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ABSTRACT: Understanding the interaction of amino acids with metal surfaces
is essential for the rational design of chiral modifiers able to confer
enantioselectivity to metal catalysts. Here, we present an investigation of the
adsorption of aspartic acid (Asp) on the Ni{100} surface, using a combination of
synchrotron X-ray photoelectron spectroscopy (XPS), near-edge X-ray
absorption fine structure, and density functional theory simulations. Based on
the combined analysis of the experimental and simulated data, we can identify the
dominant mode of adsorption as a pentadentate configuration with three O
atoms at the bridge sites of the surfaces, and the remaining oxygen atom and the
amino nitrogen are located on atop sites. From temperature-programmed XPS
measurements, it was found that Asp starts decomposing above 400 K, which is
significantly higher than typical decomposition temperatures of smaller organic
molecules on Ni surfaces. Our results offer valuable insights into understanding
the role of Asp as a chiral modifier of nickel catalyst surfaces in enantioselective
hydrogenation reactions.
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O 1s Binding Energy / eV

Bl INTRODUCTION studies that show that both the reaction rate and optical yield
are significantly affected by the polarity of the solvent and the
pH used in the modification.

In recent years, a significant body of research has been
devoted to studying the molecular level interactions of these
organic compounds with Ni{111}, {100}, and {110} single-
crystal surfaces, employing surface science techniques such as
temperature-programmed (TP) desorption, infrared spectros-
copy, scanning tunneling microscopy (STM), X-ray photo-
electron spectroscopy (XPS), and near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy. These include studies
of just the modifiers (TA, Glu, and Ala)'°"'® or reactants
(MAA)'”'® and coadsorption studies of reactants and
modifiers (MAA with TA, Glu, and Asp) in vacuum and
under (wet) reaction conditions.*”'*™*' The latter research,
carried out by Baddeley’s group, found strong evidence for a
one-to-one interaction between the chiral modifier and MAA.
Recent work from our group'”’'® has shown that MAA adsorbs
on Ni{100} and Ni{111} as deprotonated enolate species, with
bidentate coordination through the C—O groups. The

Over the last decades, there has been a growing demand for
optically pure drugs and compounds.’ Because heterogeneous
catalysis is more environmentally friendly than homogeneous
catalysis, the development of heterogeneous catalysts for the
synthesis of enantiopure chemical products offers great
benefits.”™> Heterogeneous chiral catalysts can be prepared
by modifying nonchiral surfaces using the so-called chiral
modifiers. The modifier molecules act as precursors that
interact with and modify the catalyst metal surface, conferring
a chiral behavior that enhances the production of one
enantiomer over the other during the catalytic reaction.

One of the best-studied examples in this context is the chiral
modification of Ni catalysts with tartaric acid (TA) or amino
acids to enable enantioselective hydrogenation of f-ketoesters,
such as methyl acetoacetate (MAA).””*®’ This reaction
system is well characterized in terms of macroscopic
parameters, for example, temperature, pH, reaction yields,
and enantiomeric excess, but still poorly understood in terms
of molecular level interactions. In general, one finds higher
enantiomeric excess at typical reaction temperatures (25—100
°C) for dicarboxylic modifiers, such as TA, glutamic acid Received: April 22, 2020
(Glu), or aspartic acid (Asp), compared to simple amino acid, Revised:  July 17, 2020
such as alanine (Ala). It has been hypothesized that chiral Published: July 24, 2020
modification incorporates physical effects, such as substrate
reconstruction and/or supramolecular assemblies of the
modifier with solvents.””~" The latter idea is supported by
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molecular plane is tilted with respect to the surface plane,
between 49 and 63°, thus breaking the local symmetry of the
adsorption complex. The role of a chiral modifier could simply
be to ensure that the tilt is always in the same direction so that
the reaction with surface hydrogen occurs from the same side
for all MAA molecules; this would be enough to lead to
enantiopure products.

Our recent work on alanine on Ni{111}, together with
numerous studies of amino acids on copper and palladium
single-crystal surfaces,”” "’ has indicated that amino acid
modifiers preferably adsorb as anions, forming surface bonds
through the two carboxylate oxygen atoms and the nitrogen
atom of the amino group. In addition, there is a strong
tendency to form hydrogen bonds with other molecules on the
surface, which, in some cases, leads to the loss of surface
coordination and/or the formation of zwitterionic species. This
has been observed for Ala on Pd{111} and Ni{111} for higher
coverages.15’16’24’3’2

In the present study, we concentrate on the surface
chemistry and adsorption geometry of Asp on Ni{100}.
There are very few studies of model catalyst systems involving
Ni{100} despite the fact that this surface termination is the
second most abundant of Ni nanoparticles, after {111}. Asp
(HOOCCH(NH,)CH,COOH) is one of the most abundant
amino acids in nature and similar in size to TA (HOOCCH-
(OH)C H(OH)COOH). It has three functional groups: a-
amino group (a-NH,), a-carboxyl group (a-COOH), and /-
carboxyl group (f-COOH) which can interact with the metal
surface. By using a combination of XPS, TP-XPS, and
NEXAFS under ultrahigh vacuum (UHV) conditions and
computer simulations, we determine the adsorption geometry
and thermal stability of the Asp modifier on Ni{100}. This will
provide further insight into how chiral modifiers can
stereodirect the hydrogenation of f-ketoesters on Ni surfaces.

