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Abstract. The hydrogenation of methyl acetoacetate (MAA) over modified Ni catalysts is one of
the most important and best studied reactions in heterogeneous enantioselective catalysis. Yet,
very little molecular-level information is available on the adsorption complex of the reactant.
Here we report on a combined experimental and theoretical study of MAA adsorption on
Ni{111}. XPS shows that the chemisorbed layer is stable up to 250 K; above 250 K
decomposition sets in. In ultra-high vacuum conditions, multilayers grow below 150 K. DFT
modelling predicts a deprotonated enol species with bidentate coordination on the flat Ni{111}
surface. The presence of adatoms on the surface leads to stronger MAA adsorption in

comparison with the flat surface, whereby the stabilization energy is high enough for MAA to
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drive the formation of adatom defects at Ni{111}, assuming the adatoms come from steps.
Comparison of experimental XPS and NEXAFS data with theoretical modeling, however,
identify the bidentate deprotonated enol on the flat Ni{111} surface as the dominant species at
250 K, indicating that the formation of adatom adsorption complexes is kinetically hindered at

low temperatures.

1. INTRODUCTION

Research into enantioselective catalysis of bio-related molecules dates back to the 1960s with
much of the early work carried out by Izumi et al. on the hydrogenation of f-keto esters over
modified Raney nickel catalysts."? The last two decades have seen dramatic developments in the
quantitative molecular-scale characterization and the understanding of chiral and chirally-
modified surfaces of model catalysts. This progress has been driven by the growing demand for
optically pure chemicals in drug manufacturing, as well as by the refinement of experimental
surface characterization techniques and theoretical methods of modelling adsorption and surface
reactions.®® Heterogeneous catalysts avoid the problem of phase separation that is inherent in
homogeneous catalytic processes, which are predominantly used today.” Therefore, viable
heterogeneous routes for enantio-pure building blocks of pharmaceuticals and other fine

chemicals would make their production significantly greener and more economical.

In the case of the simplest s-ketoester, methyl acetoacetate (MAA), the hydrogenation results
in a racemic mixture of R and S methyl-3-hydroxybutyrate (M3HB) when performed with an
unmodified Raney Ni catalyst. Modification of the catalyst with a-amino or a-hydroxy acids,
however, can lead to results in high enantiomeric excess, up to 86%. The reaction is well
characterized in terms of macroscopic quantities such as enantiomeric excess, temperature and
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solvent dependencies.”® It has been shown that the solvent has a significant influence on the
enantiomeric excess and the corrosion of the catalyst, which indicates that the surface
modification is due to a combination modifier and solvent molecules. The large body of work by
Izumi et al. has also led to the conclusion that the enantioselective behavior depends on how the
reactant MAA adsorbs on the Ni surface and how it interacts with the modifier, rather than on the
transition state of the hydrogenation reaction. Hence, understanding the adsorption complex of
MAA and the influence modifiers have on it is a key step in achieving and optimizing

enantioselective behavior of Ni-based catalysts.

Many of the recent surface studies have concentrated on close-packed single crystals of
coinage and Pt-group metals. On these surfaces many chiral modifiers and/or reactants form
ordered adsorbate layers with well-defined chemical environments under UHV conditions which
can be studied by a variety of surface science methods. On Ni surfaces such ordered structures
are rare. Therefore, little quantitative molecular-scale information related to the aforementioned
hydrogenation reactions is available for modified Ni catalysts. Raval’s group have studied stress-
induced induction of chirality onto the substrate after adsorption of tartaric acid on Ni{110}.****
The best studied Ni surface is Ni{111} mainly due to the work of Baddeley’s group, who have
studied the adsorption of MAA and several modifiers, including tartaric acid and glutamic acid,
on Ni{111} and polycrystalline Ni, using temperature-programmed desorption, IR spectroscopy,
scanning tunnelling microscopy (STM) and X-ray photoelectron spectroscopy (XPS).****8 Our

recent study of alanine on Ni{111} used XPS and near edge X-ray absorption spectroscopy

(NEXAFS) to characterize the adsorption geometry of this modifier.*®



These experimental studies, as well as theoretical work,****? show that the behavior of

