact with the substrate in two different ways,
either the atoms at both ends of the bond interact with dif-
ferent atoms in the surface ¢diconfiguration), or ther-
electrons of the double bond interact with a single surface
atom @z adsorption). Furthermore, there aiis- andtrans
configurations of the aldehydes, depending on the relative
position of the terminating oxygen and the C3 atom, increas-
ing the number of possible adsorption modes. The structures
can be divided into four classes: interaction with the sub-
PtaFes modified PtyFe,, strate via the &C bond, the GO bond, both bonds simul-

Fig. 2. Model of the RjgFeyg (111) surface used for calculations. The taneously (thls anflguratlon 'S re-ferred tpra;s followmg
(2v/3 x 24/3)R30° supercell is marked by the thick line. The surface has the Conventlons_ in organometallic Chem_IStry)’, and via the
two types of Pt atoms in the surface layer (cf. main text). In the modified 0XYgen lone pair. The last class of configurations leads to
PigoFex (111) surface one Pt atom of type 1 per supercell is interchanged an upright configuration of the adsorbate, while all other ad-
with an underlying Fe atom. sorption modes are more or less flat. Two other configura-
tions have been considered: a¢lt mode with additionally
surfaces have been published lately [13], including many ref- the oxygen atom interacting with the surface (labeled
erences to experimental works on that system. Calculationsand a ring-shaped adsorption mode with the oxygen and the
on the reactivity of alloy systems began only recently be- C3 atom interacting with neighboring metal atoms, leading
cause of previous lack of computational resources. One ofto an organometallic ring, termedodil4 mode. A represen-
the very few earlier works, generally employing semiempir- tative example for every class is depicted in Fig. 3.
ical methods, is our (Delbecq and Sautet) extended Hiickel The existence of two types of Pt surface atoms in the alloy
study of acrolein and crotonaldehyde ordfeyg surfaces, surface again multiplies the number of inequivalent adsorp-
which initiated the present much broader and more detailedtion modes. Considering and do- modes for the interac-
approach. More recent theoretical works on the chemical re-tions via a single double bond this would add up to more than
activity of PtM alloy surfaces include the adsorption of eth- 40 different configurations for a single adsorbate, a num-
ylene and oxygen on B$n (111) by Watwe et al. [29] and  ber unacceptable regarding computational demand. For the
the adsorption of ethylene and formaldehyde gyZR{(111) choice of the geometries eventually tested we established
by Silvestre-Albero and co-workers [30]. three criteria: (a) every class of adsorption modes should be
Experimental studies regarding the influence of elec- considered at least once for the simplest unsaturated alde-
tropositive additions to platinum surfaces on their catalytic hyde, acrolein, on the alloy surface (however, judging from
abilities to selectively hydrogenate a certain double bond previous results on ethylene [30] and formaldehyde [34], ad-
have begun much earlier. In this context the investigation sorption through a single-interaction can be discarded),
of PtgoFexy (111) surfaces was pioneered by Beccat et al. (b) particularly concerningis-transselection we chose the
in 1990 [6]. Still, this class of systems has not lost any structure more stable on the pure Pt surface [13], (c) results
of its fascination since, as recent publications prove—see,for acrolein qualified the choices for the more complex ad-
e.g., the investigation of vapor-phase hydrogenation of cro- sorbate prenal.
tonaldehyde over magnesia-supported platinum—tin catalysts The adsorption energies per atom as well as per surface
by Homs et al. [9]. The adsorption of acrolein and cro- area are collected in Table 2. A few configurations on
tonaldehyde on pure Pt (111) surfaces was experimentallypure Pt (111) were considered to compare the results with
investigated among others by de Jesus and Zaera [31] usthe ones in [13], where a slightly different calculational
ing reflection-absorption infrared spectroscopies (RAIRS). setup (e.g., ultrasoft (US) instead of PAW potentials) was
Bailie et al. [32] studied the hydrogenation of acrolein over used. Adsorption energies agree accurately, as close as 10
Co/SiO; and C@04/SiO; via vibrational spectra. They meV for the n4 prenal adsorption mode (1 k¢gahol =
concluded that on their surfaces=O bonds are only hydro-  43.393 meVmolecule). On the pure Pt (111) surface the
genated through C0 sites, either on the oxide or through diocc adsorption mode is by far more stable than the
reduction of the metal surface. These cations have a largeadsorption via the €0 double bond. However, adsorption
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(b) via bouth double bondg)4-trans) is, at least ai’ = 0 K and

low coverages® = 1/12), the most stable configuration.
At higher coverages# = 1/4), configurations with fewer
adsorbate-surface interactions are prevalent [13]. Both alde-
hydes (acrolein and prenal) show the same energetical order-
ing of configurations, although the difference betweerdi

and dbco is reduced for prenal. Furthermore, the top ad-
sorption mode becomes competitive on the pure platinum
surface as the size of the substituents on the C3 atom in-
creases [13].