15,16

B METHODOLOGY

Experimental Methods. The XPS and NEXAFS experi-
ments were performed in the Elettra synchrotron in Trieste
(Italy) at the UHV end station of the SUPERESCA undulator
beamline, which provides a horizontally polarized X-ray beam.
The base pressures in the preparation and analysis chambers
were in the 107'° and 107" mbar range, respectively. The Ni
single crystal (supplier MaTecK; diameter 10 mm; thickness
1.5 mm) with {100} surface orientation was mounted via spot-
welded Ta wires onto the base of a liquid nitrogen-cooled cold
finger. It could be heated indirectly by a filament mounted
close to the back face of the sample. The sample temperature
was measured through a spot-welded thermocouple and
controlled using a programmable temperature controller.
Sample cleaning was achieved by several cycles of short (10
min) Ar* sputtering at room temperature with subsequent
annealing to 670 K to desorb volatile adsorbates, such as CO.
It was found that higher annealing temperatures lead to
significant segregation of carbon from the bulk, which could
not be completely avoided even at 670 K. The level of sample
cleanliness was confirmed by XPS. L-(+)-Asp was dosed from a
home-built evaporator, which consisted of a stainless-steel
crucible containing a glass capillary filled with Asp powder.
The evaporator was mounted in the line of sight of the sample
at a distance of ca. 25 cm. Deposition was performed by
resistively heating the crucible to 184—186 °C (measured
through a thermocouple spot-welded to the crucible).”” A gate
valve between the sample and evaporator allowed accurate

control of dosing times. When the gate valve was open, a
pressure increase from 107! mbar to the low 10~ mbar range
was observed in the preparation chamber. Because of
differences in pumping speed (most likely due to fluctuations
in the cold finger temperature), there was no good correlation
between measured pressure/dosing time and surface coverage;
hence, the coverage was determined by XPS. Typically,
deposition times of 30—45 min were needed to deposit a
saturated chemisorbed Asp layer for the clean substrate
Ni{100} (see below).

XPS and NEXAFS spectra were recorded using a Specs
Phoibos 150 Electron energy analyzer. C 1s, N 1s, and O 1s
spectra were recorded with photon energies of 400, 510, and
650 eV, respectively, and pass energies of S eV (C 1s) and 10
eV (N 1s and O 1s), which resulted in an overall energy
resolution of 0.22—0.31 eV. All spectra, shown here, are
normalized with respect to the low binding energy (BE)
background. TP-XPS data were recorded by heating the
sample at a constant rate of S K min~" in front of the analyzer,
while continuously measuring sequences of fast C 1s, N 1s, and
O 1s spectra. The data acquisition time for one sequence of
spectra was approximately 70 s, that is, the temperature
difference between two consecutive spectra of the same type
was about 5.8 K.

NEXAFS spectra were acquired in the O K-edge region by
recording the O KLL Auger signal at a kinetic energy of 507 +
S eV. Three angles of incidence were used for determining the
orientation of Asp with respect to the surface: 0 = 0° (normal
incidence), 35, and 70°, where O refers to the angle between
the incoming X-ray beam and the surface normal. Photon
energy calibration was confirmed by measuring the oxygen K-
edge 7*-resonance of CO on Ni{100}, which is within the
error limit of literature data®"** (534.0 eV vs 533.7 eV in this
work). The spectra were divided by the drain current of the
last refocusing mirror in order to correct for the transmission
of the beamline. Substrate features were removed by
subtracting spectra of the clean surface from spectra of the
adsorbate-covered surface, measured and treated in the same
way. Finally, in order to allow a comparison between spectra
measured at different angles, all spectra were normalized at 565
eV, which is above all oxygen absorption resonances.

Computational Methods. For the purpose of density
functional theory (DFT) modeling, the Ni{100} surface was
represented by a periodic slab of four atomic layers, as reported
in previous theoretical investigations of molecular adsorption
on this surface,'®*** giving well-converged results for both
adsorption energies and geometries.*> Only the two uppermost
Ni layers were relaxed; the two bottom layers were fixed in
their bulk positions. This procedure accelerates the con-
vergence of calculated surface properties with respect to the
thickness of the simulation slab.***” A vacuum gap of 12 A
separates each slab from its periodic images. Laterally, the
supercell consisted of (5 X 5) surface unit cells; therefore, the
adsorption of one molecule for every 25 surface Ni atoms gives
a surface coverage of 0.04 ML. For the simulation of the
isolated (gas-phase) Asp molecule, a large periodic cage was
employed, ensuring that each molecule was separated from its
images by at least 12 A.

