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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 hydro
of α,β-unsaturated aldehydes toward unsaturated alcohols. We have investigated various adsorption modes for acrolein and
the Pt80Fe20 (111) surface applying spin-polarized density-functional theory, following a similar recent study on a pure Pt (111)
(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 p
influence the hydrogenation selectivity in favor of unsaturated alcohols. On the clean alloy surface there is a strong segregation o
toward the surface layer, but a significantly higher aldehyde-adsorption energy upon the formation of O–Fe bonds can change
segregation profile, increasing the Fe content in the surface layer. The electronic structure changes due to O–Fe instead of O–Pt
will be discussed. Eventually, calculated vibrational spectra are presented as a link to experiments.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Product selectivity and yield in heterogeneous catal
reactions are significantly influenced by the nature of
catalyst employed. The selective hydrogenation ofα,β-
unsaturated aldehydes to unsaturated (allylic) alcohols
recently attracted much interest and the understandin
the origin of selectivity raises a great challenge to cat
sis research in view of the complexity of the reaction [1–
Unsaturated alcohols, such as allyl alcohol (CH2=CH–
CH2–OH), crotyl alcohol (CH3–CH=CH–CH2–OH), or 3-
methylbutenol ((CH3)2–CH=CH–CH2–OH), are importan
intermediates in fine chemistry, particularly in pharmace
cals and cosmetics. Considering the low scale of produc
in these industries, high product yields and selectivity
often crucial. Hence, the realization of even a small incre
in selectivity for the desired product would result in a la
added value.

* Corresponding author.
E-mail address:robin.hirschl@univie.ac.at (R. Hirschl).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00057-5
α,β-unsaturated aldehydes present two adjacent do
bonds in conjugation, C=C and C=O. The simplest of thes
aldehydes are sketched in Fig. 1. The selective hydrog
tion of only the C=O double bond is difficult to achieve b
cause of two reasons [4,5]: (a) thermodynamics favors
hydrogenation of the C=C over the C=O group and (b)
for kinetic reasons the reactivity of the C=C group in hy-
drogenation is supposed to be higher than that of the C=O
group. Consequently, on conventional hydrogenation c
lysts (Pt, Ru, Ni, etc.) the predominant products are ei
the saturated aldehydes (undesired because they can b
duced by alkene hydroformylation in industrial chemist
or the saturated alcohols from the consecutive hydrog
tion of both double bonds.

The intramolecular selectivity in the hydrogenation
α,β-unsaturated aldehydes is controlled by various fact
Among others the selectivity to the unsaturated alcoho
generally increased by: (a) larger substituents on the term
carbon atom of the C=C bond (C3); the substituents preve
the adsorption via this functional group and subsequen
drogenation by Pauli repulsion; (b) using larger metal c
ters when performing the reactions on nanoparticles bec
eserved.

http://www.elsevier.com/locate/jcat
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Fig. 1. Simpleα,β-unsaturated aldehydes: (a) acrolein (2-propenal),
crotonaldehyde (2-butenal), and (c) prenal (3-methyl-2-butenal). The
responding unsaturated alcohols are allyl alcohol, crotyl alcohol,
3-methylbutenol, respectively. C atoms are numbered consecutively,
ing from the one nearest to the oxygen.

Table 1
Experimentally determined selectivities for the hydrogenation ofα,β-
unsaturated aldehydes on well defined Pt80Fe20 surfaces and sma
Pt0.8Fe0.2 particles to the saturated aldehyde (SAL), the unsaturated
cohol (UOL), and the saturated alcohol (SOL)

Pt Pt80Fe20

SAL UOL SOL SAL UOL SOL

Well-defined Pt80Fe20 (111) surfaces, Ref. [6]
Crotonaldehyde 10 13
Prenal 56 70

Small Pt0.8Fe0.2 particles, Ref. [8]
Acrolein 92.6 1.6 1.8 84.9 7.3 7.
Crotonaldehyde 50.0 13.0 33.6 44.9 27.8 2
Prenal 17.0 20.5 55.0 5.1 80.4 14

of steric constraints on the metal surface; (c) electronic
steric effects due to ligands and supports (e.g., zeoli
(d) by modifying monometallic catalysts via addition of
second metal [2,6–9]. This second metal can either b
electropositive p-electron (e.g., Sn) or d-electron elem
(e.g., Fe).

We have investigated the capabilities of two sim
α,β-unsaturated aldehydes (acrolein and prenal, Figs
and c) to adsorb on the Pt80Fe20 (111) transition-metal-alloy
surface. Experimentally determined selectivities of this a
to the different possible reaction products are compile
Table 1. It can be assumed that only intramolecular bo
that are previously weakened through direct interaction
the constituting adsorbate atoms with the surface, m
become activated for hydrogenation. Hence the rela
strength of the various adsorption modes is of cru
interest. The results we present in the following, obtai
from calculations based on local spin-density-functio
theory [10,11], tie in with two recently published article
On the one hand, we have investigated the local properti
Pt80Fe20 (111) surfaces using small probe adsorbates [
on the other hand two of us (Delbecq and Sautet) h
f

studied the adsorption of unsaturated aldehydes on
Pt (111) surfaces [13]. Compared to the latter study,
present system posed an even larger calculational chall
because of the need of a spin-resolved treatment of
surface [12].

This paper is organized as follows: in Section 2 we
scribe the main points of our calculations and presen
quasi-chemical model to investigate the segregation pr
of the alloy surface. Section 3 introduces details of our
face models and discusses adsorption energies and ge
tries of the aldehydes. The formation of very strong O–
bonds might change the segregation profile of the alloy
face, an issue that is treated in Section 4. In Section 5
briefly discuss some properties of the local electronic st
ture of both surface and adsorbate upon adsorption. Vi
tional spectra present a means to connect our results t
perimental investigations. The spectra of aldehydes adso
in different configurations are discussed in Section 6.
nally, Section 7 summarizes our results.