21,22

modifier molecules on Ni is very different from that on Cu surfaces”* and more comparable to

Pd surfaces in the sense that zwitterionic species are observed, even in chemisorbed layers and
the adsorption geometry deviates from the “OON” footprint usually observed on Cu surfaces.”*?*
As far as MAA is concerned, Jones et al. found evidence for 1:1 interaction with the chiral
modifiers and that the molecule occurs predominantly in its enol tautomeric form when it
interacts with the modifiers.>*>*® |n addition, there has been some recent spectroscopic work on
chirally modified polycrystalline and nanoparticulate Ni catalysts which also indicates a variety

of chemical species present at the surface and the presence of enol species.?>?

Our recent work on the adsorption of chiral modifiers on Ni, Pt and Cu surfaces has shown
that the combination of XPS and NEXAFS is very powerful in characterizing the adsorption
complex in terms of chemical state, bond coordination and molecular orientation.***"*° These
spectroscopies do not depend on long-range order and can even be applied under near-ambient
pressure conditions. They are therefore well suited for the study of chiral modifiers and reactants
on Ni surfaces. In this work we combine the spectroscopic study of MAA on Ni{111} with DFT

modelling in order to gain a more complete characterization of the adsorption complex.

2. METHODOLOGY

2.1. Experimental Techniques. XPS and NEXAFS experiments were performed at the
UHV endstation of beamline 1-311 at the MAXIlab Synchrotron Radiation Facility in Lund,
Sweden, which is equipped with a Scienta SES-200 electron energy analyzer.*' Standard

procedures including Ar® ion sputtering, and annealing to 1000 K in UHV were applied for



sample cleaning. Cleanliness was checked by XPS. The sample temperature was measured by

means of a K-type thermocouple spot welded to the sample.

MAA was purified by repeated freeze-thaw cycles. It adsorbed via a micro-channel array
doser at a distance of about 2 cm from the sample. The background pressure in the vacuum
chamber rose from about 5x10™° mbar to 5x10°° mbar during adsorption but the pressure in front

of the sample is estimated to be about an order of magnitude higher.

XP spectra in the C 1s and O 1s regions were recorded using photon energies of 410 eV and
650 eV, respectively, and a pass energy of 50 eV. Spectra of the Fermi edge were measured after
each change in the beamline settings with the same monochromator and analyzer parameters
(photon energy, pass energy) to calibrate the offset of the binding energies (BE). In order to
study the temperature dependence of the absorbed alanine layers, fast XP spectra were recorded
at a rate of 20 - 25 s per spectrum while annealing the sample at a constant rate of 0.2 K s™ (4-5

K per spectrum).

NEXAFS spectra at the oxygen K-edge were recorded in Auger-yield mode using the same
analyzer as for XPS and with the photon beam at angles of 0° or 65° with respect to the surface
normal. The spectra were recorded in the kinetic energy range 490 eV - 525 eV, covering the
oxygen KLL Auger emission, while the photon energy was scanned from 525 eV to 555 eV in
steps of 0.15 eV. The photon flux, Iy, was recorded by measuring the current from a photodiode
inserted into the beamline. NEXAFS spectra were measured for the clean surface and after
adsorption of MAA at 180 K and annealing to 250 K. The data presented here are integrated over
a smaller kinetic energy range of 505 - 515 eV in order to avoid artificial structures due to

photoemission peaks. These spectra are then divided by I, and have the clean-surface spectra



subtracted, which were treated in the same way. In a final step, the spectra were normalized with

respect to the post-edge (high photon energy) signal at 555 eV.

In order to limit X-ray induced beam damage, the sample was slowly moved across the

synchrotron beam during long runs of data acquisition, such as NEXAFS or TP-XPS.