DFT calculations were performed using plane-wave
expansions of the wave functions, as implemented in the
VASP code.***” We used a functional based on the generalized
gradient approximation (GGA) in the form of the revised
Perdew—Burke—Ernzerhof (revPBE) exchange—correlation

https://dx.doi.org/10.1021/acs.langmuir.0c01175
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functional.’® To account for van der Waals interactions, we
used the DFT-D3 method with Becke—Johnson damping.>">*
This combination of functional and dispersion correction has
been shown to be the most robust among GGA functionals in
the description of main group thermochemistry, reaction
kinetics, and noncovalent interactions®>** and has been used
successfully in our previous studies of MAA adsorption on Ni
surfaces.'”'® However, we have checked that using the
standard GGA functional by PBE>” with the same dispersion
correction leads to, essentially, the same results in terms of
relative adsorption energies for different configurations (the
absolute adsorption energies with PBE-D3 were ~0.1 eV less
negative than those with revPBE-D3). As nickel is a
ferromagnetic metal, all calculations included spin polarization.
The effect of core electrons on the valence electron density was
described with the projected augmented wave (PAW)
method.>*>” The core electrons (1sin C, O, and N and up
to 3p in Ni) were kept frozen at their atomic reference states.
The number of plane waves in the slab calculations was limited
by a kinetic energy cutoff of 400 eV, which is the
recommended value for the employed PAW potentials. In
order to sample the Brillouin zone, Monkhorst—Pack grids*®
with a maximum separation of 0.15 A™" between k-points were
used throughout the simulations. This grid density, which was
found to be enough for convergence of the bulk Ni total
energy, corresponds to a 4 X 4 X 1 grid for the reciprocal space
of the slab supercell described above. The threshold for forces
acting on ions for geometry optimizations was set to 0.01 eV
A~ 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.>”
The configurational space of adsorption was explored by
systematically positioning the molecule at different config-
urations with respect to the surface and performing energy
relaxations. For each final stable adsorption configuration, we

calculated the adsorption energy Emp.' as follows

DFT _
Eads - Eslab+molecule - (Eslab + Emolecule)
where Eg,p,molecule 1S the energy of the optimized substrate—

adsorbate system, E,;, denotes the energy of the relaxed clean
Ni{100} surface, and E,,jcqe cOrresponds to the energy of the
Asp molecule in the gas phase at the lowest-energy
configuration. In the calculation of dissociative adsorption
configurations, where the adsorbate is deprotonated, the
protons are adsorbed elsewhere on the metal surface, as far
as possible from the Asp molecule.

We also estimated the effect of vibrational zero-point energy
(ZPE) on the adsorption energy of some configurations by
calculating the vibrational frequencies of the adsorbed
molecule (freezing the atoms of the substrate at the relaxed
geometry) and the frequencies of the gas-phase molecule. The
ZPE values, that is, half the sum of the vibrational frequencies
in each case, were then added to the energies Eg,p, nolcue and
E, ol In the equation above. This approach assumes that
molecular adsorption does not significantly alter the vibrational
modes of the much heavier metal atoms on the surface.

For a direct comparison with XPS data, we calculated core-
level shifts in the so-called final-state approxjmation,60 where
the shifts are obtained as total energy differences between two
separate calculations, as reported in ref 61. Previous work has
shown that this theoretical approach yields relative core-level
shifts in excellent agreement with experimental data, including
in the case of molecules adsorbed on metal surfaces.”’ " The

method, however, does not yield correct absolute values for the
core-level BEs;®' therefore, we consider core-level shifts,
ABE(; (A), instead. Such shifts are defined as the difference
in BE of specific core-electrons BE; between an atom A and a

reference atom A,

ABE(;(A) = BE¢ (A) — BE(i(A )

We focus our discussion on the relative shifts of the O 1s
levels of the oxygen atoms within the Asp molecule. In our
previous studies of the MAA/Ni interface, the comparison of
the simulated O 1s core levels with experimental XPS allowed
us to identify the adsorption geometries.'”'® Here, we chose
the reference atom as the one yielding the lowest O 1s BE. In
order to allow a visual comparison between experimental and
theoretical data, spectra were modeled by sums of Gaussian
peaks with equal width [full width at half-maximum (fwhm) =
1.25 eV, estimated from experimental data] and area, centered
at the respective BE shifts. N 1s spectra are not modeled as
there is only one N atom in Asp and our method is not capable
of accurately predicting absolute BEs. C 1s spectra are not
modeled either because carbon atoms are not involved in the
surface bonds, and therefore, we do not expect significant
differences in C 1s peaks between different adsorption
geometries.

B RESULTS AND DISCUSSION

XPS Results. XPS spectra of the C 1s, N 1s, and O 1s
regions are presented in Figure 1. They are compatible with
spectra reported by Karagoz et al. for Asp on Cu{100}*’ and
spectra for other amino acids on transition metal surfa-
ces.' 932737 Gpectra were recorded after successively dosing
Asp in S min intervals (only a selection is shown in the figure)
onto the Ni{100} surface held at 250 K. The C 1s and O 1s
spectra of the “clean” surface before the first dosing cycle show
significant signals (peak “A” in Figure 1a,c) because of carbon
segregating from the bulk and carbon/oxygen from dissociat-
ing residual gas molecules, such as water and carbon monoxide.
After an accumulated dosing time of 30 min, the N 1s spectra,
in Figure 1b, changed significantly, with a new peak (“C”)
appearing at a BE of 402 eV, which is associated with
zwitterionic Asp in the second layer. Based on these spectra,
we can clearly identify a low coverage regime up to the
formation of a single chemisorbed layer (30 min dosing) and a
high coverage regime where Asp molecules adsorb on top of
the chemisorbed layer. Our DFT calculations (see below)
predict that chemisorbed Asp adsorbs in a pentadentate
configuration which blocks at least eight Ni atoms. Therefore,
one expects the saturated chemisorbed layer to correspond to
O, = 0.125 ML (the coverage © Asp 1S subsequently expressed
in terms of Asp molecules per surface Ni atom). By comparing
the O 1s peak area of the 30 min layer with that of CO
adsorbed to saturation at 250 K on the same surface (On ~
0.35 ML, estimating the reduced coverage due to C
contamination from ref 66), the coverage of oxygen atoms
was determined as 0.7 ML, which equates to ©,, = 0.18 ML
(four oxygen atoms per Asp molecule). However, with low
photon/kinetic energies of 110—120 eV, as used for collecting
the data in Figure 1, photoelectron diffraction can lead to
variations in peak intensities which are not proportional to the
surface coverage. Therefore, we assume the coverage of the 30
min layer to be 0.125 ML; consequently, the coverages for the
higher dosing times are between @y, = 0.17 ML (45 min) and
0, = 0.32 ML (150 min), based on the O Is signal.