2. Methodology

2.1. DFT calculations

All calculations of ground-state energies and ionic
laxations have been performed in the framework of lo
spin-density-functional theory by the use of the plane-wa
based Vienna ab initio simulation package (VASP) [14,
to solve the single-particle Kohn–Sham equations. The
cal density approximation for the exchange-correlation fu
tional was improved by using the generalized gradient
proximation (GGA) as proposed by Perdew and Wa
(PW91) [16]. Brillouin-zone sampling was performed
Monkhorst–Pack special points [17], integrated utilizing
generalized Gaussian smearing. The plane-wave cutoff
set to 400 eV throughout all calculations, thek-point mesh
was chosen to(6×6×1) and(3×3×1) k-points in(2×2)

and (2
√

3 × 2
√

3) supercells. Sufficient convergence w
respect to energy cutoff and number ofk-points was con-
firmed.

The projector-augmented-wave (PAW) method of Blö
[18], in the formulation of Kresse and Joubert [19],
applied to describe electron–ion interactions. This meth
being essentially all electron, improves the description
transition metals compared to the use of pseudopoten
3p states of iron are treated as valence states to guaran
good transferability of the potential.

Plane-wave-based codes necessitate periodic boun
conditions, which in turn fix a slab geometry as the se
of choice. Our supercell consisted of 4 layers of substr
separated by 4 to 7 layers of vacuum, depending on the
sorption mode. Vertically adsorbed aldehydes possess a
dipole moment. Not only does the periodic lattice of dipo
introduce errors, but also the dipoles cause spurious cha
in the surface [20]. These effects considerably slow down
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energy convergence with respect to the sizeL of the super-
cell. They can be counterbalanced by adding a linear ele
static potential to the local potential [21]. However, the
tomatically determined corrections adversely influence
convergence of the wavefunctions in the iterative solu
of the Kohn–Sham equations. The importance of dipole
rections for upright adsorption modes will be discussed
low. Ionic relaxation of the adsorbate and of the topm
surface layers is performed after determining the Hellma
Feynman forces [22] acting on the atoms.

The full vibrational spectrum of a molecule or an a
sorbate can be obtained by numerically approximating
Hessian matrix using finite differences and evaluating
eigenvalues. In the case of adsorbates this approach
glects the coupling of the adsorbate vibrations to the sur
phonons, which luckily introduces significant errors o
for the lowest adsorbate frequencies. For adsorbate freq
cies corresponding to the stretching vibrations of indiv
ual bonds, which are generally orders of magnitude hig
than surface phonon frequencies, the omission of adsor
surface coupling is certainly reasonable. The correct d
mination of vibrational frequencies requires mainly the
curate description of the ionic ground state. Since we c
pare systems that differ only by a tiny shift of certain atom
DFT-specific systematic errors have only little influence
the frequencies.

2.2. Segregation profile

Atoms near the surface of an (alloy) crystal are subje
to forces other than those residing in the bulk. This le
in many cases to surface segregation, relaxation, recons
tion, and (dis)ordering processes [23]. As these changes
have a substantial impact on the chemical reactivity of
alloy surface, a detailed knowledge of the composition
geometry of the surface under catalytic conditions is hig
desirable. Following Creemers [24] and Creemers and D
inck [25], we will introduce a simple quasi-chemical mod
to qualitatively determine the composition of the topm
surface layer in a Pt80Fe20 (111) alloy surface under the in
fluence of adsorbates.

Segregation occurs spontaneously because the alloy
by reordering of the atoms, lower its Gibbs free ene
in a surrounding at a given temperature and pressure.
equilibrium surface composition corresponds to the situa
of minimal Gibbs energy. In the following we consider on
the top two layers of the alloy surface, initially consisting
80 at% Pt and 20 at% Fe with no Fe–Fe nearest neighbo
is known from experiment that the topmost layer of the cl
surface almost entirely consists of platinum. Conseque
in the simplest model the only process allowed to contrib
to surface segregation is the interchange of surface Fe a
with underlying Pt nearest neighbors, treated as a chem
reaction,

(1)FeFe,1 + PtPt,2
∆
� PtFe,1 + FePt,2.
-

-

-

-
y

,

t

s
l

The subscripts denote Fe and Pt sites in the surface (1
subsurface (2) layers, respectively. Reaction (1) desc
the exchange at equilibrium of∆ at% second-layer P
atoms with first-layer Fe atoms. The allowed surface-la
platinum content in our model is therefore 80 at%� xPt,1 �
100 at%. The associated equilibrium equation,

(2)RT lnKseg+ �G0
seg= 0,

has two unknown terms, the equilibrium constant,Kseg, and
the excess Gibbs energy for segregation,�G0

seg. Calculat-
ing the configurational entropy through Boltzmann’s we
known equationS = kB lnW , W being the number of mi
croscopic permutations yielding the same macroscopic
centration, one obtains for the rate constant [25]

(3)Kseg= ∆

3(0.2− ∆)
.

The excess Gibbs energy is determined from a cons
bond-energy assumption, including the change in sur
energy, the change in total bond energy, and a pos
“chemical pump effect” [26] due to a preferential chemiso
tion of an external species on different surface spe
(�Ead). Since the resulting�G0

segcontains the equilibrium
Pt-concentration change∆ as well as the rate constantKseg,
Eq. (2) eventually has to be solved numerically.

It shall be noted again that this crude model is o
qualitative. Nevertheless, it provides important insights
the alloy-surface composition as will be discussed in S
tion 4, avoiding at the same time the implementation of tim
consuming more sophisticated algorithms that are not
pected to substantially change the picture.

3. Adsorption geometries and energies

3.1. Surface model

Following experimental investigations of the Pt80Fe20
(111) surface [25,27,28], the initial model consists of a Pt3Fe
bulk terminated by a single layer of pure Pt (cf. Fig. 2 a
our previous discussion in [12]). The model leads to t
geometrically inequivalent Pt sites in the surface, dis
guished by the existence or non existence of a subsurfa
nearest neighbor, labeled Pt1 and Pt2, respectively. The
culated supercell consists of 4 layers of 12 atoms each, la
below the surface contain 3 Fe atoms per supercell. To
the influence of Fe atoms in the surface, one of the sub
face iron atoms was interchanged with a surface Pt ne
neighbor (see insets in Fig 2). This surface is henceforth
ferred to as “modified Pt80Fe20” surface. Details regardin
the surface relaxation and electronic structure can be fo
in [12].