Turning now to the platinum-covered alloy surface we
observe an overall reduction of adsorption energies, similar
to our previous findings for the adsorption of CO and atomic
hydrogen on that surface [12]. From therdgnergies it can
be clearly seen that the Pt2 atoms, being less influenced
by iron atoms, bind stronger to carbon atoms, while this
is not the case for oxygen atoms of the adsorbate. For
other adsorption modes thanodi and doco we have
consequently preferred Pt2—C interactions. The adsorption
via the C=0 double bond is barely stable. Furthermore,
n3-cis becomes the most favorable adsorption geometry,
0.140 eV more stable thamy-trans which is the favored
adsorption mode on pure Pt for this coverage. Adsorption
via the formation of an organometallic ring ¢dil4) is not
Fig. 3. Adsorption modes far, §-unsaturated aldehydes on metal surfaces: competitive.
diocc (a), dibco (b), na-trans (c), top (d), n3-cis (€), dir-14 (f). The Vertical adsorption (top mode) is allowed for a coverage
adsorbate in the drawings is acrolein, the simplest of this class ofaldehydes.up to a quarter monolayer. Nevertheless the adsorption

Table 2
Adsorption energies of acrolein and prenal per adsorbate and per surface area for selected adsorption modes and different surfaces (seeanain text fol
justification of the choices)

Configuration Adsorbate—surface Coverage Eagacrolein Eagprenal
interaction (eYmolecule) (meVA2) (eV/molecule) (meyA2)
Pt (111)
diocc Cy—Pt, G-Pt Y12 1042 3085
dioco O-Pt, G—Pt Y12 0248 734
n4-trans O-Pt, C1—Pt, Cr—Pb, C3—PY 1/12 1134 3356 0671 1986
PigoFex (111)
diocc Co—Pt, C3—Py 1/12 0584 1764
diocc Co—Pb, C3—PY. 1/12 Q0722 2181
dioce Co—Pt, C3—-Pb 1/12 0727 2197 0321 970
dioco O-Pt, C1—Py 1/12 0004 Q12
dioco O-Pp, C1—Py 1/12 —0.053 -1.60 -0.077 —-2.33
dioco O-Pt, C1—Pb 1/12 0084 254 0068 205
n3-cis O-Pt, Co—Pb, C3—Pt 1/12 0768 2320 Q0155 468
n4-CiS O-Pt,C1—Pty, Co3—Pb 1/12 0591 1786 Q0305 921
n4-trans O-Pt, C1—Pt, Co—Pb, C3—PY 1/12 0628 1897 0180 544
dio-14 O-P§, Ca-Pb 1/12 0425 1284
top 0P 1/12 0126 381
top O-Pp 1/4 0.010 Q91 0032 290
Mod. PgoFex (111)
diocc Cy—Pt, GG—Fe yi2 0482 1456
dioco O-Fe, G-Pt Y12 0681 2058 0688 2078
n3-cis O-Fe, G—Pt, G-Pt Y12 1476 4459 0971 2933
n4-trans O-Fg, C;—PY, Co—Pb, C3—Pt; 1/12 1247 3767 Q0788 2380
dic-14 O-Fe, G-Pt Y12 1090 3293 0679 2051
top O-Fe 112 0558 1686 0383 1157
top O-Fe 14 0.493 4469 0474 4295

Adsorbate—surface interactions are listed in the second column. All adsorption energies are given without dipole corrections, cf. mainatiéxt for det
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energy is far from that of flat adsorption configurations. Adding again dipole corrections to the values in Table 2 re-
The energies given in Table 2 are calculated without dipole duces the energies by about 70 meV or 6.3 m&¥/for a
corrections (cf. Section 2), which decrease the energiescoverage of® = 1/4. Still this mode remains the most fa-
further by 60—-70 meV compared to our initial setup with vorable configuration regarding the adsorption energy per
6 layers of vacuum separating the slabs, disfavoring the area. However, for the preferred adsorption mode at catalytic
vertical adsorption modes even more compared to the flatconditions (ambient temperature), entropic effects must be
ones. taken into account. The entropy of the adsorbed molecules