2.2. Computational Details. Periodic density functional theory (DFT) calculations were
performed with the VASP program.**** As in previous DFT investigations of molecular

adsorption at this surface,***°

the Ni{111} surface was modeled with a periodic slab consisting
of 4 atomic layers, which is known to lead to well converged results for adsorption energies and
geometries.*® Only the two uppermost Ni layers were fully relaxed, while the two bottom layers
were fixed in the bulk positions; this procedure is often found to accelerate the convergence of
calculated surface properties with respect to the thickness of the simulation slab.3"*® A vacuum
space of 12 A separates the slabs. Laterally, the supercell consisted of 5x5 surface unit cells. The
positions of the MAA molecule were also allowed to fully relax. 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.*

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

the revised Perdew-Burke-Ernzerhof (revPBE) exchange-correlation functional.*°

To correctly
account for van der Waals (vdW) interactions, we used the DFT-D3 method with Becke-Jonson
(BJ) damping.***? This combination of functional and dispersion correction has been shown by
Goerigk and Grimme to provide a very robust description of vdW effects in comparison with

other GGA-based formulations.*® Since nickel is a ferromagnetic metal, all calculations allowed

for spin polarization. The projected augmented wave (PAW) method**** was used to describe the



interaction between the valence and core electrons. The number of plane waves in the slab
calculations was set by a kinetic energy cutoff of 400 eV, which is the recommended value for
the employed PAW potentials. Monkhorst-Pack grids*® with a maximum separation of 0.15 A™
between k-points were used for sampling the Brillouin-zone. This grid density, which was
checked with respect to convergence of the Ni bulk total energy, corresponds to a 4x4x1 grid for
the reciprocal space of the slab model. Isolated molecules of MAA in the gas phase were
simulated using a large cage which ensures that periodic replicates are separated by at least 13 A.
lonic positions were relaxed using a conjugated gradient algorithm until the forces on atoms

were all less than 0.02 eVA™.

We explored the configurational space of adsorption by performing energy minimizations
starting from all sensible initial positions of the MAA molecule with respect to the surface, and
considering both tautomeric forms of the molecule as well as its deprotonated form. For each

final stable adsorption configuration, we calculated the adsorption energy (Eags) as follows:

Eads = Eslab+mol — (Eslab + Emol) (1)

where Egap+mol represents the energy of the optimized substrate-adsorbate system, Egap
corresponds to the energy of the relaxed clean Ni{111} surface, and Eno denotes the energy of

the MAA molecule in the gas phase, in the lowest-energy tautomeric configuration.

In order to compare with XPS data, we have calculated core-level shifts in the so-called final-
state approximation,*” where the shifts are obtained as total energy differences between two
separate calculations.”® The first one is a standard DFT calculation performed on the fully
relaxed system. In the second calculation, one electron from the chosen core level of a specific
atom is excited to the lowest conduction band state, allowing only the valence electronic
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structure to be relaxed (at fixed geometry). The total energy difference between the two
calculations is an estimate of the core-level binding energy, without taking into account the
effect of core-electron screening (although screening by valence electrons is included). The
method is not able to yield absolute values for the core level binding energies,*® and in any case,
the calculation of such absolute values from DFT is fundamentally problematic.*® Thus it is

common to consider core level shifts (Ec.s), which can be defined as the variation in binding

energy of specific core-electrons (Ec) of atoms compared to reference atoms (E&SH:
Ecis = EcL — E&' (2)

Here, we are mainly interested in the relative shifts of the core levels of different O atoms in
the MAA molecule when interacts with the Ni{111} surface; therefore, the choice of reference is
irrelevant. Previous work has shown that this computational methodology gives relative core

level shifts in excellent agreement with experiment.*3°%!

3. RESULTS

3.1. X-Ray Photoelectron Spectroscopy measurements. The C 1s and O 1s spectra shown
in Figure 1 were recorded after successive dosing of MAA onto the Ni{111} surface. The
background pressure during dosing was 5x10°° mbar but it is estimated that the pressure in front
of the sample was about an order of magnitude higher. For the first 6 dosing steps the sample
temperature was kept at 180 K. The spectra clearly indicate that the MAA layer saturates at this
temperature; after 2 min the integrated O 1s signal intensity is already 85 % of the saturation
coverage (after 9 min). O 1s spectra for the saturated layer were also recorded with higher

photon energy, 950 eV, for which photoelectron diffraction effects play a minor role. Comparing



the integrated peak area of this spectrum with that of a saturated CO layer (coverage 0.57 ML)
measured under the same conditions, leads to an estimated saturation coverage of 0.13 ML, i.e.
approximately 1 MAA molecule per 8 Ni surface atoms. This agrees well with the size of a flat-

lying chemisorbed molecule (see below).
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Figure 1. Cl1s (a) and O 1s (b) spectra recorded after successive dosing steps of MAA onto Ni{111} at 180 K
(first 6 spectra) and 100 K (last two spectra). The times indicated in the diagrams are the cumulative dosing

times. (Photon energies 410 eV for C 1s and 650 eV for O 1s).

