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Abstract

The enantio-selective hydrogenation of methyl acetoacetate (MAA) over modi�ed

Ni-based catalysts is a key reaction in the understanding of enantioselective heteroge-

neous catalysis as it represents the only example of this class of reactions catalysed by

base metals. Yet, there is very little molecular-level information available about the

adsorption complex formed by the reactants on Ni surfaces. Here, we report a com-

bined experimental and theoretical study of the adsorption of MAA on the Ni{100}

surface. X-ray photoelectron spectroscopy shows that MAA forms stable multilayers at

low temperatures, which desorb between 200 K and 220 K. At higher temperatures a

single chemisorbed layer is formed, which decomposes between 300 K and 350 K. Den-

sity functional theory modelling predicts an enolate species with bidentate coordination

as the most stable chemisorbed species. Comparison of photoelectron spectroscopy and

X-ray absorption data with simulations using this adsorption model show good qual-

itative and quantitative agreement. The molecular plane is tilted with respect to the

surface plane by about 50◦. This breaking of symmetry provides a mechanism for the

enantio-selective hydrogenation.

Introduction

The hydrogenation of β-ketoesters over modi�ed Raney nickel opens up a pathway into enan-

tioselective heterogeneous catalysis of bio-related molecules. Much of the characterisation

of this reaction in terms of kinetics, modi�er and solvent dependence was done by Izumi

and coworkers in the 1960's.1,2 The quantitative characterization at the molecular scale and

the understanding of chiral and chirally-modi�ed surfaces of model catalysts experienced

a rapid growth over the last two decades, driven by the re�nement of experimental sur-

face characterization techniques and theoretical modelling.3�6 This progress has also been

driven by the increasing demand for enantiopure chemicals in drug manufacturing, where

homogeneous catalytic processes are predominantly used.7 However, the subsequent phase
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separation necessary in homogeneous catalysis is di�cult and generally expensive. The use

of heterogeneous catalysts avoids this problem; therefore, viable heterogeneous routes would

make the production of pharmaceuticals greener and more economical.

In the case of one of the simplest β-ketoesters, methyl acetoacetate,

CH3−O−C(O)−CH2−C(O)−CH3, (MAA, see Fig. 1), the hydrogenation results in a racemic

mixture of the R and S methyl-3-hydroxybutyrate (MHB) when carried out over an unmod-

i�ed Raney Ni catalyst. However, the modi�cation of the catalyst with chiral α-amino acids

or α-hydroxy acids leads to high enantiomeric excess, up to 86 %. (R)-hydroxy acids (such

as (R,R)-tartaric acid) or (S)-amino acids (such as (S)-glutamic acid) modi�ers will pro-

duce (R)-product in excess, while (S)-hydroxy and (R)-amino-acid modi�ers will generate

(S)-products in excess.2,6 The reaction is well-characterized in terms of enantiomeric excess,

temperature and solvent dependencies.1,8�10 Izumi et al. suggested that the surface modi-

�cation is due to a combination of modi�er and solvent molecules since the solvent has a

signi�cant in�uence on the enantiomeric excess and corrosion of the catalyst. Furthermore,

they showed that the enantioselective behavior depends on how the reactant MAA adsorbs

on the Ni surface and how it interacts with the modi�er rather than on the transition state

of the hydrogenation reaction. Hence, determining the adsorption geometry of MAA at

the molecular level and the in�uence modi�ers have on it is a key step to understand and

optimize the enantioselective behavior of Ni-based catalysts.
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Figure 1: Molecular structure of MAA enol, which was found to be the most stable MAA
tautomer in gas phase in Ref.11

On close-packed single crystal surfaces of many coinage and Pt-group metals chiral modi-

�ers and/or reactants often form ordered adsorbate layers with well-de�ned chemical envi-

ronments under UHV conditions. On Ni surfaces, such ordered structures are rare. There-

fore little quantitative molecular-scale information is available on reactants and modi�ers of

enantioselective reactions on these surfaces. Raval and coworkers studied the adsorption of

tartaric acid on Ni{110} and showed that the interaction with the modi�er caused a chiral re-

construction of the surface.12�14 Our group has studied the adsorption of alanine on Ni{111}

using XPS and near-edge X-ray absorption �ne structure (NEXAFS) spectroscopy.15 In this

and earlier studies, the combination of these two experimental techniques has proved very

powerful for characterising the adsorption complex in terms of chemical state, bond coordina-

tion, and molecular orientation.15�19 These experimental and theoretical studies10,12,14,15,20�22

show that the behavior of amino acid modi�ers on Ni di�ers signi�cantly from that on Cu

surfaces.23,24 On Cu deprotonated anionic species dominate with adsorption geometries ex-

hibiting a typical tridentate �OON� footprint. In the Ni case anionic adsorption species

are found to be coadsorbed with zwitterionic species which is more comparable with the

situation on Pd{111} surfaces.25,26
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The adsorption of MAA and several modi�ers, including tartaric acid and glutamic acid,

on Ni{111} was studied by Baddeley's group using temperature-programmed desorption