3.2. Adsorption energies

Theoretical investigations on the stability of different a
sorption modes of unsaturated aldehydes on pure Pt (
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Fig. 2. Model of the Pt80Fe20 (111) surface used for calculations. T
(2

√
3 × 2

√
3)R30◦ supercell is marked by the thick line. The surface h

two types of Pt atoms in the surface layer (cf. main text). In the modi
Pt80Fe20 (111) surface one Pt atom of type 1 per supercell is interchan
with an underlying Fe atom.

surfaces have been published lately [13], including many
erences to experimental works on that system. Calculat
on the reactivity of alloy systems began only recently
cause of previous lack of computational resources. On
the very few earlier works, generally employing semiem
ical methods, is our (Delbecq and Sautet) extended Hü
study of acrolein and crotonaldehyde on Pt80Fe20 surfaces,
which initiated the present much broader and more deta
approach. More recent theoretical works on the chemica
activity of PtM alloy surfaces include the adsorption of e
ylene and oxygen on Pt3Sn (111) by Watwe et al. [29] an
the adsorption of ethylene and formaldehyde on Pt3Zn (111)
by Silvestre-Albero and co-workers [30].

Experimental studies regarding the influence of e
tropositive additions to platinum surfaces on their catal
abilities to selectively hydrogenate a certain double b
have begun much earlier. In this context the investiga
of Pt80Fe20 (111) surfaces was pioneered by Beccat et
in 1990 [6]. Still, this class of systems has not lost a
of its fascination since, as recent publications prove—
e.g., the investigation of vapor-phase hydrogenation of
tonaldehyde over magnesia-supported platinum–tin cata
by Homs et al. [9]. The adsorption of acrolein and c
tonaldehyde on pure Pt (111) surfaces was experimen
investigated among others by de Jesús and Zaera [31
ing reflection-absorption infrared spectroscopies (RAIR
Bailie et al. [32] studied the hydrogenation of acrolein o
Co/SiO2 and Co3O4/SiO2 via vibrational spectra. The
concluded that on their surfaces C=O bonds are only hydro
genated through Con+ sites, either on the oxide or throug
reduction of the metal surface. These cations have a l
-

affinity for the O atoms of the aldehydes. A slightly diffe
ent approach to the selective hydrogenation of unsatur
aldehydes toward unsaturated alcohols has recently ga
attention, namely the use of noble-metal nanoclusters,
ticularly gold [5,33].

Coming to the different adsorption structures ofα,β-
unsaturated aldehydes on surfaces, there are various p
bilities, since each of the two double bonds can interact,
arately or in combination, with the metal atoms. A dou
bond can interact with the substrate in two different wa
either the atoms at both ends of the bond interact with
ferent atoms in the surface (diσ configuration), or theπ -
electrons of the double bond interact with a single surf
atom (π adsorption). Furthermore, there arecis- andtrans-
configurations of the aldehydes, depending on the rela
position of the terminating oxygen and the C3 atom, incre
ing the number of possible adsorption modes. The struct
can be divided into four classes: interaction with the s
strate via the C=C bond, the C=O bond, both bonds simu
taneously (this configuration is referred to asη4, following
the conventions in organometallic chemistry), and via
oxygen lone pair. The last class of configurations lead
an upright configuration of the adsorbate, while all other
sorption modes are more or less flat. Two other config
tions have been considered: a diσCC mode with additionally
the oxygen atom interacting with the surface (labeledη3)
and a ring-shaped adsorption mode with the oxygen and
C3 atom interacting with neighboring metal atoms, lead
to an organometallic ring, termed diσ -14 mode. A represen
tative example for every class is depicted in Fig. 3.

The existence of two types of Pt surface atoms in the a
surface again multiplies the number of inequivalent ads
tion modes. Consideringπ and diσ modes for the interac
tions via a single double bond this would add up to more t
40 different configurations for a single adsorbate, a nu
ber unacceptable regarding computational demand. Fo
choice of the geometries eventually tested we establis
three criteria: (a) every class of adsorption modes shoul
considered at least once for the simplest unsaturated
hyde, acrolein, on the alloy surface (however, judging fr
previous results on ethylene [30] and formaldehyde [34],
sorption through a singleπ -interaction can be discarded
(b) particularly concerningcis–transselection we chose th
structure more stable on the pure Pt surface [13], (c) res
for acrolein qualified the choices for the more complex
sorbate prenal.

The adsorption energies per atom as well as per sur
area are collected in Table 2. A few configurations
pure Pt (111) were considered to compare the results
the ones in [13], where a slightly different calculation
setup (e.g., ultrasoft (US) instead of PAW potentials) w
used. Adsorption energies agree accurately, as close a
meV for the η4 prenal adsorption mode (1 kcal/mol ≡
43.393 meV/molecule). On the pure Pt (111) surface t
diσCC adsorption mode is by far more stable than
adsorption via the C=O double bond. However, adsorptio
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Fig. 3. Adsorption modes forα,β-unsaturated aldehydes on metal surfac
diσCC (a), diσCO (b), η4-trans (c), top (d), η3-cis (e), diσ -14 (f). The
adsorbate in the drawings is acrolein, the simplest of this class of aldeh
Table 2
Adsorption energies of acrolein and prenal per adsorbate and per surfac
justification of the choices)

Configuration Adsorbate–surface Coverage

interaction

Pt (111)
diσCC C2–Pt, C3–Pt 1/12
diσCO O–Pt, C1–Pt 1/12
η4-trans O–Pt1, C1–Pt1, C2–Pt2, C3–Pt1 1/12

Pt80Fe20 (111)
diσCC C2–Pt1, C3–Pt1 1/12
diσCC C2–Pt2, C3–Pt1 1/12
diσCC C2–Pt1, C3–Pt2 1/12
diσCO O–Pt1, C1–Pt1 1/12
diσCO O–Pt2, C1–Pt1 1/12
diσCO O–Pt1, C1–Pt2 1/12
η3-cis O–Pt1, C2–Pt2, C3–Pt1 1/12
η4-cis O–Pt1,C1–Pt1, C23–Pt2 1/12
η4-trans O–Pt1, C1–Pt1, C2–Pt2, C3–Pt1 1/12
diσ -14 O–Pt1, C3–Pt2 1/12
top O–Pt2 1/12
top O–Pt2 1/4

Mod. Pt80Fe20 (111)
diσCC C2–Pt, C3–Fe 1/12
diσCO O–Fe, C1–Pt 1/12
η3-cis O–Fe, C1–Pt, C2–Pt 1/12
η4-trans O–Fe1, C1–Pt1, C2–Pt2, C3–Pt1 1/12
diσ -14 O–Fe, C3–Pt 1/12
top O–Fe 1/12
top O–Fe 1/4

Adsorbate–surface interactions are listed in the second column. All adsorpt
.

via bouth double bonds (η4-trans) is, at least atT = 0 K and
low coverages (Θ = 1/12), the most stable configuratio
At higher coverages (Θ = 1/4), configurations with fewe
adsorbate-surface interactions are prevalent [13]. Both a
hydes (acrolein and prenal) show the same energetical o
ing of configurations, although the difference between diσCC

and diσCO is reduced for prenal. Furthermore, the top
sorption mode becomes competitive on the pure platin
surface as the size of the substituents on the C3 atom
creases [13].