The O 1s spectra of the chemisorbed layer show two clearly resolved peaks at 531.2 eV and
533.1 eV, with the low-BE peak higher in intensity. The C 1s spectra are more complicated with
resolvable features at 283.3, 283.8, 285.5, 286.6, 288.0, and 289.1 eV. The two low-BE peaks
are probably due to dissociation products formed upon adsorption, as they are similarly seen for
alanine adsorbed on the same surface.'® The most prominent peaks in the saturated layer are at

285.5 eV and 286.6 eV. These are assigned to the C—-CH-C and the C—-CH3 (286.6 eV) and O-



CH3 / C=C (285.5 eV). The peak at 288.0 eV is assigned to -COOCH3% whereas the origin of
the peak at 289.0 eV is unclear, it could be due to small amounts of molecules in the second

layer, as this feature becomes more prominent for multilayers.
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Figure 2. Temperature-programmed (TP-) XPS plots in the C 1s (a) and O 1s (b) regions for approximately
0.25 ML MAA dosed at 100 K and 130 K respectively. The false colors correspond to the photoemission
intensity. Bottom panel: selected Cl1s (c) and O 1s (d) spectra for characteristic temperatures. (Photon

energies 410 eV for C 1s and 650 eV for O 1s).
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For the last two dosing steps the sample temperature was lowered to 100 K. The
corresponding spectra in Figure 1 show a massive increase in the peak intensity (225% of
saturation coverage at 180 K after 4 min) and a general shift towards higher binding energies,

especially in the O 1s spectra. This is typical for multilayer growth.

Figure 2 shows temperature-programmed (TP-) XPS plots for the C 1s and O 1s signals of
layers of approximately 0.25 ML MAA (i.e. chemisorbed layer plus one condensed layer) dosed
at 100 K and 130 K, respectively. The graphs clearly show several transitions in the molecular
layers as the sample temperature increases: The onset of multilayer desorption occurs at 150 K.
The chemisorbed layer is stable up to about 270 K. Above this temperature the O 1s signal
decreases continuously up to 390 K, where it has completely disappeared. In the same
temperature window, the C 1s TP-XPS plot shows strong features appearing at 285.6 eV and
284.4 eV, which indicate decomposition products. The feature at 285.6 eV disappears at 400 K,
while the low BE feature gradually converts into a strong peak at 283.5 eV, which is typical for

atomic (carbidic) carbon on Ni{111}. The conversion is completed at 550 K.

3.2. NEXAFS. The O K-edge NEXAFS spectra shown in Figure 3 were recorded from a
saturated chemisorbed layer of MAA dosed at 130 K, followed by annealing to 250 K in order to
improve molecular ordering. Auger-yield intensities were recorded at 200 K with the
synchrotron beam at normal incidence (0°) and 65° off normal incidence. The strong  resonance
is composed of two peaks at 530.9 eV and 532.2 eV, which is especially obvious in the data for
65°. Both peaks show strong angular dependence. Their peak positions and heights were
determined by a simultaneous fit of both spectra involving 4 Gaussian functions (2 for the =«

resonance and 2 for the e resonances above 535 eV) and a step function at 533.1 eV. In addition
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to the data and overall fits to the spectra (solid / dashed lines), Figure 3 also shows the two
individual Gaussians of the 7 resonance, the step function, and the sum of the two Gaussians
used to fit the spectra above 535 eV. Note that some details in the upper energy range are not
well reproduced by only two Gaussians. However, this does not affect the quantitative analysis

of the  resonance, which we are concentrating on here.