(TPD), IR spectroscopy and scanning tunneling microscopy (STM). There, the spatial con-

�guration between the modi�ers and the substrate depends on the coverage and adsorption

temperature. Evidence was found for a one-to-one interaction between the chiral modi�ers

and MAA. In addition, it was shown that the experimental conditions, in particular tempera-

ture, in�uence the keto-to-enol ratio of MAA.10,20,21,27�29 Recently, our group combined XPS

and NEXAFS with DFT modelling to study the adsorption complex of MAA on Ni{111}.

We found that the reactant MAA adsorbs on a �at surface forming deprotonated enolate

species with bidentate coordination. The formation of energetically more favourable adatom

adsorption complexes is kinetically hindered at low temperatures.11 To our knowledge, no

detailed study exists for MAA adsorbed on the Ni{100} surface. The present study provides

experimental data and theoretical modelling characterising the adsorption complex of MAA

on Ni{100}.

Methodology

Experimental Methods

The XPS and NEXAFS experiments were performed in the Elettra synchrotron in Trieste

(Italy) in the UHV endstation of the SUPERESCA beamline, which provides a horizontally

polarized X-ray beam. The base pressures in the preparation and analysis chamber were in

the 10−10 mbar and 10−11 mbar range, respectively. Sample cleaning was achieved by cycles

of sputtering (3× 10−6 mbar / 1-1.5 kV) and oxygen treatment (1× 10−8 mbar for 1 min at

room temperature with subsequent annealing to 900 K). Sample cleanliness was con�rmed

by XPS and LEED. The Ni single crystal was mounted at the base of the a liquid nitrogen-

cooled cold �nger and could be heated indirectly by a �lament mounted close to the back

face of the sample. Its temperature was measured through a spot-welded thermocouple and
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controlled using a programmable temperature controller. MAA was dosed via a leak valve.

Prior to dosing, the liquid was puri�ed by means of freeze-thaw cycles, until no bubbles were

observed during thawing (4 cycles). A pressure rise to the low 10−9 mbar range was observed

during dosing of the molecule in the preparation chamber. Due to the small rise in pressure

and di�erences in pumping speed, there was no good correlation between dosing time and

surface coverage, hence the coverage was determined by XPS (see below).

The XP spectra were acquired in the C 1s region (hν = 400 eV) and O 1s region (hν =

650 eV) using pass energies of 5 eV and 15 eV, which resulted in combined resolution of

beamline and analyser of 0.22 eV and 0.25 eV, respectively. Spectra of the Fermi edge were

obtained every time the monochromator was moved, for calibrating the o�set of the binding

energy axis. The spectra were normalized at low binding energy and the background was

subtracted for quantitative analysis. The coverage (in ML) was calibrated by comparing

O 1s spectra measured with a photon energy of hν = 1000 eV with those of CO adsorbed

to saturation at room temperature (0.5 ML, i.e. 1 molecule per 2 surface Ni atoms).30

Temperature-programmed XPS data were recorded by heating the sample at a constant rate

of 12 K min−1 in front of the analyzer while measuring alternating C 1s and O 1s spectra

(∼ 15 s/spectrum).

NEXAFS spectra were acquired in the O K-edge region detecting O KLL Auger electrons

with kinetic energies of 507 eV. Three angles of incidence were used for determining the

orientation of MAA on surface: θ = 0◦ (normal incidence), 35◦ and 70◦, where θ refers to

the angle between the electric �eld vector and the surface plane. The photon energy was

calibrated using the π∗-resonance in CO NEXAFS spectra.31 The spectra were corrected for

the transmission of the beamline through dividing by the photon �ux, I0, which was collected

using the drain current of last refocusing mirror. Spectra of the clean surface, corrected in the

same way, were subtracted as background. Finally, the spectra were normalized at 565 eV,

which is above all oxygen absorption resonances.
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Computational Methods