https://dx.doi.org/10.1021/acs.langmuir.0c01175
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Figure 1. XPS spectra of the (a) C 1s, (b) N 1s, and (c) O 1s regions
of Asp adsorbed on Ni{100} at 250 K and at different coverages. The
spectra were recorded using photon energies of 400, 510, and 650 eV,
respectively.

The N 1s spectra, in Figure 1b, show three peaks associated
with the adsorption of Asp at 250 K, at BEs of 397.4 eV (A),
399.7 ¢V (B), and 401.8 eV (C). For the clean Ni{100}
surface, prior to dosing, no N 1s signal is observed. Based on
reported spectra of amino acids on Ni{111},">'® peak A is
assigned to a H,CN decomposition species, B to the —NH,
amino group of anionic Asp chemisorbed on the metal surface,
and C to the —NH;" species of zwitterionic Asp in the second
layer (or consecutive layers). Peaks A and B appear together at
low coverage with A decreasing when the multilayer starts
growing. Peak C becomes visible only after a 45 min dose
(®ASP = 0.17 ML), indicating that multilayer growth sets in
after (near) completion of the chemisorbed layer, as seen
previously for alanine on Ni{111} and Pd{111}.">'%*

The O 1s spectra (Figure 1lc) also show three peaks
associated with different chemical environments of the oxygen
atoms. Peak A at a BE of 530.0 eV is observed for the
nominally clean surface prior to dosing and originates from
strongly bound atomic oxygen species, which can only be
removed by annealing to >1000 K, at which temperature
significant bulk segregation of carbon is observed. The
dominant peak B at a BE of 531.4 eV is associated with
deprotonated O—C—O carboxylate groups bound to the Ni
surface. This is the only adsorbate-related O 1s signal observed
for the chemisorbed layer and clearly indicates that both
carboxyl groups are deprotonated and all oxygen atoms form
bonds with the surface. This peak, like the corresponding C 1s
peak at 285.5 eV, coincides with the BEs of CO on Ni{100};
therefore, a contribution of coadsorbed CO (from residual gas
during or after dosing) cannot be excluded. Once multilayer
growth sets in (>30 min dosing), a new feature, C, at a BE of
533.5 €V, is observed, which is assigned to the protonated
oxygen atoms of carboxylic acid groups, OH—C=0."""® As
the coverage increases above that of the chemisorbed layer,
peak B carries on increasing and shifts to progressively higher
BE, indicating that some of the deprotonated oxygen atoms are
decoupled from the Ni surface, as one would expect for
multilayers. Interestingly, peak A only starts decreasing once
the chemisorbed layer is complete, but does so very rapidly
afterward. This could either indicate a reaction between surface
oxygen and hydrogen (from the deprotonation of the carboxyl
groups) followed by desorption of water or the formation of
hydrogen bonds between some of the hydroxyl groups and
chemisorbed oxygen atoms, which leads to a shift to higher
BEs such that their signal merges with peak A.

In the C 1s region, Figure la, we can resolve five peaks at
BEs of 282.9-283.0 (A), 283.6 (B), 285.5 (C), 287.2 (D), and
289.0 eV (E). Peak A is observed for the nominally clean
surface and is associated with carbidic carbon segregating from
the Ni bulk. Peak B is associated with dissociation products of
the Asp molecule (H,CN) and/or subsurface carbon
atoms.">®° After dosing for 30 min (saturated chemisorbed
layer), peak A is reduced by 40% in height and shifted by 0.13
eV, but the integrated area of peaks A and B stays exactly the
same (within 1%), which indicates that a significant amount of
carbidic carbon has been pushed subsurface as a result of Asp
adsorption. Earlier, C + CO coadsorption experiments showed
that this process can take place even well below the
temperature of our experiment.’® After dosing for 75 min,
peak A decreases in intensity by 70% and shifts by 0.25 eV; the
integrated area of peaks A and B is now reduced by 15%, which
can be explained mostly by attenuation through the multilayer.