1 MAA sat. ann. 250 K O Data0°® [
il ® Data65°|

---- Fit0°
—— Fit 65°
— - Step

Intensity / arb. units

-1—r|—|—|—[—|—rv—r|‘||.||||.||.||-|:7ﬁ—r_
525 530 535 540 545 550 555
Photon Energy / eV

Figure 3. O K-edge NEXAFS spectra for a saturated chemisorbed layer of MAA dosed at 130 K, followed

by annealing to 250 K.

The © resonances around 531-533 eV are usually associated with keto C=0 double bonds or
metal-bonded de-protonated C-O single bonds, which also exhibit some 7 characteristics.>* The
ratios of these peaks at 0° and 65°, 1(0°)/ 1(65°), are 0.698 at 530.9 eV and 1.59 at 532.2 eV.
According to the formula given by Stéhr and Outka for 3-fold symmetric substrates,® this

corresponds to C=0 bond angles of 49 + 1° and 62.5 + 1° with respect to the surface plane.
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3.3. DFT simulation of gas-phase MAA. As a starting point for the DFT simulation of the
adsorption of MAA on Ni{111}, we have calculated the isolated molecule in vacuum in different
tautomeric forms and conformations. MAA is a non-symmetrically substituted p—diketone
containing both CH3; and OCHj5 substitutions. Symmetrically substituted f—diketones exist in the
enol tautomeric form R-C(OH)-CH-C(O)-R when R is CHg, and in the diketo tautomeric form R-
C(0)-CH,-C(0)-R when R is OCHs.>* The presence of both CH3 and OCH3 in MAA makes its
tautomeric behavior particularly interesting. Experimental studies based on gas electron
diffraction (GED) and IR (matrix) spectroscopy have shown a mixture of 80% enol and 20%
diketo form in MAA vapor at 309K.>®> However, according to *H NMR spectra and *C NMR
spectra at room temperature, liquid MAA exists exclusively in the diketo form.>® The crystal

structure also exhibits only the diketo tautomer.>

We calculated the two tautomeric forms of the isolated molecule, considering also different
conformations. Figure 4 shows the three most stable structures found in our study. As expected
from experiment, the most stable structure in the gas phase corresponds to the enol tautomer,
with the hydroxyl adjacent to the CH3 group (the other configuration, with the hydroxyl adjacent
to the OCHg; group, is considerably less stable, by 1.2 eV). The geometry optimization of the
enol tautomer leads to a “planar” structure, where all the oxygen atoms are contained in the plane
defined by the three carbon atoms (Figure 4a). Previous quantum chemical calculations at
B3LYP and MP2 level have led to similar results.”® As shown in Table S1 of the Supporting
Information, the computed geometry of the enol tautomer agrees well with that obtained from

the GED experiment: the discrepancies in inter-atomic distances are all within ~1%.
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enol diketo (sc, ac) diketo (sc, sp)

(0 eV) (0.24 eV) (0.27 eV)

Figure 4. Molecular structures of the two MAA tautomers: (a) enol and (b,c) diketo in two different

conformations. The terms “ac”, “sc” and “sp” stand for anticlinal, synclinal and synperiplanar respectively

For the diketo tautomer the two most stable conformers (Figure 4b,c) have similar energies
(0.24 eV and 0.27 eV above the enol groundstate). Table S2 of the Supporting Information
lists the geometrical parameters of these two MAA conformers, in comparison with the
experimental values for the diketo molecule in the crystal structure.”” The main difference
between the two theoretical diketo structures is in the dihedral angle 2(C2C1C302), which
makes the d(C4—C5) distance in diketo (sc, ac) shorter than its counterpart by 0.95 A. The crystal
structure of MAA at 150 K contains discrete molecules,> whose geometrical configuration is
very similar to diketo (sc, sp). Since our calculations predict that the diketo (sc, ac) conformer is
only slightly more stable than the diketo (sc, sp) conformer (in the gas phase), our result is not in
disagreement with the experimental observation for the solid: the intermolecular interactions

apparently stabilize the diketo (sc, sp) over the diketo (sc, ac) form. Because the enol form is the
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most stable tautomer, we use it as the reference for the calculation of adsorption energies

(Equation 1) regardless of the mode of adsorption.