Density functional theory (DFT) calculations were performed using plane-wave basis sets

as implemented in VASP.32,33 Following the approach of previous DFT investigations of

molecular adsorption on this surface,34,35 the Ni{100} surface was modeled with a periodic

slab of 4 atomic layers. This has proved to yield well converged results for adsorption

energies and geometries.36 Only the two uppermost Ni layers were fully relaxed, while the

two bottom layers were �xed in their bulk positions. This procedure has often been found

to accelerate the convergence of calculated surface properties with respect to the thickness

of the simulation slab.37,38 A vacuum gap of 12 Å was included above the surface in order to

avoid interactions between periodic cells. Laterally, the supercell consisted of (5× 5) surface

unit cells, which corresponds to a surface coverage of 0.04 ML (one molecule per 25 surface

Ni atoms) when only one adsorbed molecule is included in each supercell, as we did in this

study. As nickel is a ferromagnetic metal, all calculations included spin polarization.

The projected augmented wave (PAW) method39,40 was used to describe the interaction

between the valence and core electrons. The number of plane waves in the slab calculations

was limited by a kinetic energy cuto� of 400 eV, which is the recommended value for the

employed PAW potentials. Monkhorst-Pack grids41 with a maximum separation of 0.15 Å−1

between k -points were used for sampling the Brillouin-zone. This grid density, which was

found su�cient for convergence of the bulk Ni total energy, corresponds to a 4× 4× 1 grid

for the reciprocal space of the slab model. The threshold for forces on the Ni ions during

geometry optimizations was set to 0.02 eV Å−1. In order to compensate for the use of an

asymmetric slab, all simulations included a dipole correction as implemented in VASP, based

on a method proposed by Makov and Payne.42 Isolated molecules of MAA in the gas phase

were simulated as reported in our previous work.11

We used a functional based on the generalized gradient approximation (GGA) in the

form of the revised Perdew-Burke-Ernzerhof (revPBE) exchange-correlation functional.43 In

order to account for van der Waals (vdW) interactions, we used the DFT-D3 method with
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Becke-Jonson (BJ) damping.44,45 This combination of functional and dispersion correction

has been shown to provide a very robust description of vdW e�ects in comparison with

other GGA-based formulations46 and was used successfully in our previous study of MAA

on Ni{111}.

The con�gurational space of adsorption was explored by considering a variety of initial

positions of MAA onto the surface. Both tautomeric forms of the molecule were considered

as well as deprotonated surface species. For each �nal stable adsorption con�guration, we

calculated the adsorption energy EDFT
ads as follows:

EDFT
ads = Eslab+molecule − (Eslab + Emolecule) (1)

where Eslab+molecule represents the ground-state energy of the optimized substrate-adsorbate

system, Eslab corresponds to the energy of the relaxed clean Ni{100} surface, and Emolecule

denotes the energy of the MAA molecule in the gas phase, in the lowest-energy tautomeric

con�guration.

The e�ect of zero-point energy (ZPE) on the adsorption energy was estimated by cal-

culating the vibrational frequencies of the adsorbed molecule (keeping the atoms of the

metal surface frozen) and the frequencies of the gas phase molecule, using a �nite-di�erence

method. The ZPE values, i.e. half the sum of the vibrational frequencies in each case, were

then added to the groundstate energies Eslab+molecule and Emolecule, respectively, in equa-

tion (1). This approach assumes that adsorption does not alter signi�cantly the vibrational

modes of the heavy metal atoms at the surface.

In order to compare the modelling results with XPS data we calculated core-level shifts

in the so-called �nal-state approximation,47 where the shifts are obtained as total energy

di�erences between two separate calculations as reported in Ref.48 Previous work has shown

that this computational methodology gives relative core level shifts in excellent agreement

with experiment.48�50 The method does not yield correct absolute values for the core level

binding energies;48 we therefore consider core level shifts, ∆BECL(A), instead. These are
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de�ned as the di�erence in binding energy of speci�c core-electrons BECL between an atom

A and a reference atom Aref :

∆BECL(A) = BECL(A)−BECL(Aref) (2)

Compared to the O 1s case, the agreement between the simulated C 1s spectra and the

experiment was signi�cantly worse (see Supporting Information for further details). This

is in agreement with previous �ndings on similar systems11,51 and is not fully understood

yet. Nevertheless, there is little variation in the calculated C 1s binding energies between

di�erent adsorption geometries, as none of the carbon atoms is involved in any surface bond.