For prenal the adsorption via the=© double bond is must be compared with the entropy in the liquid (or gas)
weaker than for acrolein due to the two methyl groups on phase. A quantitative estimation is difficult since data on the
the C3 atom. They do not, however, influence the adsorptionentropy of prenal in the liquid phase are rare. An approx-
via the C=0 bond, bringing the adsorption energy difference imate model using the entropy of similar molecules leads
between the two di configurations down to 0.253 eV. Also, to the conclusion that at normal pressure the transition tem-
other adsorption geometries involving ardinteraction of perature from top t@s-cis adsorption is well below 100 K,
the C=C bond with the surfaceng-cis and ns-trans) are letting us assume a flat adsorption geometry under catalytic
drastically destabilized compared to acrolein. Nevertheless,conditions.
an ng4-cis configuration, including ar interaction of the
C=C double bond with a Pt2 surface atom, is energetically 3.3. Adsorption geometries
close to the most favorable configurationy¢t.

Eventually we tested the influence of an Fe atom brought  Characteristic bond lengths for prenal in the gas phase
up to the surface layer of the alloy surface (cf. Fig. 2 and last and adsorbed in several configurations on platinum-covered
part of Table 2), having a large affinity for the oxygen atom and modified RfgFey surfaces are given in Fig. 4 and
in the molecule. Adsorption energies for configurations with Table 3. Upon adsorption the lengths of the bonds interacting
no interaction of the surface iron atom with the adsorbate with the surface are elongated and intermolecular angles
are expected to be similar to the adsorption on the platinum-are changed. The latter originates in a transformation from
covered alloy surface. The formation of very strong Fe—O a planar sp-like hybridization of the carbon orbitals to a
bonds shifts the adsorption energies in favor of geometriestetrahedral splike hybridization, with bond angles in the
including the interaction of the oxygen atom with the
surface. For acrolein, dio is 0.2 eV more stable than
diocc, with one atom of the €C double bond bound to the
Fe surface atom and only slightly less stable (0.05 eV) than
the best dicc configuration on the platinum covered alloy
surface.ngs-trans and n3-cis become by far the most stable
configurations, more stable than any other configuration, ”0;'5
including the pure Pt (111) surface. The same is true for 1.53X
prenal, clearing the way for a hydrogenation of the @
double bond, which is exposed to the attack of coadsorbed
hydrogen.

Also a vertical adsorption geometry becomes very com-
petitive because of the possible high coverage. We note that
for prenal even the adsorption energy per molecule increaseg9- 4- Intermolecular bond lengths and angles for gasamsprenal

. (top), prenaln3-cis adsorbed on platinum-coveredghfeyg (bottom left),
with C,O"erage* because gtdl.coverage the hydmgen atoms and the same adsorption mode on modifiedgPtg (bottom right).
of neighboring adsorbates approach each other as close 8nly surface-layer atoms and second-layer iron atoms are drawn (iron
2 A, leading to stabilizing dipole—dipole interactions as was represented by the bright circles). Al distances are in A. The influence of
confirmed by calculating high densities of prenal in vacuum. the Fe surface atom is clearly reflected in the geometry of the adsorbate.

Table 3

Intermolecular and metal-adsorbate bond lengths for prenal adsorbed on a platinum-covered and on a rggéidgaRiy surface

Mode Surface Eaq(eV) o-G C1-C Co—C3 O-surface G@—surface G—surface G—surface
Gas - 1.23 1.46 1.36

diocc PtFe 0.359 1.23 1.49 151 2.17 2.16

diocco PtFe 0.106 1.34 1.45 1.36 211 2.24

n3 PtFe 0.193 1.25 1.47 151 2.46 2.73 2.18 2.16
ng-trans PtFe 0.218 131 1.49 1.50 2.16 231 2.15 2.18
n3 Modified 1.009 1.30 1.44 1.50 2.01 2.47 2.20 2.14
ng-trans Modified 0.826 1.35 1.50 1.50 1.90 2.14 2.17 2.18
Top Modified 0.474 1.26 1.44 1.36 2.16

All distances in A. For comparison the bond lengths in the gas phase are given.
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case of full hybridization of 120 and 109,5respectively. 100 —_— ——
= VU e

The resulting decrease of bond angles in the prenal molecule
is most pronounced around the C3 atom with the two 95 AE,=02eV
attached methyl groups.