3.4. DFT simulation of MAA adsorption on a flat Ni{111} surface. We obtained several
local minima for the adsorption of MAA at the Ni{111} surface. The two most stable
configurations are shown in Figure 5a,b. The global minimum corresponds to the bidentate
deprotonated configuration shown in Figure 5a, where the MAA molecular plane is tilted with
respect to the surface, to which it is bonded via two carbonyl groups: one (adjacent to CHs) on a
hollow-fcc site and the other (adjacent to OCH3 group) on an atop site. The dissociated hydrogen
atom is adsorbed elsewhere on the surface, preferentially on an fcc site (the same adsorption
mode, but with the hydrogen adsorbed on an hcp site, is 9 meV higher in energy). This
adsorption configuration of the molecule can be designated as enol, even if the H atom is not
there: a bond with the surface is formed instead, and the C=C double bond remains, i.e. d(C1-

C3)is 1.376 A.

Figure 5 (b) shows the lowest-energy geometry for the enol tautomer of MAA adsorbed on the
flat Ni{111} surface. In this case, the molecular plane is parallel to the surface with all three
oxygen atoms above atop sites. This adsorption geometry (flat enol) involves significant vdW
interactions between the molecule and the surface. Other stable, higher-energy configurations in
the form of enol-MAA are shown in the Supporting Information (Figure S1). Configurations
that involve diketo-MAA (Figure S2) are less stable by at least 0.5 eV compared with the flat

enol geometry.
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(a) bidentate deprotonated (-1.51 eV)

. - o y

(d) bidentate diketo on adatom (-1.84 eV)

Figure 5. The four lowest-energy configurations of adsorption of MAA at the Ni{111} surfaces. Red atoms
correspond to oxygen atoms, grey to carbon atoms and white to hydrogens. Oxygen atoms are numbered in

line with Figure 4 and with the discussion of core level shifts below.
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3.5. DFT simulation of MAA adsorption at the adatoms on Ni{111}. Early theoretical
work using the classical embedded-atom method (EAM) calculated a low activation energy (56
meV) for migration of Ni adatom at the Ni{111} surface,® which suggests that adatoms which
formed, for example, by detachment from surface edges will be very mobile and readily
available for the adsorption of molecules. The potentially important role of metal adatoms on
molecular adsorption at metal surfaces has been highlighted in more recent studies.> Therefore,
we have also investigated here the adsorption of MAA at Ni adatoms on Ni{111}. In the
simulations presented below, the adatom was located at an fcc site at the surface, which is
slightly more stable than the hcp site (difference in defect formation energy is less than 10 meV,

see Ni{111} surface with adatoms section in the Supporting Information for details).

Two different stable configurations for the MAA molecule on the adatom have been found, in
which MAA interacts with the Ni adatom via the carboxylic groups. In both cases, the molecular
plane is almost parallel to the Ni{111} surface (see Figure 5c,d). In the first “bidentate
deprotonated on adatom” configuration (Figure 5c), with an adsorption energy of -2.45 eV,
MAA is deprotonated with the dissociated hydrogen atom adsorbed at an fcc site. This is 18 meV
lower in energy than H adsorption on the hcp site with the same MAA-Ni adsorption complex.
The second more stable adatom complex “bidentate diketo on atatom”, shown in Figure 5d, is
less stable than the previous one by more than 0.6 eV. This is the only diketo adsorption
configuration found in our calculations, and is unlikely to compete with the stronger adsorption
mode in the presence of adatoms. This is interesting, since previous experimental work on co-
adsorption of glutamate and MAA on Ni{111} suggested that the MAA was adsorbed in a

parallel geometry in the diketo form at 300K.'
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In order to compare the adsorption energies on the flat surface with those on the adatom, we
should take into account that the latter do not include the energy cost of creating the adatom in
the first place. The formation energy (Er) of the adatom was evaluated in two scenarios: (a)
formation from a step edge, leaving an edge vacancy behind (b) formation from the flat terrace,
leaving a terrace vacancy (see Figure S3 in Supporting Information). As expected, scenario ()

leads to much lower formation energy (Ei® = 0.19 eV) than scenario (b) (Ei® =2.26 eV).