We therefore, base our discussion on the relative shifts of the O 1s levels of the oxygen atoms

within the MAA molecule, which are more a�ected by the adsorption con�guration on the

Ni{100} surface. In all cases we chose as reference atom the one yielding the lowest O 1s

binding energy. In order to allow a visual comparison between experimental and theoretical

data, spectra were modelled by sums of Gaussians with equal width (FWHM 1.5 eV) and

height, centered at the respective binding energy shifts.

Results

X-Ray Photoelectron Spectroscopy Results

Figure 2 shows C 1s and O 1s XPS spectra of MAA on Ni{100}. The spectra were obtained

after dosing MAA at 180 K for 1 min and 3 min, which led to coverages of 0.22 and 0.23 ML,

respectively, and at 100 K for 6 min, which led to the growth of a �multilayer�. Based on

the modelling results (see below), it was estimated that a MAA molecule would block about

6 Ni atoms, i.e. the saturation coverage of the chemisorbed layer is around 0.17 ML. Above

this value the coverage calibration by XPS is not linear anymore, as molecules in the second

and higher layers attenuate the signal from the molecules below. This also depends on the
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growth kinetics / speed of growth and thus explains the di�erences between the 0.22 ML

and 0.23 ML spectra despite the small di�erence in nominal coverage.

The O 1s spectra, for 0.22 ML (Fig.2.b) show two resolved peaks at ∼ 531.3 eV and

533.2 eV with an area ratio of 0.7 : 1. The low BE peak (peak A) can be attributed to

deprotonated oxygen in contact with the nickel surface,15 while the peak at 533.2 eV (B)

is related to oxygen atoms detached from the surface. The latter peak in the O 1s region

broadens towards lower binding energies with increasing coverage, indicating the onset of

multilayer formation. When the coverage increases and a thicker multilayer is formed, a

third peak at 532.6 eV (C) can be resolved which is linked to the multilayer species. This

species could be a protonated oxygen, implying the coexistence of two species of MAA in

the multilayer regime.

(a) (b)

Figure 2: XPS spectra of MAA dosed onto Ni{100} at the indicated temperatures, in the
(a) C 1s (hν = 400 eV) and (b) O 1s regions (hν = 650 eV)

In the C 1s region (Fig. 2.a) we can detect six peaks at 283.0 eV (A), 283.8 eV (B),

285.3 eV (C), 286.8 eV (D), 288.2 eV (E) and 289.2 eV (F). Following previous work,15 the

two peaks at the lowest binding energies (peak A and B) are associated with dissociation

products of the MAA molecule. The remaining peaks are associated with intact MAA. Us-
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ing calculated core-level shifts from DFT (see Table S2 in Supporting Information) the XPS

signal 285-287 eV (peaks C and D) is assigned, in order of increasing BE, to the convoluted

lines of C1 (C2−−−−C1−−−−C3), C5 (C3−C5H3), C3 (C1−−−−C3(−O2)−C5), C4 (H3C4−O3) and C2

(O3−−−−C2(−O1)−−−−C1) of the chemisorbed molecule (see also Fig S3 in Supporting Informa-

tion). The two peaks at high binding energies (E and F) are most likely multilayer and/or

satellite features.

Figures 3.a and 3.b show temperature-programmed (TP-)XPS data after dosing MAA

on Ni{100} for 3 min at 180 K (0.23 ML) while Figures 3.c and 3.d show spectra of a MAA

multilayer adsorbed at 100 K (3 min dose). The TP-XPS data are normalized at the low

binding side without background subtraction, while the spectra in Figures 3.c,d have the

background subtracted. Multilayer desorption occurs around 200 - 220 K, indicated by the

disappearance of the peaks at 288.2 eV and 289.2 eV in the C 1s region (Figs 3.a,c; peaks E

and F) and 532.6 eV in the O 1s region (Fig. 3.b,d; peak C), as well as by the shift of peak B

in the O 1s region (Fig. 3.d) to low binding energies. Above 200 K we can observe a clear

splitting of peak C in the C 1s region and the appearance of a new peak at 284.5 eV (indicated

by an arrow in Fig. 3.c), which is assigned to the -C3-C1=C2- species. Heating from 300 K

(0.21 ML) to 330 K (0.19 ML), causes a signi�cant reduction of the signal corresponding to

the intact molecule in both regions, accompanied by an increase in signal at 283.0 eV (peak

A) in the C 1s region. This peak is associated with decomposition products, most likely

atomic carbon. At 340 K we observe a signi�cant shift of peak B in the O 1s region (O

atoms not bound to the Ni surface) to lower BE (from 533.2 eV to 533.0 eV, Fig.3.d). At

this point the coverage is close to the saturation coverage (0.16 ML) and the intensity ratio

between the O 1s peaks A (O atoms in contact with Ni) and B (O atoms not in contact with