Regarding bond lengths, the primary indication for the &
weakening of abond is the increase of its length compared to 5, 9
the gas phase. Comparing the twe @idsorption geometries E
with the free molecule, we observe an increase in the length&
of the bond interacting with the substrate by about 10%, 385
similar to the results on a pure Pt (111) surface [13]. We
further note that whenever the<C double bond interacts
with the surface in a di configuration, the bond length
is equally increased. Comparing this to the bond-length
increase of the €0 double bond upon adsorption, an
elongation as large as 10% only occurs for thecgdi mode Fig. 5. Adsorption-induced change of the segregation calculated in a simple
on the platinum-covered surface and thetrans mode on quasi-chemical model for the interchange of surface Fe with subsurface Fe
the modified surface. In thl% adsorption modes the=€D f';\toms in PigFeyo (111) gnd assuming different values for the difference
double bond mainly interacts with the surface via the lone " !¢ molecular adsorption energies on Fe or Pt atafigy. The dashed |

. . . . . lines use the adsorption energy differences determined for flat and upright
pair of the oxygen atom. This orbital is not a bonding prenaj withwithout iron atoms in the surface layer.

C=0 orbital, leading to an only moderate increase in the

bond length. Metal-oxygen bond lengths in organometallic

complexes are usually around 2 A [35,36]. The Pt-O bond crude model for the qualitative analysis of the segregation:
in thens-cisadsorption, being 2.46 A, is considerably larger Counting all bonds when changing from the initial to the
than that, showing a weak interaction. In contrast, the Fe—modified PgoFex surface yields an increase of 3 Pt-Pt
O bond length for all listed adsorbate configurations on the Ponds at the cost of Pt—Fe bonds. The corresponding change
modified alloy surface is- 2 A, indicating the formation of ~ in total energy assuming constant bond energies is 0.75 eV,
a metal-oxygen bond with a strength comparable to that in in remarkably good agreement with the calculated energy
organometallic complexes. difference of 0.85 eV.

Combining all information about adsorption energies  Surfaces similar to BFex studied theoretically for
and bond length changes on different surfaces we cansurface segregation aredgBdh [24] and Pd—X alloys (%=
establish a correlation between the adsorption energy andPt, Ag, Au, Cu) [37]. In the former alloy, an enrichment
the weakening of the double bonds as expressed by theof Pd in the surface layer up to 55% was found. However,
increase in their lengths. It is expected that the barrier for both studies do not include the effect of adsorbates on the

hydrogenation of a double bond is the lower the weaker the Segregation profile. Khanra and co-workers have studied
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e
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bond, and consequently the<© bond hydrogenation will  the effect of sulfur on the composit.ion. prc_>file of Pt—Rh
be easier upon aldehyde adsorption on the modified alloy hanocatalysts [38], and the spatial distribution of atoms in
surface. gas-covered Pd—X nanoparticles [39]. To note just one of

their results: In PgbNisg alloys the surface fraction of Pd
atoms rises from 45 to 80 at% upon the adsorption of one

4. Alloy surface segregation profile monolayer of CO. The adsorption energy difference of CO
adsorbed on Pd and Niis 0.3 eV.

The quasi-chemical model we have used to describe the ~Adsorbate-induced segregation profile changes have also
segregation in the top layer of theghfieyo surface has been  been investigated experimentally. Deckers et al. [40] have
outlined in Section 2.2. It has been used in the context of the pioneered the determination of depth profiles using medium
alloy surface discussed here before [25], correctly describingenergy ion scattering (MEIS). They investigated the oxygen-
the strong Pt segregation toward the surface, without anyinduced segregation in the sgiiso (111) surfaces [41].
consideration of adsorption energies. Input parameters forOnly recently, Baddeley et al. [42] have studied adsorbate-
the model are the bond energies of the individual metals induced segregation in GgPdso (110) surfaces. They found
and the regular solution parameter, which is calculated that hydrocarbon adsorption leads to Pd segregation, while
from the heat of mixing. While those parameters previously the adsorption of atomic C or Cl leads to Cu segregation.
were derived from experimental values for the heats of The concentration of Cu in the first layer changes from
sublimation and the heat of mixing for the 50-50% alloy, 65 at% in the clean surface to 57 and 71 at% upon adsorption
we have determined them from ab initio calculations. The of ethylene and 1,2-dichlorethylene at 323 K, respectively,
heat of mixing was taken from the orderecsiR alloy, without further thermal treatment of the surface.
since this is the underlying superstructure that is modified  The results of our calculations are shown in Fig. 5. The
by segregation. A simple example justifies the use of our model starts from a bulk-like distribution in every layer
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(20 at% Fe) and allows for the interchange of a surface Fe atoms :
Fe atom with a neighboring subsurface Pt atom. The high 2 | dguy=-2.97eV :
temperature limit (complete disorder) is 95 at% Pt (one- i gup-sury= -2.786V fi{ §

quarter of the tetrahedra consisting of the surface atoms and

the three underlying nearest neighbors has the Fe atom in the

surface layer). In agreement with experiment, in the clean 1
surface at room temperature the surface layer consists solely
of platinum atoms.