Turning now to the platinum-covered alloy surface
observe an overall reduction of adsorption energies, sim
to our previous findings for the adsorption of CO and ato
hydrogen on that surface [12]. From the diσ energies it can
be clearly seen that the Pt2 atoms, being less influe
by iron atoms, bind stronger to carbon atoms, while
is not the case for oxygen atoms of the adsorbate.
other adsorption modes than diσCC and diσCO we have
consequently preferred Pt2–C interactions. The adsorp
via the C=O double bond is barely stable. Furthermo
η3-cis becomes the most favorable adsorption geom
0.140 eV more stable thanη4-trans, which is the favored
adsorption mode on pure Pt for this coverage. Adsorp
via the formation of an organometallic ring (diσ -14) is not
competitive.

Vertical adsorption (top mode) is allowed for a covera
up to a quarter monolayer. Nevertheless the adsorp
e area for selected adsorption modes and different surfaces (see main text fora

Ead acrolein Ead prenal

(eV/molecule) (meV/Å2) (eV/molecule) (meV/Å2)

1.042 30.85
0.248 7.34
1.134 33.56 0.671 19.86

0.584 17.64
0.722 21.81
0.727 21.97 0.321 9.70
0.004 0.12

−0.053 −1.60 −0.077 −2.33
0.084 2.54 0.068 2.05
0.768 23.20 0.155 4.68
0.591 17.86 0.305 9.21
0.628 18.97 0.180 5.44
0.425 12.84
0.126 3.81
0.010 0.91 0.032 2.90

0.482 14.56
0.681 20.58 0.688 20.78
1.476 44.59 0.971 29.33
1.247 37.67 0.788 23.80
1.090 32.93 0.679 20.51
0.558 16.86 0.383 11.57
0.493 44.69 0.474 42.95

ion energies are given without dipole corrections, cf. main text for details.
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energy is far from that of flat adsorption configuratio
The energies given in Table 2 are calculated without dip
corrections (cf. Section 2), which decrease the ener
further by 60–70 meV compared to our initial setup w
6 layers of vacuum separating the slabs, disfavoring
vertical adsorption modes even more compared to the
ones.

For prenal the adsorption via the C=C double bond is
weaker than for acrolein due to the two methyl groups
the C3 atom. They do not, however, influence the adsorp
via the C=O bond, bringing the adsorption energy differen
between the two diσ configurations down to 0.253 eV. Also
other adsorption geometries involving a diσ interaction of
the C=C bond with the surface (η3-cis and η4-trans) are
drastically destabilized compared to acrolein. Neverthel
an η4-cis configuration, including aπ interaction of the
C=C double bond with a Pt2 surface atom, is energetic
close to the most favorable configuration, diσCC.

Eventually we tested the influence of an Fe atom brou
up to the surface layer of the alloy surface (cf. Fig. 2 and
part of Table 2), having a large affinity for the oxygen ato
in the molecule. Adsorption energies for configurations w
no interaction of the surface iron atom with the adsorb
are expected to be similar to the adsorption on the platin
covered alloy surface. The formation of very strong Fe
bonds shifts the adsorption energies in favor of geome
including the interaction of the oxygen atom with t
surface. For acrolein, diσCO is 0.2 eV more stable tha
diσCC, with one atom of the C=C double bond bound to th
Fe surface atom and only slightly less stable (0.05 eV) t
the best diσCC configuration on the platinum covered allo
surface.η4-trans andη3-cis become by far the most stab
configurations, more stable than any other configurat
including the pure Pt (111) surface. The same is true
prenal, clearing the way for a hydrogenation of the C=O
double bond, which is exposed to the attack of coadso
hydrogen.

Also a vertical adsorption geometry becomes very co
petitive because of the possible high coverage. We note
for prenal even the adsorption energy per molecule incre
with coverage, because at 1/4 coverage the hydrogen atom
of neighboring adsorbates approach each other as clo
2 Å, leading to stabilizing dipole–dipole interactions as w
confirmed by calculating high densities of prenal in vacuu
Table 3
Intermolecular and metal–adsorbate bond lengths for prenal adsorbed on a

Mode Surface Ead (eV) O–C1 C1–C2 C2–C

Gas – 1.23 1.46 1.
diσCC PtFe 0.359 1.23 1.49 1
diσCO PtFe 0.106 1.34 1.45 1
η3 PtFe 0.193 1.25 1.47 1
η4-trans PtFe 0.218 1.31 1.49 1
η3 Modified 1.009 1.30 1.44 1.
η4-trans Modified 0.826 1.35 1.50 1.
Top Modified 0.474 1.26 1.44 1.

All distances in Å. For comparison the bond lengths in the gas phase are g
t
s

s

Adding again dipole corrections to the values in Table 2
duces the energies by about 70 meV or 6.3 meV/Å2 for a
coverage ofΘ = 1/4. Still this mode remains the most f
vorable configuration regarding the adsorption energy
area. However, for the preferred adsorption mode at cata
conditions (ambient temperature), entropic effects mus
taken into account. The entropy of the adsorbed molec
must be compared with the entropy in the liquid (or g
phase. A quantitative estimation is difficult since data on
entropy of prenal in the liquid phase are rare. An appr
imate model using the entropy of similar molecules le
to the conclusion that at normal pressure the transition t
perature from top toη3-cis adsorption is well below 100 K
letting us assume a flat adsorption geometry under cata
conditions.