The remaining peaks (C, D, and E) originate from carbon
atoms of the intact Asp molecule. The assignment of these
peaks is based on previous work on amino acids on Ni and
other transition metal surfaces.'>'®**™* Peak C at a BE of
285.5 eV exhibits the strongest intensity and grows propor-
tionally to the dosing time of Asp. It is assigned to the
backbone carbon atoms C1 and C2 of the Asp molecule (cf.
Figure 4). As mentioned before, this peak also coincides with
the BE of CO on Ni{100}. Peak D at a BE of 287.3 eV is
assigned to the carbon atoms C3 and C4 of the deprotonated o
and f carboxyl groups. Peak E at 289.0 eV only starts growing
significantly after completion of the chemisorbed layer (dosing
time > 30 min). It is therefore assigned to protonated
carboxylic acid groups.

https://dx.doi.org/10.1021/acs.langmuir.0c01175
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Figure 2. TP-XPS spectra of the (a) C 1s, (b) N 1s, and (c) O Is regions. Top panels: 2D maps of the XPS intensity vs BE and temperature.
Middle panels: selected spectra at key temperatures, 325, 425, 500, 650, 800, and 1000 K (average over two or three spectra within 10 K of
specified temperature; the temperatures are indicated in the top panels). Bottom panels: XPS intensity vs temperature for selected BEs (the plotted
intensity represents the average over the respective peak width; see the text for more information). The spectra were recorded sequentially with the
same photon energy of 650 eV; the heating rate was 5 K min™", which corresponds to approximately 5.8 K between two spectra of the same region.

Temperature-Programmed XPS. Figure 2 summarizes
the TP-XPS experiments by examining the behavior of
adsorbed Asp during annealing. The TP-XPS 2D maps (top
panels of Figure 2a—c) comprise a series of fast C 1s, N 1s, and
O 1s spectra recorded sequentially as the temperature of the
sample was increased from 250 to 1000 K at a rate of 5 K
~!. These were merged to produce the 2D plots of
temperature versus BE, where the false color scheme indicates
the photoelectron intensity. The temperature difference
between two spectra of the same kind is approximately $.8
K. Examples of individual spectra (average over two or three
spectra within 10 K of specified temperature) are shown in the
middle panels of Figure 2a—c. Prior to the TP-XPS
experiments, Asp was deposited onto the Ni{100} surface at
250 K for 150 min to form the multilayer structure, as

min

indicated by a strong N 1s signal at 401.8 eV (cf. peak C in
Figure 1b). Vertical line profiles taken at the BEs
corresponding to the XPS peaks are shown at the bottom of
each column to illustrate the evolution of the chemical species
associated with these peaks in the temperature range 250—670
K. The evolution of the multilayer at low temperatures is best
observed through the N 1s spectra in Figure 2b. The diagram
at the bottom of Figure 2b shows a rapid decrease of peak C (a
BE of 401.8, assigned to NH;") between 360 and 400 K,
indicating the desorption of molecules adsorbed onto the
multilayer. The individual spectrum measured at 325 K
(middle panel) shows a well-resolved peak at 401.8 eV,
which completely disappears at 425 K. The decomposition of
the chemisorbed layer is indicated by a decrease in the N 1s
signal at a BE of 399.7 eV (peak B, assigned to NH,) and an
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abrupt change in the spectra between 400 and 450 K. In this
temperature range, all the remaining N 1s intensity shifts to a
peak around BE 397.5 eV, which is associated with atomic
nitrogen adsorbed on the Ni surface. This species is very
stable; the peak disappears between 860 and 940 K, most likely
via desorption of N, as in the case of alanine on Ni{111}."

Similarly, dramatic changes in this temperature range are
seen in the C 1s and O 1s spectra (Figure 2a,c). The intensities
of the high BE C 1s peaks between 285 and 289 eV, which are
assigned to the intact molecules, decrease rapidly between 400
and 470 K (Figure 2a, bottom panel). Simultaneously, two
peaks (A and B) emerge above 400 K, at BEs of 283.0 and
283.6 eV, respectively. These peaks are associated with
dissociation products on the surface and/or subsurface carbidic
carbon.® Peak B disappears between 520 and 610 K, while no
increase is observed in this temperature range at any other BEs
of the C 1s signal. Therefore, we associate this with a H.CN
fragment desorbing from the surface. The intensity of peak A
at a BE of 283.0 eV gradually decreases with increasing
temperature, most likely through diffusion of carbon into the
Ni bulk. The associated surface species is most likely atomic
carbon as it has been observed on other Ni surfaces after
amino acid decomposition under similar conditions (e.g., ref
15). Traces of this species are still observed, even after
annealing to 1000 K. Interestingly, the temperature depend-
ence of the carbon-containing decomposition species is not
linked to the N 1s signal at 397.4 eV, that is, the corresponding
species react independently, which is in contrast to the
observations for alanine on Ni{111}."

The main O 1s peak (B) at a BE of 531.4 eV starts to
decrease at around 400 K (see Figure 2c, bottom). At 500 K,
the O 1s signal is no longer observed, that is, no
decomposition products containing oxygen are left on the
surface. The slight increase in signal intensity at lower
temperatures is similar to the behavior of the N 1s signal at
399.7 eV. This is most likely due to reordering and desorption
of molecules from the multilayer, as indicated by the decrease
in the signal at 533.5 eV.

In summary, the complete decomposition of chemisorbed
Asp is associated with the appearance of the XPS signal
assigned to decomposition products in the C 1s and N 1s TP-
XPS spectra at BEs of 283.1, 283.6, and 397.5 eV. Above 500
K, no C 1, N 1Is, or O 1s XPS signal related to intact
chemisorbed Asp is observed. The fact that no oxygen-
containing decomposition products are observed on the
surface indicates that the dissociation of Asp leads to the
formation of CO, desorbing from the surface. After the
decomposition of Asp, carbon- and nitrogen-containing surface
species undergo further transformation upon heating.