Ni) is 1.9 : 1, which indicates that MAA forms a bond with the Ni{100} surface through two

oxygen atoms in a bidentate geometry. Above 350 K MAA is fully dissociated, leaving only

decomposition fragments on the surface.
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(a) (b)

(c) (d)

Figure 3: Temperature-dependent XPS spectra of MAA on Ni{100}: TP-XPS of the (a)
C 1s and (b) O 1s regions (hν = 650 eV) after dosing MAA on Ni{100} at 180 K for 3 min
(heating rate 12 K min−1); (c) C 1s (hν = 400 eV); (d) O 1s (hν = 650 eV) XPS spectra
after dosing MAA at 100 K for 3 min and stepwise annealing as indicated.
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NEXAFS Results

Figure 4 shows angle dependent NEXAFS spectra after dosing MAA on Ni{100} for 1 min

at 180 K (0.22 ML) and annealing to 250 K (0.21 ML). (The corresponding XPS data are

available in the Supporting Information.) The experimentally determined coverage of 0.21

ML is close to the estimated saturation coverage of 0.17 ML. However, the presence of small

peaks at 288.2 eV and 289.2 eV in the C 1s region indicate that there is a small number of

molecules adsorbed in the second layer which are not part of the chemisorbed layer.

Figure 4: Angle resolved O K-edge NEXAFS spectra after dosing MAA onto Ni{100} at
180 K for 1 min and annealing the layer to 250 K (0.21 ML). The dots represent the raw
data and the solid lines the �tted curves. The red curves below the spectra indicate the
individual Gaussian peaks, linear background, and the step function used for �tting. Right
panel: complete spectra; Left panel: energy range of π∗ resonances.

The NEXAFS spectra show a strong π∗ resonance feature around 533.4 eV, a step at

536.4 eV and two σ∗ resonances around 541 eV and 544 eV. The NEXAFS spectra were

�tted using a linear background, a step function and Gaussian peaks representing the σ∗

and π∗ resonances of the molecule (for details see Supporting Information). The individual

components of each function used for �tting the spectra are shown as red lines in Figure

4 for each spectrum. The strong π∗ resonance feature consists of three peaks at 532.5 eV,

533.5 eV and 535.3 eV. The intensities of these peaks show strong angular dependence, which
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allows determining the molecular tilt angle using the procedure described in Ref.52 (see also

Supporting Information). The values of tilt angles, α, with respect to the surface plane, are

50.0◦, 66.9◦ and 58.0◦ for the peaks at 532.5 eV, 533.5 eV, 535.3 eV, respectively. The error

margins stated in Figure 4 refer to the �tting error. The two σ∗ resonances can be assigned

to C-C and C-O bonds respectively.15,51

Figure 5: Top and side views of the two lowest-energy con�gurations found by DFT for the
adsorption of MAA on the Ni{100} surface: (a) �at enol and (b) bidentate enolate (b); red
= O, gray = C, white = H, blue = Ni.
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DFT results

MAA belongs to the class of β-diketones of the type R-C(O)-CH2-C(O)-R. The keto-enol

tautomerism of these compounds depends strongly on the substituent R. Symmetrically

substituted β-diketones exist in the enol tautomeric form R-C(OH)-CH-C(O)-R when R

is CH3, and in the diketo tautomeric form R-C(O)-CH2-C(O)-R when R is OCH3.53 Both

substituents are present in MAA, making its tautomeric behavior interesting: MAA vapor

at 309 K exhibits a composition of 80% enol and 20% diketo form,54 whereas liquid MAA

at room temperature exists exclusively in the diketo form.55 In our previous work we found

that DFT predicts the enol con�guration as the most stable tautomer of MAA in the gas

phase.11 The diketo tautomer of MAA in its most stable con�guration was found to be

0.24 eV above the enol ground state. Because the enol form is the most stable tautomer,

we use it as the reference for the calculation of adsorption energies (Equation 1) regardless

of the mode of adsorption. As mentioned before, we considered both tautomeric forms of

MAA when testing adsorption geometries on the Ni{100} surface, however, the candidates

with the MAA in its diketo form were less stable by at least 0.8 eV compared to the two

most stable enol species shown in Figure 5. (The other candidate structures are shown in

Figure S2 of the Supporting Information)

The �rst local minimum corresponds to the �at enol con�guration shown in Figure 5.a.