Clearly, adding the adatom formation energy from the terrace sites, makes both adatom
adsorption configurations unfavorable compared to adsorption directly on the flat terrace.
However, if the adatom is formed from a step edge, the overall adsorption energy for the
bidentate deprotonated on adatom is -2.45 eV + 0.19 eV = -2.26 eV. This means that MAA
adsorption can in principle stabilize the adatom formation from a step edge, in a process that is
energetically more favorable than direct adsorption at the terrace site with no adatoms involved.
Of course, these results only refer to the thermodynamic preference; it is possible that there are
kinetic limitations for the edge-to-adatom mechanism, especially at the high MAA coverages of
interest here. It is therefore difficult to predict, from energy calculations only, what the
predominant mode of adsorption is, and whether or not it involves Ni adatoms. We need to resort
to the comparison of the experimental XPS spectra with the simulated spectra for the different

adsorption configurations.
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Table 1. Key geometrical and spectroscopic parameters of the candidate structures with the lowest
adsorption energies found by DFT. The parameter Az is the maximum difference in height of the molecule’s
carbon atoms with respect to the surface. Core-level binding energy shifts (Ec.s) for oxygen atoms on both

surfaces. Only relatives shift of O 1s are given according to Equation 2. For numbering refer to Figure 4.

Bidentate Bidentate B_identate
deprotonated Flat enol deprotonated diketo on
on adatom adatom
Eads (V) -1.51 -1.44 -2.45(-2.26)  -1.84 (-1.65)
d(C2-01) (A) 1.262 1.256 1.258 1.243
d(C3-02) (A) 1.343 1.336 1.279 1.251
£C201surface (degrees) 47.8 11.2 6.4 7.4
£C302surface (degrees) 61.5 5.0 2.7 10.1
Az (A) 0.733 0.621 1.057 0.482
ABE (01) (eV) 0.00 0.00 0.33 0.60
ABE (02) (eV) 0.38 1.44 0.00 0.00
ABE (03) (eV) 1.96 1.96 2.16 2.55

3.6. Calculation of core level bindings energy shifts. In order to compare the compare the
above candidate structures with experimental XPS data, we performed core-level shift
calculations for the O 1s photoemission levels according to Equation 2. The results are
summarized in Table 1 together with some key geometrical data. In all four cases the binding
energy shifts split into two groups around ABE = 0.0 — 0.6 eV and ABE = 1.4 - 2,5 eV. With the
exception of the “flat enol” configuration, the two oxygen atoms from the carboxylic groups (O1
and O2) are characterized by the lower BE. The oxygen atom of the OCHj3; group (O3) always

leads to a high BE.
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4. DISCUSSION

For a better comparison of the calculated chemical shifts with the experimental O 1s XPS
data, spectra were modelled by the sum of three Gaussians centered at the calculated BE shifts.
For each Gaussian a width (FWHM) of 1.4 eV was used, which is the smallest width measured
for the experimental O 1s peaks. These model spectra are plotted in Figure 6 together with the
experimental O 1s spectrum of MAA at 53 % of saturation coverage (0.07 ML / 1 MAA per 15
Ni atoms) dosed at 180 K. This spectrum has been chosen for comparison as the coverage is
closest to the coverage used in the model calculations (1 MAA per 25 Ni atoms). The BE scale

of the experimental spectrum has been shifted such that it coincides with the model spectra.

None of the model spectra perfectly matches the peak height ratio of 1.56 : 1 (low BE : high
BE), which is to be expected, as attenuation and photoelectron diffraction effects are not
incorporated in the model spectra. However, except for that of the flat enol spectrum, all the
simulated spectra are in qualitative agreement with the experimental relative peak heights. The
energy separation of the two peaks is best reproduced by the two bidentate deprotonated models:
ABE = 1.8 eV / 2.0 eV for adsorption on the flat surface / Ni adatom while the experimental
value is 1.94 eV. Thus, on the ground of the core level shifts we can only exclude the flat enol

configuration with reasonable confidence.
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Figure 6. Model O 1s spectra for the MAA geometries that lead to the lowest adsorption energies in the DFT
calculations: (top down) flat enol, bidentate diketo on Ni adadom, bidentate deprotonated on Ni adadom,

bidentate deprotonated on flat surface. Dots: experimental O 1s spectrum for 0.07 ML MAA dosed at 180 K.