When iron atoms are present in the surface layer, the un-
saturated aldehydes bind significantly stronger to the sur-
face than on a completely platinum-covered alloy surface.
We observe from Fig. 5 that already at an adsorption en-
ergy difference around 350 meV with/without iron atoms -1
in the surface, the surface layer Pt concentration at 200 K
changes drastically from almost 100 at% to slightly above
80 at%. We recall that 80 at% is the minimum that our

States/eV Atom
()

model allows; 350 meV is the energy needed for the in- -2 | dyun=-0.01eV
terchange of a surface—platinum which a subsurface—iron dyu-surn = 0-14eV
atom in the constant bond-energy approximation. The calcu- '
: : 8 6 4 -2 0 2 4
lated adsorption-energy differences are about 450 meV for
vertically adsorbed and 650 meV for horizontally adsorbed E-E;.... (eV)

prenal. This is well above the limit for which a consider- _ _ _ _

ble adsorption-induced searegation-profile change oceurs Fig. 6. Local density of states of subsurface iron atoms in platinum-covered
a P . - greg P . g . PiggFeyg alloy surfaces (full lines) and surface iron atoms in modified
From the_ eXpe”memal evidence that an adsorption-inducedpy, re,, (cf. Fig. 2, dashed lines). d-Band centers of mass are given in
segregation-profile change occurs already at room temperaeV below Erermi
ture in CuoPdso (110) [42] and the results from our model
calculations, we can conclude that iron atoms diffuse to the the iron atoms in the surface (only 9 Pt nearest neighbors

surface upon adsorption of unsaturated aldehydes under catinstead of 12 in the subsurface layer), the main peak in
alytic conditions (i.e., at ambient temperature (300 K) or the majority-spin component is less shifted toward higher
slightly above), restoring an almost bulk-like composition binding energies. The majority-spin band of Fe is the one
of the surface. interacting most strongly with the Pt d-bands because of
lying in the same energy range. Following the Hammer—
Ngrskov model [44], a d-band closer #rermi, as is the
5. Electronic structure case for surface relative to subsurface iron atoms, favors
adsorbate/substrate interaction in two ways: On one hand
To our knowledge, an attempt to study the local electronic the interaction of the “frontier” orbitals of the surface with
structure of such a complex system as unsaturated aldehydegnoccupied molecular orbitals of the adsorbate is increased
adsorbed on transition-metal-alloy surfaces from first prin- because of the smaller energy difference, on the other hand
ciples has not been made so far. In one of the first theoret-antibonding states from four-electron interactions of filled
ical investigations of the BiFexo system two of us (Del-  substrate bands with filled molecular orbitals are more likely
becq and Sautet) have discussed the orbital-resolved dento be aboveErem, and hence unoccupied.
sity of states of the clean surface and after the adsorption of The two top panels (a,b) of Fig. 7 display the local
atomic H, as obtained from semiempirical nonmagnetic ex- densities of states of surface atoms interacting with the
tended Huickel calculations [43]. In a recent article we have oxygen atom of prenal, compared to the respective electronic
presented spin-resolved DFT electronic structure data of thestructures of the clean surface. The changes in the electronic
clean PgoFeyxo (111) surface and its modification by test ad- densities of a platinum atom in the Pt-covered surface
sorbates [12]. In the present article, we will restrict ourselves (Fig. 7a) after interaction with oxygen are rather moderate
to the analysis of the influence of surface iron atoms on the and not very telling. There is a slight shift of the d-band
local electronic structure of the aldehyde/substrate complex.toward higher binding energies fgg adsorption, a second-
We begin with the electronic structure of the subsurface order effect from neighboring Pt atoms which interact with
and surface Fe atoms inggffeyp and modified RpFexo the C=C double bond of the adsorbate. After a vertical
surfaces (Fig. 6). d-Band centers of mass (COM) are givenin adsorption of prenal the spin-up Pt d-band experiences
eV below Erermi- The slight deviations in the d-band COM a small shift toward lower binding energies due to the
of the Fe atoms in the platinum-covered surface with respectinteraction with the low-lying oxygen p orbital, while the
to the values given in Fig. 2b of [12] are a result of the spin-down band is slightly shifted in the other direction.
different supercells used. Due to the lower coordination of There is a loss of about 0.05 electrons in the Pt d-band for
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Fig. 7. LDOS of metal atoms interacting with an oxygen atom of prenal inlgtf¢ll lines) and upright (top, dashed lines) adsorption configurations: (a)
Pt in PgoFexq, (b) Fe in modified RfgFexg (the LDOS of the respective atoms in the clean surface are indicated by the thin lines); and LDOS of the oxygen
atom in adsorbed prenal interacting with Pt (full line) and Fe (dashed line)3 @jisorption mode, (d) top adsorption mode. d-Band centers of mass are given
in eV below Epgrmi.