3.3. Adsorption geometries

Characteristic bond lengths for prenal in the gas ph
and adsorbed in several configurations on platinum-cov
and modified Pt80Fe20 surfaces are given in Fig. 4 an
Table 3. Upon adsorption the lengths of the bonds interac
with the surface are elongated and intermolecular an
are changed. The latter originates in a transformation f
a planar sp2-like hybridization of the carbon orbitals to
tetrahedral sp3-like hybridization, with bond angles in th

Fig. 4. Intermolecular bond lengths and angles for gaseouscis-prenal
(top), prenalη3-cis adsorbed on platinum-covered Pt80Fe20 (bottom left),
and the same adsorption mode on modified Pt80Fe20 (bottom right).
Only surface-layer atoms and second-layer iron atoms are drawn
represented by the bright circles). All distances are in Å. The influenc
the Fe surface atom is clearly reflected in the geometry of the adsorba
platinum-covered and on a modified Pt80Fe20 alloy surface

3 O–surface C1–surface C2–surface C3–surface

36
.51 2.17 2.16
.36 2.11 2.24
.51 2.46 2.73 2.18 2.16
.50 2.16 2.31 2.15 2.18
50 2.01 2.47 2.20 2.14
50 1.90 2.14 2.17 2.18
36 2.16

iven.
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case of full hybridization of 120 and 109.5◦, respectively.
The resulting decrease of bond angles in the prenal mole
is most pronounced around the C3 atom with the
attached methyl groups.

Regarding bond lengths, the primary indication for
weakening of a bond is the increase of its length compare
the gas phase. Comparing the two diσ adsorption geometrie
with the free molecule, we observe an increase in the le
of the bond interacting with the substrate by about 10
similar to the results on a pure Pt (111) surface [13].
further note that whenever the C=C double bond interact
with the surface in a diσ configuration, the bond lengt
is equally increased. Comparing this to the bond-len
increase of the C=O double bond upon adsorption,
elongation as large as 10% only occurs for the diσCO mode
on the platinum-covered surface and theη4-trans mode on
the modified surface. In theη3 adsorption modes the C=O
double bond mainly interacts with the surface via the l
pair of the oxygen atom. This orbital is not a bond
C=O orbital, leading to an only moderate increase in
bond length. Metal–oxygen bond lengths in organomet
complexes are usually around 2 Å [35,36]. The Pt–O b
in theη3-cisadsorption, being 2.46 Å, is considerably larg
than that, showing a weak interaction. In contrast, the
O bond length for all listed adsorbate configurations on
modified alloy surface is≈ 2 Å, indicating the formation o
a metal–oxygen bond with a strength comparable to tha
organometallic complexes.

Combining all information about adsorption energ
and bond length changes on different surfaces we
establish a correlation between the adsorption energy
the weakening of the double bonds as expressed by
increase in their lengths. It is expected that the barrier
hydrogenation of a double bond is the lower the weaker
bond, and consequently the C=O bond hydrogenation wil
be easier upon aldehyde adsorption on the modified a
surface.

4. Alloy surface segregation profile

The quasi-chemical model we have used to describe
segregation in the top layer of the Pt80Fe20 surface has bee
outlined in Section 2.2. It has been used in the context o
alloy surface discussed here before [25], correctly descri
the strong Pt segregation toward the surface, without
consideration of adsorption energies. Input parameter
the model are the bond energies of the individual me
and the regular solution parameter, which is calcula
from the heat of mixing. While those parameters previou
were derived from experimental values for the heats
sublimation and the heat of mixing for the 50–50% all
we have determined them from ab initio calculations. T
heat of mixing was taken from the ordered Pt3Fe alloy,
since this is the underlying superstructure that is modi
by segregation. A simple example justifies the use of
Fig. 5. Adsorption-induced change of the segregation calculated in a s
quasi-chemical model for the interchange of surface Fe with subsurfa
atoms in Pt80Fe20 (111) and assuming different values for the differen
in the molecular adsorption energies on Fe or Pt atoms�Ead. The dashed
lines use the adsorption energy differences determined for flat and up
prenal with/without iron atoms in the surface layer.

crude model for the qualitative analysis of the segregat
Counting all bonds when changing from the initial to t
modified Pt80Fe20 surface yields an increase of 3 Pt–
bonds at the cost of Pt–Fe bonds. The corresponding ch
in total energy assuming constant bond energies is 0.75
in remarkably good agreement with the calculated ene
difference of 0.85 eV.

Surfaces similar to Pt80Fe20 studied theoretically fo
surface segregation are Fe99Pd1 [24] and Pd–X alloys (X=
Pt, Ag, Au, Cu) [37]. In the former alloy, an enrichme
of Pd in the surface layer up to 55% was found. Howe
both studies do not include the effect of adsorbates on
segregation profile. Khanra and co-workers have stu
the effect of sulfur on the composition profile of Pt–R
nanocatalysts [38], and the spatial distribution of atom
gas-covered Pd–X nanoparticles [39]. To note just on
their results: In Pd50Ni50 alloys the surface fraction of P
atoms rises from 45 to 80 at% upon the adsorption of
monolayer of CO. The adsorption energy difference of
adsorbed on Pd and Ni is 0.3 eV.

Adsorbate-induced segregation profile changes have
been investigated experimentally. Deckers et al. [40] h
pioneered the determination of depth profiles using med
energy ion scattering (MEIS). They investigated the oxyg
induced segregation in the Pt50Ni50 (111) surfaces [41]
Only recently, Baddeley et al. [42] have studied adsorb
induced segregation in Cu50Pd50 (110) surfaces. They foun
that hydrocarbon adsorption leads to Pd segregation, w
the adsorption of atomic C or Cl leads to Cu segregat
The concentration of Cu in the first layer changes fr
65 at% in the clean surface to 57 and 71 at% upon adsor
of ethylene and 1,2-dichlorethylene at 323 K, respectiv
without further thermal treatment of the surface.

The results of our calculations are shown in Fig. 5. T
model starts from a bulk-like distribution in every lay
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(20 at% Fe) and allows for the interchange of a surf
Fe atom with a neighboring subsurface Pt atom. The h
temperature limit (complete disorder) is 95 at% Pt (o
quarter of the tetrahedra consisting of the surface atoms
the three underlying nearest neighbors has the Fe atom i
surface layer). In agreement with experiment, in the cl
surface at room temperature the surface layer consists s
of platinum atoms.