The main molecular plane formed by the three carbons C2-C1-C3 (see Fig. 1 for numbering)

is parallel to the surface with both oxygen atoms from the carbonyl groups (O1 and O2)

above atop sites. Unlike in the gas phase, the methyl and methoxy groups are not within this

plane but bent away from the surface. The second global minimum (Fig. 5.b) corresponds

to the bidentate enolate con�guration, where O2 is deprotonated and the molecular plane is

tilted with respect to the Ni surface. The surface bond is formed via the carbonyl groups sited

located on bridge sites of non-adjacent rows. The dissociated hydrogen atom is adsorbed

elsewhere on the surface on a four-hollow site. In this case, the methyl and methoxy groups

remain aligned to the plane of the molecule. The calculated adsorption energies without
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Table 1: Key geometrical and spectroscopic parameters of the two candidate

structures found by DFT.

�at enol bidentate

enolate

EDFT
ads −1.91 eV −1.82 eV

EDFT+ZPE
ads −1.97 eV −2.02 eV

d(C4-O3) 1.447 Å 1.447 Å

d(C2-O3) 1.367 Å 1.353 Å

d(C2-O1) 1.322 Å 1.284 Å

d(C1-C2) 1.467 Å 1.426 Å

d(C1-C3) 1.461 Å 1.387 Å

d(C3-O2) 1.423 Å 1.331 Å

d(C3-C5) 1.507 Å 1.498 Å

d(O1-Ni) 2.014 Å 2.093 Å / 2.134 Å

d(O2-Ni) 2.071 Å 2.039 Å / 2.007 Å

6 C2-O1-surface 0.0◦ 49.1◦

6 C3-O2-surface 0.7◦ 53.2◦

6 C2-C1-C3-surface 8.9◦ 54.3◦

∆z(C) 1.118 Å 0.640 Å

∆BEO1s (O1) 0.00 eV 0.29 eV

∆BEO1s (O2) 1.29 eV 0.00 eV

∆BEO1s (O3) 1.63 eV 1.86 eV

∆z(C) is the maximum vertical height di�erence of the molecule's carbon atoms.

vibrational contributions are −1.91 eV for the �at enol and −1.82 eV for the bidentate

enolate con�guration. When vibrational contributions are included, the change in zero-

point energy (ZPE) between gas phase and the adsorbed species stabilizes the bidentate

enolate by −0.20 eV but the �at enol only by −0.06 eV. This result is expected as the

number of intra-molecular bonds in the latter is the same as in the gas-phase molecule,

whereas with the enolate deprotonation occurs and the adsorbed species has one bond less.
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This extra stabilization yields a total adsorption energy (including electronic and vibrational

contributions) of −2.02 eV for the bidentate enolate con�guration compared to −1.97 eV for

the �at enol, hence rendering the enolate more stable.

Discussion

Comparison of Modelling and Experimental Data

In order to test whether the bidentate enolate conformation is indeed the predominant mode

of adsorption, we compare the experimental XPS data with simulated spectra for the two

candidate adsorption con�gurations. Core-level shifts for the O 1s photoemission peaks were

calculated according to Equation 2. The results are summarized in Table 1 together with

some key geometrical data. For both adsorption geometries the BE shifts split into two

groups, around ∆BEO1s = 0.00 − 0.29 eV and ∆BEO1s = 1.29 − 1.86 eV. For the �at enol

conformation the oxygen of the carboxylic group (O1) falls into the lower BE group and the

oxygen atoms of the hydroxyl and methoxy groups (O2 and O3) into the higher BE group.

In the bidentate enolate con�guration, the two oxygen atoms of the carboxylic groups (O1

and O2) have low BE and the methoxy oxygen (O3) has high BE.

For a further comparison with the experimental O 1s XPS data, spectra were modelled

by the superposition of Gaussian functions of the same height, positioned according to the

calculated BE shifts for each oxygen atom of the �at enol and bidentate enolate con�gurations

(cf Table 1). A width (FWHM) of 1.5 eV was used for each Gaussian, which was determined

by �tting the experimental data and is in accordance with our earlier work.11 Figure 6

shows the individual Gaussians and their superposition alongside the experimental O 1s

spectrum of MAA after annealing to 340 K. At this temperature, the coverage is 0.16 ML,

close to the estimated saturation coverage of chemisorbed MAA on Ni{100} (0.17 ML).

The coverage is di�erent from the one used in the DFT calculations (0.04 ML), however

strong lateral interaction, such as hydrogen bonding is not expected for MAA, therefore the
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adsorption geometry for chemisorbed molecules should be largely independent of coverage.