NEXAFS and Molecular Orientation. Aspects of the
molecular geometry can be derived from the polarization/
angular dependence of n-resonance features in X-ray
absorption of the oxygen K edge.'®** In simple amino acids
without additional C=O bonds, these originate from the
carboxylate groups; therefore, their angular dependence
enables us to determine their orientation with respect to the
surface plane. The top panel of Figure 3 shows O K-edge
NEXAFS spectra of a saturated chemisorbed layer of Asp on
Ni{100} recorded at 250 K. Data were recorded with incidence
angles of 0, 35, and 70° with respect to the surface normal,
which correspond to angles of 90, 55, and 20° of the X-ray
polarization vector. The spectra are dominated by a 7-
resonance peak around 533 eV, which is preceded by a small
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Figure 3. (a) Oxygen K-edge NEXAFS spectra of the saturated
chemisorbed Asp layer at 250 K; (b) angular dependence of the peaks
constituting the pre-edge 7 resonance. For easier comparison, the
peak intensities in (b) have been normalized with respect to the value
at 70°.

shoulder at 530.3 eV (7;) and three distinguishable broad o-
resonance features at 539.5 eV (o), 543.6 eV (0,), and 549.3
eV (03). The latter is attributed to C—C and C—O bonds and
the former is attributed to the carboxylate groups, in
accordance with the assignments made previously for other
amino acids on metal surfaces.'”***” In order to determine
their angular dependence, a step function (position 535.4 eV
and width 2.0 eV) was subtracted from the data, and the & and
o-resonance regions were fitted separately with Gaussian
functions. The individual peaks of the fit for the 70° spectrum
are shown at the bottom of Figure 3a. In the following, we will
concentrate on the s-resonance features. To obtain good
agreement with the experimental data, the main peak had to be
fitted with three Gaussians, 7, (532.0 eV), 3 (533.2 eV), and
7y (534.7 V), each with an fwhm of 1.6 eV. The angular
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Figure 4. Molecular structure of the lowest-energy conformers of gaseous Asp, according to DFT modeling. See Table S1 of the Supporting
Information for numerical values of bond length and angles. The relative stability is in line with previous studies at B3LYP, MP2, and CCSD levels,

as reported in ref 67.
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Figure 5. Lowest-energy configurations of adsorption of Asp on the Ni{100} surface, according to DFT simulations. Values in brackets include
vibrational contributions. Oxygen atoms are numbered in line with Figure 4 and with the discussion of core-level shifts below. See Table S2 of the
Supporting Information for numerical values of bond length and angles.

dependence of their intensities is plotted in Figure 3b,
alongside the angular dependence of 7; and the area of the
entire 7 resonance feature (integrated between 527 and 536
eV). Figure 3b also includes fits to each of the data sets using a
modified version of the formula given by Stohr*” for fourfold
symmetric substrates

1(0) = A[P(sin 9)2(1 — %(sin )/)2) + %(sin y)z]

where 0 is the polar angle of incidence (with respect to the
surface normal) and y is the tilt angle of the O—C—O plane of
the carboxylate group with respect to the surface plane (£O—
C—0). Here, we are assuming that both carboxylate groups in
the adsorbed Asp molecule have the same tilt angle. The
results of these fits lead to tilt angles between £O—C—-0O =
22.0 and 29.3° for the main 7-resonance (the individual values
are listed in the legend of Figure 3b) and 48.2° for the small 7,
feature at 530.3 eV. As the area of the latter peak is on average
only about 5% of the main resonance, it must originate from a
minority species, so we conclude that the O—C—O tilt angle of
the majority of chemisorbed Asp molecules on Ni{100} is 26
+ 4°

DFT Simulation of Asp in the Gas Phase. In order to
calculate adsorption energies, we must obtain the energy of
Asp in the gas phase as a reference. As shown in Figure 4, Asp
has three functional groups: a-amino group (a-NH,), a-
carboxyl group (a-COOH), and f-carboxyl group (8-COOH).
Relative rotation of the functional groups results in different
conformations. A systematic conformational search of the
molecular geometry in the gas phase and in solution has been

previously performed by Chen and Lin®” using B3LYP, MP2,
and CCSD levels of theory. Given the combinations of the
internal single-bond rotamers, a total of 1296 trial canonical
structures and 216 trial zwitterionic structures were generated
for the Asp molecule. Of these, 139 canonical conformers were
found to be stable in the gas phase; it was found that
zwitterionic structures were not stable in the gas phase.