When iron atoms are present in the surface layer, the
saturated aldehydes bind significantly stronger to the
face than on a completely platinum-covered alloy surfa
We observe from Fig. 5 that already at an adsorption
ergy difference around 350 meV with/without iron atom
in the surface, the surface layer Pt concentration at 20
changes drastically from almost 100 at% to slightly ab
80 at%. We recall that 80 at% is the minimum that o
model allows; 350 meV is the energy needed for the
terchange of a surface–platinum which a subsurface–
atom in the constant bond-energy approximation. The ca
lated adsorption-energy differences are about 450 meV
vertically adsorbed and 650 meV for horizontally adsorb
prenal. This is well above the limit for which a conside
able adsorption-induced segregation-profile change oc
From the experimental evidence that an adsorption-indu
segregation-profile change occurs already at room temp
ture in Cu50Pd50 (110) [42] and the results from our mod
calculations, we can conclude that iron atoms diffuse to
surface upon adsorption of unsaturated aldehydes unde
alytic conditions (i.e., at ambient temperature (300 K)
slightly above), restoring an almost bulk-like compositi
of the surface.

5. Electronic structure

To our knowledge, an attempt to study the local electro
structure of such a complex system as unsaturated aldeh
adsorbed on transition-metal-alloy surfaces from first p
ciples has not been made so far. In one of the first theo
ical investigations of the Pt80Fe20 system two of us (Del
becq and Sautet) have discussed the orbital-resolved
sity of states of the clean surface and after the adsorptio
atomic H, as obtained from semiempirical nonmagnetic
tended Hückel calculations [43]. In a recent article we h
presented spin-resolved DFT electronic structure data o
clean Pt80Fe20 (111) surface and its modification by test a
sorbates [12]. In the present article, we will restrict oursel
to the analysis of the influence of surface iron atoms on
local electronic structure of the aldehyde/substrate comp

We begin with the electronic structure of the subsurf
and surface Fe atoms in Pt80Fe20 and modified Pt80Fe20
surfaces (Fig. 6). d-Band centers of mass (COM) are give
eV belowEFermi. The slight deviations in the d-band CO
of the Fe atoms in the platinum-covered surface with res
to the values given in Fig. 2b of [12] are a result of t
different supercells used. Due to the lower coordination
.

-

-

s

-

Fig. 6. Local density of states of subsurface iron atoms in platinum-cov
Pt80Fe20 alloy surfaces (full lines) and surface iron atoms in modifi
Pt80Fe20 (cf. Fig. 2, dashed lines). d-Band centers of mass are give
eV belowEFermi.

the iron atoms in the surface (only 9 Pt nearest neigh
instead of 12 in the subsurface layer), the main pea
the majority-spin component is less shifted toward hig
binding energies. The majority-spin band of Fe is the
interacting most strongly with the Pt d-bands because
lying in the same energy range. Following the Hamm
Nørskov model [44], a d-band closer toEFermi, as is the
case for surface relative to subsurface iron atoms, fa
adsorbate/substrate interaction in two ways: On one h
the interaction of the “frontier” orbitals of the surface wi
unoccupied molecular orbitals of the adsorbate is increa
because of the smaller energy difference, on the other h
antibonding states from four-electron interactions of fil
substrate bands with filled molecular orbitals are more lik
to be aboveEFermi, and hence unoccupied.

The two top panels (a,b) of Fig. 7 display the loc
densities of states of surface atoms interacting with
oxygen atom of prenal, compared to the respective electr
structures of the clean surface. The changes in the elect
densities of a platinum atom in the Pt-covered surf
(Fig. 7a) after interaction with oxygen are rather mode
and not very telling. There is a slight shift of the d-ba
toward higher binding energies forη3 adsorption, a second
order effect from neighboring Pt atoms which interact w
the C=C double bond of the adsorbate. After a verti
adsorption of prenal the spin-up Pt d-band experien
a small shift toward lower binding energies due to
interaction with the low-lying oxygen p orbital, while th
spin-down band is slightly shifted in the other directio
There is a loss of about 0.05 electrons in the Pt d-band
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Fig. 7. LDOS of metal atoms interacting with an oxygen atom of prenal in flat (η3, full lines) and upright (top, dashed lines) adsorption configurations: (a)
Pt in Pt80Fe20, (b) Fe in modified Pt80Fe20 (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): (c)η3 adsorption mode, (d) top adsorption mode. d-Band centers of mass are given
in eV belowEFermi.
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vertical adsorption, but no change in the d-band occupa
afterη3 adsorption.

The interaction of oxygen with iron atoms (Fig. 7b)
stronger, and again more pronounced for top adsorption
for the flatη3 adsorption configuration. The main peak in t
majority-spin band is lowered and broadened with respe
the clean surface the change in the electronic structure
adsorption can easily be observed. While forη3 adsorption
electron donation by the substrate is again negligible, pa
due to interferences with neighboring Pt atoms that
interact with the adsorbate, it is as large as 0.1 electron
top adsorption. These electrons come from the minority-
band, consequently the magnetic moment of the iron a
being 3.22µB in the clean surface and theη3 configuration,
rises slightly to 3.32µB.

Panels c and d of Fig. 7 show the local densities
states of the oxygen atom inη3-adsorbed (c) and top
adsorbed prenal (d), on platinum-covered Pt80Fe20 (full
lines) and modified Pt80Fe20 (dashed lines). On comparin
the two subfigures we note that the distinctive molecu
orbital peaks become more diluted for the flat than
the vertical adsorption configuration. This is not surpris
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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 theη3
adsorption mode on Pt80Fe20 (a) and modified Pt80Fe20 (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.
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considering the more extended and considerably stro
adsorbate-metal interaction. In theη3 configuration the
whole delocalizedπ -system interacts with the surface
the contributions of the C2 and C3 atoms, contrary
the top configuration where the molecularπ -system stays
intact. In the latter case it remains as sharp peaks in
electronic density of states. We further note in both figure
pronounced peak in the spin-down band around 3 eV be
EFermi when the oxygen atom interacts with a surface i
atom. The induced magnetic moment of oxygen remain
all cases below 0.04µB.