vertical adsorption, but no change in the d-band occupationtop adsorption. These electrons come from the minority-spin
afterns adsorption. band, consequently the magnetic moment of the iron atom,
The interaction of oxygen with iron atoms (Fig. 7b) is being 3.22up in the clean surface and thyg configuration,
stronger, and again more pronounced for top adsorption thanrises slightly to 3.3%:3.
for the flatnz adsorption configuration. The main peak in the Panels ¢ and d of Fig. 7 show the local densities of
majority-spin band is lowered and broadened with respect to states of the oxygen atom inz-adsorbed (c) and top-
the clean surface the change in the electronic structure uporadsorbed prenal (d), on platinum-coveregoPé&o (full
adsorption can easily be observed. While figradsorption lines) and modified BbFexo (dashed lines). On comparing
electron donation by the substrate is again negligible, partly the two subfigures we note that the distinctive molecular-
due to interferences with neighboring Pt atoms that also orbital peaks become more diluted for the flat than for
interact with the adsorbate, it is as large as 0.1 electrons forthe vertical adsorption configuration. This is not surprising
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Platinum

Fig. 8. Isosurface of the difference electron density of the prenal-metal system with respect to the sum of molecule and surface charge density for the
adsorption mode on giFeyq (a) and modified RBpFexg (b). Charge gain and loss are represented by dark and light shading, respectively. The same numerical
values have been used for the respective isosurfaces of the two subfigures.

considering the more extended and considerably strongerall of its atoms as far as the hydrogen atoms of the terminate
adsorbate-metal interaction. In thg configuration the methyl groups. The charge flow due to the dnteraction
whole delocalizedr-system interacts with the surface by of the C=C double bond is hardly discernible any more.
the contributions of the C2 and C3 atoms, contrary to The result corroborates that the bonding arrangements in the
the top configuration where the molecularsystem stays  conjugatedr-system change significantly. The €0 and
intact. In the latter case it remains as sharp peaks in theC2=C3 bondsloose some of their double bond character and
electronic density of states. We further note in both figures a become destabilized, while the C1-C2 bond gains electrons,
pronounced peak in the spin-down band around 3 eV belowwhich was already suggested by the respective changes in
Erermi When the oxygen atom interacts with a surface iron the bond lengths (cf. Table 3). This might have considerable
atom. The induced magnetic moment of oxygen remains in implications for the activation of both double bonds to
all cases below 0.045. hydrogenation.

In Fig. 8 we have plotted the charge flow when a
prenal molecule adsorbs in the configuration on RpFex
(a) and modified BbFex (b). In order to determine the 6. Vibrational frequencies
charge-density difference upon adsorption of a molecule we
calculate the total charge density and subtract the charge Vibrational spectra are a powerful means of investigating
distribution obtained from calculations of the molecule adsorption structures experimentally and to compare them
and the surface alone. The latter calculations are carriedto theoretical results. de JesUs and Zaera [31] have discussed
out in the geometries of the relaxed adsorbate/substratethe reflection-adsorption infrared spectra for multilayer cov-
system, using the same supercell and number of grid erages of acrolein and crotonaldehyde on Pt (111). They suc-
points for numerical evaluation of the charge density. The cessfully identified the C—C single- and double-bond stretch-
shaded areas in Fig. 8 display an isosurface of the chargeng frequencies as well as the<© stretching frequency and
density difference, corresponding to the same numerical several C—H vibrations. As we will show below these char-
value of charge gain and loss in both subfigures. Dark and acteristic frequencies are highly dependent on the substrate
light shading represent positive and negative charge flow, and the adsorption geometry, which allows determination of

respectively. The oxygen—metal bond is highlighted. the prevalent adsorption mode from the knowledge of the vi-
In the left subfigure the most prominent features come brational spectrum.
from the dibcc interaction, more specifically from the back- In Section 2 we have outlined our method to calculate