A much clearer discrimination can be achieved from an analysis based on the NEXAFS
results and the DFT geometries. The data clearly indicate large C-O bond angles of 49° and
62.5° with respect to the surface plane. These angles are almost exactly reproduced in the DFT
simulations by the “bidentate deprotonated” configuration without adatom, with values of 47.8°
and 61.5°, while all other geometries are characterized by angles of 11.2° or less. We therefore
conclude that the molecular adsorption geometry observed in the experiments is in fact
“bidentate deprotonated”. The fact that the adatom geometries are not observed despite their
lower adsorption energies as found by DFT modelling can be explained by the low temperatures

of 250 K or less, at which the adsorbate layers for Figures 1 and 3 were prepared. Significant
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adatom generation from step edges of Ni surfaces, however, takes place well above room
temperature.® Therefore the formation of adatoms complexes appears to be kinetically hindered.
It may well be that the onset of decomposition, which is observed above 250 K, is linked with

the increasing availability of single Ni atoms at this temperature.

The bidentate deprotonated geometry has the least “chiral characteristic” of all four candidate
structures. If the orientation of the molecular plane was exactly upright hydrogenation should
occur from both sides with equal probability. The other geometries with the molecular planes
almost parallel offer more obvious pathways to enantioselective hydrogenation of the C=C (or
C=0) bond. The surface complexes of the latter structures are “more chiral” and it can be easily
envisaged how chiral modifier molecules could stabilize one enantiomer over the other. This
mechanism was suggested by Jones and Baddeley in the interaction of MAA with (S)-Glutamic
Acid modified Ni{111}."® The fact, however, that the molecular plane in the bidentate
deprotonated geometry actually leans towards one side should also favor one enantiomer over

the other. The direction of inclination can be again selected by chiral modifiers.

In this context it is also worth noting that the decomposition temperature observed in our
UHV experiments is well below the typical range of reaction temperatures for the
enantioselective hydrogenation of MAA on Raney nickel, 333-343 K.® Under reaction conditions
decomposition may be hindered by the presence of a solvent and/or hydrogen on the surface. In
addition, adatoms will also be more readily available which could lead to a change in the

adsorption geometry and bond coordination of the adsorption complex.
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CONCLUSIONS

In summary, we have performed a combined experimental (XPS and NEXAFS) and
theoretical study of MAA adsorbed on Ni{111}. The chemisorbed layer is stable up to 250 K.
Above 250 K decomposition occurs, while multilayers grow below 150 K. The NEXAFS data

clearly indicate large C=0 bond angles of 49° / 62.5° with respect to the surface plane.

Our DFT simulations predict that the MAA enol tautomer is more stable than the diketo
tautomer in the gas phase. The preferred adsorption configuration of MAA at the flat Ni{111}
surface is a deprotonated species one with bidentate coordination. The adsorption of the non-
dissociated enol tautomer is less stable by 77 meV. The presence of adatoms leads to stronger
MAA adsorption in comparison with the flat surface, whereby the stabilization energy is high
enough for MAA to drive the formation of adatom defects at Ni{111} (assuming the adatoms

come from surface steps).

Calculation of oxygen core-level shifts for the theoretical adsorption geometries and
comparison with the XPS together with the tilt angles derived from NEXAFS unambiguously
identify the bidentate deprotonated enol on the flat Ni{111} surface as the dominant species at
250 K, indicating that the formation of adatom adsorption complexes is kinetically hindered at

low temperatures.

SUPPORTING INFORMATION

Additional data from DFT calculations, including comparison of calculated geometries of gas-
phase molecules with experiment and information about less stable adsorption configurations

not described in the manuscript; file with coordinates for predicted adsorption configuration.
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