The BE scale of the theoretical spectra has been shifted such that they coincide with the

experimental data. Clearly, the simulated spectrum of the bidentate enolate conformation

is in much better quantitative agreement with the experimental data than the one of the

�at enol. Both the energy separation, 1.6 eV, and the relative heights of the two peaks �t

the experimental data very well. As mentioned before in the Results Section, the intensity

ratio between the low BE and high BE peaks (A and B) is close to 2 : 1, in the experimental

spectrum for this layer, which suggests that MAA at this coverage is chemisorbed on Ni{100}

in a bidentate form, through its two oxygens, as in the bidentate enolate con�guration.

Figure 6: Comparison of experimental XPS data obtained after annealing the MAA layer to
340 K (0.16 ML) and modelled XPS spectra of the �at enol and bidentate enolate con�gu-
rations. Top: direct comparison of experimental and modelled spectra; middle: individual
Gaussian peaks centered at the calculated core level shifts for the �at enol ; bottom: indi-
vidual Gaussian peaks centered at the calculated core level shifts for the bidentate enolate.

Additional con�rmation for the bidentate enolate adsorption geometry comes from the

NEXAFS data. The DFT-optimised geometry predicts the molecular plane being tilted with

respect to the surface plane. The inclination angles for the C-O bonds are 6 C3O2 = 53.2◦
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and 6 C2O1 = 49.1◦; the plane of the carbon backbone has an angle of 6 C1C2C3 = 54.3◦

with respect to the surface (cf Tab. 1).

Figure 7: Electronic density of states (DOS) of the bidentate enolate conformation (center).
The vertical dashed line marks the Fermi level (EF). The charge density isosurfaces, cor-
responding to electronic states with energies between 1.28 and 2.22 eV (top) and 4.38 and
5.32 eV (bottom) above the Fermi level, are highlighted with dotted rectangles.

The NEXAFS spectra consist of three peaks in the π*-resonance region, at 532.5 eV,

533.5 eV, and 535.3 eV (Fig. 4), which are most likely associated with these bonds, as they

all are expected to be part of a resonant π-system. In order to make the correlation between

the molecular geometry and these resonances, the density of states (DOS) near the Fermi

energy was calculated for the bidentate enolate adsorption complex. Figure 7 shows the total
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DOS (black line), the DOS associated with the molecule (green), and the projections onto

the Ni 3d, O 2p, C 2p states (blue, red, grey).

The Figure clearly shows a high density of empty states in the vicinity of C and O atoms

around 1.7 eV and 4.8 eV above the Fermi level, which are associated with resonant π-like

orbitals extending over most of the molecule. The main contribution to the states at 1.7 eV

above the Fermi level are near the C3-O2 and C2-O1 bonds pointing towards the surface (see

top panel of Figure 7), while the empty states at 4.8 eV are located near the plane formed

by C2,C1, and C3 (bottom panel of Fig. 7). The energy di�erence between the two DOS

maxima (∼ 3.1 eV) is very close to the energy di�erence between peak 1 (532.5 eV) and

peak 3 (535.3 eV) in the NEXAFS spectra; we therefore assign the NEXAFS peaks 1 and 2

at 532.5 eV and 533.5 eV, respectively, to π-like orbital states associated with C-O bonds,

while the peak at 535.33 eV is linked to the (C2C1C3) plane. The angles derived from the

angular dependence of peaks 1 and 2 are 50.0◦ and 66.9◦ which is in fair agreement with the

values from the DFT geometry (53.2◦ and 49.1◦). The angle derived from the high photon

energy peak 3 (535.33 eV) is 58◦ which also close to the theoretical value 54.3◦ for the angle

of the (C2C1C3) plane. A closer look at the top and bottom panel of Figure 7 shows that

the respective orbitals are not exclusively associated with only one bond. Therefore, the

angular dependence of the NEXAFS resonances, which is determined by the orientation of

orbitals rather than bonds, must be expected to deviate somewhat from the bond orientation.

However, the experimental values are clearly not compatible with the �at enol adsorption

complex where the molecular plane is essentially parallel to the surface (tilt angles between

0.0◦ and 8.9◦, see Tab. 1).

Based on the above comparison of experimental and computational results we can con-

�dently state that MAA adsorbs on Ni{100} in a bidentate enolate geometry. It should

be stressed, that the small energy di�erence between the enolate and the enol adsorption

species would not allow an unambiguous discrimination on the basis of DFT alone. Only

the comparison with experimentally determined parameters, such as tilt angles and chemical
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shifts in XPS make a reliable determination of the adsorption complex possible.