donation of surface charge to the prenal molecule along vibrational spectra. The surface atoms were kept fixed when
the Pt—C bonds. The Pt-O interaction is much weaker, andapproximating the force-constant matrix, a simplification
hardly represented by the chosen isosurfaces. Switching tojustified by the large mass difference between adsorbate
panel b the situation changes completely. The surface ironand surface atoms. In Table 4 we demonstrate the accuracy
atom looses a considerable amount of charge in a regionof this method by comparing experimental and calculated
pointing toward the oxygen atom, but both partners of the values for the vibrational frequencies of gaseous acrolein
bond become polarized, so that the total charge in a spherg?2-propenal). The agreement is remarkable. The calculated
around the atoms changes only by 0.1 electrons. The chargdrequencies deviate less than 3% from the experimental
redistribution extends over all of the adsorbate, influencing ones, except for the lowest frequency, which is 36% off.
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The eight C-H stretching frequencies are combined in a single C—H bleek. &hd C=0 frequencies are labeled, other lines correspond to (more or less
pronounced) C—C frequencies.

Table 4 Having proven the reliability of calculated vibrational fre-
Experimental (cf. Ref. [45]) and calculated vibrational frequencies for quencies we can now investigate the frequency shifts upon
gaseous acrolein (2-propenal) (a and s denoting asymmetric and symmetricadsorption. In Fig. 9 we have collected the main frequencies
stretchings, ip and op standing for in-plane and out-of-plane, respectively) . .

of prenal in the gas phase as well as adsorbed on platinum-
covered and modified ey alloy surfaces in different ad-

Experiment Theory Experiment Theory

Type ey (em1) Type emml)  (em?! . ) . )

cpr (3103) ( 316; )g) c ( 11;8 ( 11)59 sorption geometries. It must be noted at this point, however,
> a-str. —C str. - . S ..

oM Sir. 2028 3133 C2H op-bend 963 1016 th'at.we d|d'not yet take mtensmes'lnto' account. In pI’II"1CIp|e.

CH, s-str. 3000 3064 C1H op-bend 980 1001 thisis possible through the determination of the changing di-

C1H str. 2800 2820 Chiwag 959 984 pole moment upon vibration [48] but it is very demanding in

COstr. 1724 1700 Cplrock 912 931 terms of CPU time, on one hand, because of the larger vac-

C=Cstr. 1625 1626 Chitwist 593 610 uum needed and, on the other hand, because of the slower

CHjy scis. 1420 1424  CCO deform 564 557 . .

CiH ip-bend 1360 1353 CCC bend 307 a0g  convergence of the wavefunctions upon self-consistent de-

C2Hip-bend 1275 1273  C—C torsion 157 214  termination of the system’s dipole moment. The eight C-H

stretching frequencies are combined into a single C—H block,
whose upper and lower bounds is given. The stretching fre-
quencies of the two double bonds are labeled. These vibra-
The exact determination of the whole eigenvalue spectrum tions remain well separated regardless of the adsorption con-
of a matrix, whose highest and lowest eigenvalue differ by figuration. The C—C vibrations on the other hand become
a factor of 20, requires extremely precise calculations of rather obscured and mixed with other modes.

energy differences and forces. For a typical displacement of  Two very prominent features are observable: (a) Stretch-
0.02 A of a single atom from the ground-state configuration ing frequencies of double bonds interacting with the surface
the changes in energy and forces are as low as 0.5 meV andecome shifted toward lower values proportional to the in-
0.05 eV/A, respectively. The three stretching frequencies of teraction strength, while in each case the other double bond
the molecule’s frame (8C1, C1-C2, CZC3), including is only marginally influenced. (b) The C—H block becomes
the two double-bond vibrations, are on average accuratenarrower as the oxygen atom interacts more strongly with
within 1%. C—H bond frequencies are consistently too large, the surface; particularly the lower bound of the block is
an error due to the neglect of either quantum effects or shifted upward in wavenumber. The lowest C—H vibration
anharmonicity. Note that also the ordering of all frequencies is always C1-H. As the oxygen—carbon double bond weak-
agrees between theory and experiment. ens and oxygen looses influence in the bond, the stretching
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frequency approaches the value of other C—H stretching vi- rections to rectify errors introduced by the periodic calcula-

brations. tional setup and considering entropy terms at finite temper-
Adiocc interaction with the surface results in a downshift atures, a possible vertical adsorption of prenal seems to be
of the C=C stretching frequency by about 400 thinde- replaced by a flat adsorption geometry already at tempera-