We selected the three lowest-energy conformers of Asp in
the gas phase, according to their relative CCSD-level energies
in this study, to be calculated with our computational setup.
Spatial configurations after optimization are displayed in Figure
4. The presence of linked hydrogen bonds due to the
interaction of the amino group with the carboxylic groups
increases the stability of the conformers. The maximum
stability is achieved when the two amino hydrogen atoms
interact with the carbonyl oxygen of the two carboxylic groups:
the repulsive interaction of the protons promotes NH,:--O
hydrogen bonding (conformer I). The stability is reduced by
0.32 eV when one of the NH,---O hydrogen bonds is promoted
by the hydroxyl of the a-COOH group via the oxygen atom
(conformer II). A similar decrease in energy of 0.33 eV is
observed when the lone pair of the amino interacts with the
proton of the hydroxyl in the a-COOH group; in this case, one
amino hydrogen is repelled, whereas the other interacts with
the carbonyl oxygen of the f-COOH group, promoting a single
NH,--O hydrogen bonding (conformer III). Overall, judged
by the average distance between C3 and C4 whose values
range from 3.05 to 3.11 A, the direct interaction of the NH,
group with the COOH groups results in a compact structure.
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Table 1. Key Geometrical and Spectroscopic Parameters of the Two Lowest-Energy Candidates Found by DFT Simulations™”
pentadentate I pentadentate II tetradentate tridentate
ERET -3.93 eV —3.86 eV —3.72 &V —327 eV
EDFT+ZPE —4.26 eV —4.24 eV
d(O1-Ni) 2.017 A 1.968 A 2.027 A/2.174 A 2.098 A/2.000 A
d(02—Ni) 2.066 A 2.060 A/2.111 A 1.975 A 2.138 A/1.999 A
d(03-Ni) 2.006 A 1.968 A/2.159 A 2.124 A/2.050 A
d(04—Ni) 1.950 A 1.995 A/2.012 A 1.980 A
d(N—-Ni) 2.090 A 2.019 A 2.045 A
£01-C—02-surface 38.8° 15.7° 56.6° 13.5°
£03—C—04-surface 54.0° 20.2° 68.5° 27.2°
Az(C) 127 A .11 A 1.38 A 1.78 A
ABE (0O1) 0.00 eV 0.00 eV 021 eV 0.03 eV
ABE (02) 0.31 eV 0.28 eV 0.02 eV 0.00 eV
ABE (03) 0.13 eV 0.43 eV 0.18 eV 0.49 eV
ABE (04) 0.30 eV 0.58 eV 0.00 eV 3.08 eV

“See Table S2 of the Supporting Information for additional numerical values of bond length and angles. YAz(C) is the maximum vertical height

difference of the molecule’s carbon atoms.

Although our computed relative energies are larger than the
relative energies at the CCSD level reported in ref 67, the
order of stability is the same as in that study. Conformer I is
the most stable configuration of Asp in the gas phase, so we use
it here as the reference for the calculation of adsorption
energies. In any case, the selection of reference is largely
arbitrary as our focus is the relative stability of the different
adsorption configurations.

DFT Simulation of Asp Adsorption on Ni{100}. In the
exploration of adsorption geometries, we have considered
penta-, tetra-, tri, and bidentate modes of adsorption of
anionic Asp over Ni{100} surfaces. The optimized geometries
after relaxation are shown in Figure S. In the pentadentate
configurations, all oxygen and nitrogen atoms of the doubly-
deprotonated Asp molecule form bonds with the Ni surface.
We obtained two possible candidates with this coordination: in
the “pentadentate I” configuration, all interacting atoms of the
adsorbate are on atop sites, whereas the two dissociated
hydrogen atoms are adsorbed elsewhere on the Ni surface on
four-hollow sites. The planes of the a-carboxyl group and that
of the f-carboxyl group form angles with the metal surface of
£01-C-02 = 38.8° and £03—C—04 = 54.0°, respectively.
The anionic Asp is accommodated over six Ni surface atoms,
resulting in a compact structure. In the “pentadentate II”
configuration, the deprotonated adsorbate is more spread and
covers eight surface Ni atoms. The angles between the Ni
surface and the planes of the a-carboxyl group and S-carboxyl
group were computed as £Z01-C—02 = 15.7° and £03-C—
O4 = 20.2° respectively. Three oxygen atoms (02, O3, and
04) are located on bridge sites, while the remaining oxygen
atom (O1) and the amino nitrogen are located on atop sites. In
the “tetradentate” structure, the nitrogen-surface bond is
missing and only the oxygen atoms take part in the
adsorbate-surface bonding: two oxygen atoms (O1 and O3)
are on bridge sites and the other two (02 and O4) are on atop
sites. The two dissociated hydrogen atoms occupy four-hollow
sites on the Ni surface. In this geometry, the tilt angles of the
carboxylic groups were computed as 56.6 and 68.5° for the a-
carboxyl group and p-carboxyl group, respectively. Finally, in
the “tridentate” geometry, only the @-NH, group and the a-
COOH group have direct interactions with the Ni surface. The
nitrogen atom is on an atop site, and the two oxygen atoms
(O1 and O2) are on bridge sites. The dissociated hydrogen sits

on a four-hollow site. The angle between the a-carboxyl group
and the Ni surface is 13.5°. We also tried a bidentate start
configuration for the dissociative adsorption of Asp, but it
converged to a tridentate configuration after geometry
optimization.

The calculated adsorption energies without vibrational
contributions are —3.93, —3.86, —3.72, and —3.27 eV for the
“pentadentate I,” “pentadentate II,” “tetradentate,” and
“tridentate” configurations, respectively. Therefore, the penta-
dentate modes of adsorption are clearly favored over the other
coordinations. The two pentadentate configurations have very
similar adsorption energies. In an attempt to make a more
accurate energy comparison between the two candidates, we
included the vibrational contributions, in the form of ZPE
corrections, in the computed adsorption energies. The ZPE
stabilizes the pentadentate I configuration by —0.32 eV and the
pentadentate II configuration by —0.38 eV. The corrected
adsorption energies are therefore —4.26 eV for the
pentadentate I configuration and —4.24 eV for the
pentadentate II. This adsorption energy difference is not
significant, given the general precision of DFT calculations and
the approximations involved in our models.