Implications for Heterogeneous Catalysis

The TP-XPS experiments in this work show the onset of the decomposition of MAA on

Ni{100} around 300-330 K; the molecule is fully decomposed at temperatures greater than

350 K. This decomposition temperature is within the temperature range of 273 K to 373 K

typically used in enantioselective catalysis.1,8 In contrast, TP-XPS and step annealing ex-

periments for MAA on Ni{111}, carried out under similar conditions, �nd the onset of

decomposition at a signi�cantly lower temperature of 270 K, but the decomposition process

proceeds in two steps and is only complete decomposition at around 390 K.11

Earlier TPD experiments by Jones et al. suggested that MAA on Ni{111} starts decom-

posing at 350 K.28 However these experiments involved adsorption at 300 K (i.e. above the

onset of the �rst decomposition step) and signi�cantly higher heating rates (2 K s−1) than

in Ref.11 . It is likely that Jones et al. only observed the second decomposition step. The

same study also shows a delayed onset of decomposition when MAA is co-adsorbed with

tartaric acid on Ni{111}. This indicates that the interaction with modi�er molecules has a

stabilising e�ect under reaction conditions, which is most likely also the case on Ni{100}.

Nevertheless, it appears that the reactant MAA is intact over the range of typical reaction

temperatures only on the Ni{100} surface, and not on Ni{111}.

The tilted bidentate enolate geometry found here is similar to the geometry found for

MAA on Ni{111} earlier.11 The most stable adsorption complex of MAA on Ni{100} is a

enolate (−−−−C1H−−−−), whereas all diketo candidate structures (−C1H2−) tested in this study

were found to be much less stable. Only the �at enol structure is similar in energy, but

could be excluded by comparison with experimental data. The tilted adsorption geometry

of the bidentate enolate o�ers an obvious mechanism for enentio-selective hydrogenation. If

we assume that the dissociation of H2 takes place on the Ni surface, it will be more likely for

the hydrogen atoms to attach to the molecule on the side that is tilted towards the surface.

21



On an unmodi�ed Ni{100} surface, which has a mirror symmetry, the tilt can be in both

directions. The role of a modi�er is, therefore, to break the mirror symmetry and stabilise

only one of two possible tilt directions. A similar mechanism would also explain enantios-

electivity for the �at enol geometry or di-keto structures that break the mirror symmetry

of the surface in a similar way. Indeed, both enol and diketo conformers of MAA lead to

enantioselective products, as a series of IR absorption studies has con�rmed recently,10,21

which investigated MAA on glutamic-acid-modi�ed Ni{111} model catalysts under similar

conditions as earlier experiments on Raney-nickel catalysts described by Izumi.1 When the

surface is modi�ed with (S)-glutamic acid the enol(ate) tautomer leads to the (S)-methyl-

3-hydroxybutyrate product and the di-keto form to the (R) product. When glutamic acid

is used as modi�er, the modi�cation conditions (pH and temperature) have an in�uence

on whether MAA assumes the enol or diketo conformer. Further studies with co-adsorbed

reactant and modi�er molecules will be necessary to determine the exact geometry of the

modi�er-MAA complex at the molecular level and establish the reaction mechanism that

leads to the chiral product formation.

Summary

In summary, we have carried out a combined experimental and theoretical study of the

interaction of MAA with the Ni{100} surface using XPS, NEXAFS, and DFT. The desorption

of the multilayer MAA occurs at 200-220 K, leaving behind a stable chemisorbed layer which

starts decomposing at 300-330 K and is completely dissociated at ∼ 350 K.

DFT calculations predict that the chemisorbed layer consists of a deprotonated eno-

late species with a tilted bidentate surface bond through two oxygen atoms. The enolate

conformer and the tilt angle between 49.1◦ and 54.3◦ with respect to the surface plane is

con�rmed by comparison with spectroscopic data. A non-deprotonated enol tautomer is less

stable by 50 meV, when vibrational zero-point energy contributions are taken into account.
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All diketo candidate structures were found to be signi�cantly less stable.

Supporting Information Available

The following �les are available free of charge.

• Ni111_MAA_SI.pdf: complete list of model geometries studied by DFT; details of

NEXAFS data analysis; additional XPS spectra.

• flat_enol.xyz, bidentate_enolate.xyz: complete set of coordinates for the �at

enol and the bidentate enolate adsorption complexes.
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