pendent of other adsorbate-surface interactions or the detailgures well below catalytic conditions (room temperature).
of the surface-layer composition. The frequency shift of the ~ The huge adsorption-energy gain upon adsorption includ-
C=0 bond stretching depends on the oxygen-metal interac-ing Fe—O bonds can lead to a substantial change in the segre-
tion. The difference of 250 cr (3-adsorption) or 80 cmt gation profile as a simple quasi-chemical model has shown,
(top adsorption), depending on whether iron is present in rising the iron concentration in the surface. Such adsorption-
the surface or not, should be discernible in experimentally induced changes of the segregation profile have also ex-
obtained vibrational spectra. However, being more or less perimentally been identified at 323 K without further ther-
horizontal vibrations in th@z-mode, they might not be con-  mal treatment of the surface [42]. We additionally want to
nected with a considerable change in the dipole moment nor-point out that the LEED model of the dgFeyg surface al-
mal to the surface, complicating experimental identification. lows for a low percentage of Fe in the surface layer [27],
Respective HREELS measurements are currently being perwhich has previously been quoted by experimentalists to ex-
formed (Y. Jugnet, private communications). They will be plain temperature-programmed desorption (TPD) peaks of
discussed and compared to our calculations in a forthcom-atomic hydrogen on this surface [47]. The conclusion that
ing publication. iron atoms in the surface are needed for a selective hydro-
genation of unsaturated aldehydes toward unsaturated alco-
hols is corroborated by experimental results (cf. Table 1). In
7. Conclusions Pty sFen 2 particles where the probability to find Fe atoms
in the surface is higher than in well-preparegdPeyo (111)
Starting from the adsorption of the g-unsaturated alde-  surfaces, the selectivity is more pronounced.
hydes acrolein and prenal on pure Pt (111) surfaces pub- The influence of iron atoms in the surface on the
lished recently [13], the influence of alloying platinum with  electronic structure was discussed. A charge transfer from
20 at% of Fe has been investigated. From previous experi-the electropositive iron atom to the adsorbate’s oxygen
ments [31] it was concluded that acrolein adsorbs in a flat atom is connected with an activation of the entire adsorbate
configuration on Pt (111) with both double bonds interact- molecule. The platinum-oxygen interaction in the case of a
ing with the surface, in agreement with theoretical results. platinum-covered surface is only faintly observable. Finally,
Assuming amy4 adsorption it is initially unclear which bond  we discussed vibrational spectra as a means to connect our
becomes hydrogenated. The experiments cited above sugresults to experiments.
gest that the main reaction of acrolein is the decarbonylation ~ Adsorption ofe, 8-unsaturated aldehydes orygFexg in-
to carbon monoxide and ethylene. The main theoretical re- cludes very strong Fe—O bonds, weakening tk€dCouble
sult, however, is that hydrogenation toward an unsaturatedbond. This, however, does not conclusively explain the se-
alcohol is unlikely, as expressed by the comparatively low lective hydrogenation of unsaturated aldehydes toward un-
adsorption energy in configurations where only the@ saturated alcohols. A flat adsorption configuration including
bond interacts with the surface. the interaction of both double bonds with the surface is also
When alloying Pt with Fe, a strong segregation of Pt to- energetically favored on the pure Pt (111) surface. However,
ward the clean surface is observed. The initial model there- a substantially weakened=®D double bond which is found
fore contains a pure platinum surface layer. Compared to only when Fe atoms are present in the surface is certainly
a pure Pt (111) crystal all adsorption energies are reducedmore likely to be hydrogenated than the same but much
however, with no considerable change of relative stabili- stronger bond in a molecule adsorbed on a pure Pt surface
ties of different adsorption modes. The underlying electronic layer. Furthermore, the higher selectivity for prenal (having
structure changes have been discussed elsewhere [12]. Whetwo methyl groups at the C3 atom) compared to acrolein,
iron atoms are present in the surface, adsorption geometrieshe most simple of the, -unsaturated aldehydes, can be
including O-Fe interactions become by far the most stable understood considering the reduced interaction of ta&€C
ones. The adsorption energies are strongly increased, bebond with the surface.
coming even larger than on pure Pt (111). Still the most  Still, two questions remain, that can at this point be
stable geometries are flat configurations witbth double answered only speculatively: Why does the hydrogenation
bonds interacting with the surface. Experimental investiga- start with the GO double bond on the alloy surface while
tions of Birchem et al. [46] have suggested a second (verti- the main catalytic product over the pure Pt surface (at
cal) adsorption mode for high coverages of prenal on pure least for small aldehydes) is the saturated aldehyde? For
Pt (111). While such a top adsorption might be competi- prenal over Pt (111) most often both double bonds are
tive also in the framework of DFT calculations on the pure hydrogenated, leading to the saturated alcohol (cf. Table 1),
Pt surface [13], this is not the case on the alloy, even with why does the reaction stop after the first hydrogenation step
iron present in the surface. Taking into account dipole cor- on the alloy surface? The first question is partly answered by
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