In Fig. 8 we have plotted the charge flow when
prenal molecule adsorbs in theη3 configuration on Pt80Fe20
(a) and modified Pt80Fe20 (b). In order to determine th
charge-density difference upon adsorption of a molecule
calculate the total charge density and subtract the ch
distribution obtained from calculations of the molecu
and the surface alone. The latter calculations are ca
out in the geometries of the relaxed adsorbate/subs
system, using the same supercell and number of
points for numerical evaluation of the charge density. T
shaded areas in Fig. 8 display an isosurface of the ch
density difference, corresponding to the same nume
value of charge gain and loss in both subfigures. Dark
light shading represent positive and negative charge fl
respectively. The oxygen–metal bond is highlighted.

In the left subfigure the most prominent features co
from the diσCC interaction, more specifically from the bac
donation of surface charge to the prenal molecule al
the Pt–C bonds. The Pt–O interaction is much weaker,
hardly represented by the chosen isosurfaces. Switchin
panel b the situation changes completely. The surface
atom looses a considerable amount of charge in a re
pointing toward the oxygen atom, but both partners of
bond become polarized, so that the total charge in a sp
around the atoms changes only by 0.1 electrons. The ch
redistribution extends over all of the adsorbate, influenc
r

e

all of its atoms as far as the hydrogen atoms of the termi
methyl groups. The charge flow due to the diσ interaction
of the C=C double bond is hardly discernible any mo
The result corroborates that the bonding arrangements i
conjugatedπ -system change significantly. The C1=O and
C2=C3 bonds loose some of their double bond character
become destabilized, while the C1–C2 bond gains electr
which was already suggested by the respective chang
the bond lengths (cf. Table 3). This might have considera
implications for the activation of both double bonds
hydrogenation.

6. Vibrational frequencies

Vibrational spectra are a powerful means of investiga
adsorption structures experimentally and to compare t
to theoretical results. de Jesús and Zaera [31] have discu
the reflection-adsorption infrared spectra for multilayer c
erages of acrolein and crotonaldehyde on Pt (111). They
cessfully identified the C–C single- and double-bond stre
ing frequencies as well as the C=O stretching frequency an
several C–H vibrations. As we will show below these ch
acteristic frequencies are highly dependent on the subs
and the adsorption geometry, which allows determinatio
the prevalent adsorption mode from the knowledge of the
brational spectrum.

In Section 2 we have outlined our method to calcul
vibrational spectra. The surface atoms were kept fixed w
approximating the force-constant matrix, a simplificat
justified by the large mass difference between adsor
and surface atoms. In Table 4 we demonstrate the accu
of this method by comparing experimental and calcula
values for the vibrational frequencies of gaseous acro
(2-propenal). The agreement is remarkable. The calcul
frequencies deviate less than 3% from the experime
ones, except for the lowest frequency, which is 36%
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Fig. 9. Vibrational spectra of prenal in the gas phase and adsorbed on platinum-covered (norm) and modified (mod) Pt80Fe20 in different adsorption geometries.
The eight C–H stretching frequencies are combined in a single C–H block. C=C and C=O frequencies are labeled, other lines correspond to (more or less
pronounced) C–C frequencies.

for
metri
ely)

y

6
1

8
4

rum
by
of

nt of
tion

an
s of

rate
rge,

or
cies

e-
pon
cies
um-
-
ver,

iple
di-
in

vac-
lower
t de-
–H
ock,
fre-
ibra-
con-
me

tch-
ace
in-
ond
es

with
is

ion
ak-
hing
Table 4
Experimental (cf. Ref. [45]) and calculated vibrational frequencies
gaseous acrolein (2-propenal) (a and s denoting asymmetric and sym
stretchings, ip and op standing for in-plane and out-of-plane, respectiv

Experiment Theory Experiment Theor
Type (cm−1) (cm−1) Type (cm−1) (cm−1)

CH2 a-str. 3103 3168 C–C str. 1158 1159
C2H str. 3028 3133 C2H op-bend 993 101
CH2 s-str. 3000 3064 C1H op-bend 980 100
C1H str. 2800 2820 CH2 wag 959 984
CO str. 1724 1700 CH2 rock 912 931
C=C str. 1625 1626 CH2 twist 593 610
CH2 scis. 1420 1424 CCO deform 564 557
C1H ip-bend 1360 1353 CCC bend 327 32
C2H ip-bend 1275 1273 C–C torsion 157 21

The exact determination of the whole eigenvalue spect
of a matrix, whose highest and lowest eigenvalue differ
a factor of 20, requires extremely precise calculations
energy differences and forces. For a typical displaceme
0.02 Å of a single atom from the ground-state configura
the changes in energy and forces are as low as 0.5 meV
0.05 eV/Å, respectively. The three stretching frequencie
the molecule’s frame (O=C1, C1–C2, C2=C3), including
the two double-bond vibrations, are on average accu
within 1%. C–H bond frequencies are consistently too la
an error due to the neglect of either quantum effects
anharmonicity. Note that also the ordering of all frequen
agrees between theory and experiment.
c

d

Having proven the reliability of calculated vibrational fr
quencies we can now investigate the frequency shifts u
adsorption. In Fig. 9 we have collected the main frequen
of prenal in the gas phase as well as adsorbed on platin
covered and modified Pt80Fe20 alloy surfaces in different ad
sorption geometries. It must be noted at this point, howe
that we did not yet take intensities into account. In princ
this is possible through the determination of the changing
pole moment upon vibration [48] but it is very demanding
terms of CPU time, on one hand, because of the larger
uum needed and, on the other hand, because of the s
convergence of the wavefunctions upon self-consisten
termination of the system’s dipole moment. The eight C
stretching frequencies are combined into a single C–H bl
whose upper and lower bounds is given. The stretching
quencies of the two double bonds are labeled. These v
tions remain well separated regardless of the adsorption
figuration. The C–C vibrations on the other hand beco
rather obscured and mixed with other modes.

Two very prominent features are observable: (a) Stre
ing frequencies of double bonds interacting with the surf
become shifted toward lower values proportional to the
teraction strength, while in each case the other double b
is only marginally influenced. (b) The C–H block becom
narrower as the oxygen atom interacts more strongly
the surface; particularly the lower bound of the block
shifted upward in wavenumber. The lowest C–H vibrat
is always C1–H. As the oxygen–carbon double bond we
ens and oxygen looses influence in the bond, the stretc
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frequency approaches the value of other C–H stretching
brations.

A diσCC interaction with the surface results in a downsh
of the C=C stretching frequency by about 400 cm−1, inde-
pendent of other adsorbate-surface interactions or the de
of the surface-layer composition. The frequency shift of
C=O bond stretching depends on the oxygen-metal inte
tion. The difference of 250 cm−1 (η3-adsorption) or 80 cm−1

(top adsorption), depending on whether iron is presen
the surface or not, should be discernible in experiment
obtained vibrational spectra. However, being more or
horizontal vibrations in theη3-mode, they might not be con
nected with a considerable change in the dipole moment
mal to the surface, complicating experimental identificati
Respective HREELS measurements are currently being
formed (Y. Jugnet, private communications). They will
discussed and compared to our calculations in a forthc
ing publication.

7. Conclusions

Starting from the adsorption of theα,β-unsaturated alde
hydes acrolein and prenal on pure Pt (111) surfaces
lished recently [13], the influence of alloying platinum wi
20 at% of Fe has been investigated. From previous exp
ments [31] it was concluded that acrolein adsorbs in a
configuration on Pt (111) with both double bonds intera
ing with the surface, in agreement with theoretical resu
Assuming anη4 adsorption it is initially unclear which bon
becomes hydrogenated. The experiments cited above
gest that the main reaction of acrolein is the decarbonyla
to carbon monoxide and ethylene. The main theoretica
sult, however, is that hydrogenation toward an unsatur
alcohol is unlikely, as expressed by the comparatively
adsorption energy in configurations where only the C=O
bond interacts with the surface.

When alloying Pt with Fe, a strong segregation of Pt
ward the clean surface is observed. The initial model th
fore contains a pure platinum surface layer. Compare
a pure Pt (111) crystal all adsorption energies are redu
however, with no considerable change of relative stab
ties of different adsorption modes. The underlying electro
structure changes have been discussed elsewhere [12].
iron atoms are present in the surface, adsorption geome
including O–Fe interactions become by far the most sta
ones. The adsorption energies are strongly increased
coming even larger than on pure Pt (111). Still the m
stable geometries are flat configurations withboth double
bonds interacting with the surface. Experimental invest
tions of Birchem et al. [46] have suggested a second (v
cal) adsorption mode for high coverages of prenal on p
Pt (111). While such a top adsorption might be comp
tive also in the framework of DFT calculations on the pu
Pt surface [13], this is not the case on the alloy, even w
iron present in the surface. Taking into account dipole c
-

-

,

n
s

-

rections to rectify errors introduced by the periodic calcu
tional setup and considering entropy terms at finite tem
atures, a possible vertical adsorption of prenal seems t
replaced by a flat adsorption geometry already at temp
tures well below catalytic conditions (room temperature)

The huge adsorption-energy gain upon adsorption inc
ing Fe–O bonds can lead to a substantial change in the s
gation profile as a simple quasi-chemical model has sho
rising the iron concentration in the surface. Such adsorpt
induced changes of the segregation profile have also
perimentally been identified at 323 K without further th
mal treatment of the surface [42]. We additionally want
point out that the LEED model of the Pt80Fe20 surface al-
lows for a low percentage of Fe in the surface layer [2
which has previously been quoted by experimentalists to
plain temperature-programmed desorption (TPD) peak
atomic hydrogen on this surface [47]. The conclusion t
iron atoms in the surface are needed for a selective hy
genation of unsaturated aldehydes toward unsaturated
hols is corroborated by experimental results (cf. Table 1)
Pt0.8Fe0.2 particles where the probability to find Fe atom
in the surface is higher than in well-prepared Pt80Fe20 (111)
surfaces, the selectivity is more pronounced.

The influence of iron atoms in the surface on
electronic structure was discussed. A charge transfer f
the electropositive iron atom to the adsorbate’s oxy
atom is connected with an activation of the entire adsor
molecule. The platinum-oxygen interaction in the case
platinum-covered surface is only faintly observable. Fina
we discussed vibrational spectra as a means to connec
results to experiments.

Adsorption ofα,β-unsaturated aldehydes on Pt80Fe20 in-
cludes very strong Fe–O bonds, weakening the C=O double
bond. This, however, does not conclusively explain the
lective hydrogenation of unsaturated aldehydes toward
saturated alcohols. A flat adsorption configuration includ
the interaction of both double bonds with the surface is a
energetically favored on the pure Pt (111) surface. Howe
a substantially weakened C=O double bond which is foun
only when Fe atoms are present in the surface is certa
more likely to be hydrogenated than the same but m
stronger bond in a molecule adsorbed on a pure Pt su
layer. Furthermore, the higher selectivity for prenal (hav
two methyl groups at the C3 atom) compared to acrol
the most simple of theα,β-unsaturated aldehydes, can
understood considering the reduced interaction of the C=C
bond with the surface.

Still, two questions remain, that can at this point
answered only speculatively: Why does the hydrogena
start with the C=O double bond on the alloy surface wh
the main catalytic product over the pure Pt surface
least for small aldehydes) is the saturated aldehyde?
prenal over Pt (111) most often both double bonds
hydrogenated, leading to the saturated alcohol (cf. Tabl
why does the reaction stop after the first hydrogenation
on the alloy surface? The first question is partly answere
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the weakening of the C=O bond through Fe–O interaction
Furthermore there might be an additional cooperative e
with coadsorbed hydrogen atoms that preferably appro
the C=O double bond. The second question might
answered by the low adsorption energy of the diσCC mode
on the alloy surface. The adsorbate after the hydrogen
of the C=O double bond, the unsaturated alcohol, w
most likely only adsorb in a diσ mode. Two effects ca
contribute to the desorption of the molecule rather t
further hydrogenation to the saturated alcohol. On one h
it is known from previous studies on the hydrogenat
of ethylene over Pt (111) surfaces that the energy ba
for the hydrogenation of a C=C double bond is aroun
0.8 eV [49]. The reaction barrier for the hydrogenation
the C=C double bond is therefore higher than the adsorp
energy of the unsaturated alcohol on the alloy. On the o
hand the adsorption of the unsaturated aldehyde in theη3-
cis or η4-trans configuration is very stable. Hence, ev
without the attempt to hydrogenate the C=C double bond
in the unsaturated alcohol, it might desorb by competi
with the unsaturated aldehyde as long as this reactant i
completely converted. A forthcoming article will deal wi
these issues in detail.
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