Although the calculations suggest that pentadentate
configurations are the most favorable, the small differences in
adsorption energies do not allow an unambiguous discrim-
ination between them on the basis of adsorption energies
alone. Furthermore, all the configurations feature very negative
adsorption energies and could therefore represent local minima
in the potential energy landscape, with high transition barriers
between them, which might allow them to coexist.
Consequently, we need to resort to a combined analysis of
the experimental XPS and NEXAFS data and the DFT-
calculated geometric and spectroscopic properties in order to
make a reliable determination of the adsorption complex.

Combined Assessment of Theoretical and Exper-
imental Spectroscopic Data. Table 1 lists key geometric
parameters of the four adsorption structures described above,
as calculated from DFT, together with the predicted relative
chemical shifts in the O 1s BEs. These were used to model O
1s XPS spectra through a superposition of Gaussian peaks (an
fwhm of 1.25 eV) with the respective energy separations. They
are shown in Figure 6 together with the experimental data of a
saturated chemisorbed layer. This approach assumes that the
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Figure 6. Comparison of modeled O 1s XPS spectra with the
experimental data for a saturated chemisorbed layer of Asp on
Ni{100}. Spectra are normalized with respect to the highest intensity,
and the energy axes are aligned such that the position of the highest
peak is at 0 eV.

photoemission yield is proportional to the number of atoms
and is not affected by photoelectron diffraction or other
nonlinear effects. Nevertheless, tridentate adsorption can
clearly be excluded as it would lead to an extra peak at high
BEs, which is associated with the protonated oxygen atom O4
of the pJ-carboxyl group. The other three adsorption geo-
metries, pentadentate I/II and tetradentate, lead to a
reasonably good agreement with the experimental data.

In addition to the XPS BEs, the O—C-O tilt angle
determined by NEXAFS is another parameter enabling us to
distinguish between the candidate geometries. Of the three
geometries that are compatible with the XPS data, only the

pentadentate II model features tilt angles which are similar to
those determined by NEXAFS, 15.7 and 20.2° versus 26 + 4°.
The values of the other two models, ranging between 38.5 and
68.5°, are significantly less compatible with the NEXAFS data.
Here, we should note that the tilt angles of the tridentate
adsorption geometry are also compatible with NEXAFS, but, as
shown above, this model is not compatible with XPS and is
also the least favored in terms of calculated adsorption energies
(~0.6 eV higher than that for the pentadentate geometries). In
summary, from this combined analysis, only the “pentadentate
II” model is compatible with all our spectroscopic and
calculated data.

The discrepancy between the tilt angle derived from the
angular dependency of the 7z resonance peak in O K edge
NEXAFS and the tilt angles in the pentadentate DFT geometry
is most likely due to systematic and statistical errors of both
the experiment and the modeling involved. In this context, it is
important to note that the analysis of the experimental data
assumes a local mirror symmetry with respect to the O—C—0O
planes of the carboxylate groups. This symmetry is clearly
broken by the proximity of the Ni surface on one side of the
plane, and consequently, the orbital into which the O 1s
electron is excited is distorted compared to a gas-phase-like 7-
orbital. This can be seen clearly from the charge density
isosurfaces in the upper panel of Figure 7, where the related 7-
orbitals of the pentadentate II structure have more of their
weight below the O—C—O planes than above. A comparison
with the pentadentate I structure, which has less acute tilt
angles, shows that this leads to more symmetric shape of the 7
orbitals.

Based on their STM and IR spectroscopy data for Asp on
Ni{111}, Wilson et al. concluded that a polycondensation
reaction takes place at low coverage, leading to the formation
of polysuccinimide, [C,H;NO,],.”" We can exclude this for
Ni{100} on the basis of our XPS and NEXAFS results, as
surface bonds of all N and O atoms (as evident from XPS) in
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Figure 7. Electronic density of states of the two lowest-energy configurations predicted by DFT (bottom). The vertical dashed line marks the
Fermi level (Eg). The charge density isosurfaces (top), corresponding to electronic states with energies between 1.92 and 3.32 eV (for the
“pentadentate I” candidate) and 1.26 and 2.86 eV (for the “pentadentate II” geometry) above the Fermi level, are highlighted with dotted

rectangles.
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polysuccinimide would lead to C=O bonds parallel to the
surface, which is incompatible with our NEXAFS data.

The adsorption complex, as depicted in Figure 5, shows
relatively little distortion with respect to the gas-phase
geometry of Asp (see Tables S1 and S2 in the Supporting
Information). The molecule binds to eight Ni surface atoms
and shows strong chiral asymmetry, with the carboxylate and
amino groups exposed such that they can form hydrogen
bonds with other adsorbed organic molecules. It is therefore
plausible that Asp will strongly interact with reactants of
hydrogenation reactions, such as MAA, and thus act as a chiral
modifier. We cannot comment on the details of this interaction
in the absence of coadsorption studies, but comparing the
ZPE-corrected adsorption energies of MAA (—2.02 eV)'® and
Asp (—4.24 eV) on Ni{100}, it is clear that Asp is more firmly
anchored to the surface. This is not surprising as Asp makes
five covalent bonds with the surface as opposed to two in the
case of MAA. One can therefore expect that Asp will
stereodirect the more weakly bound MAA rather than vice
versa.

Not only is Asp bound very strongly to the surface but it is
also significantly more stable than smaller adsorbates, such as
MAA or Ala, on Ni single-crystal surfaces. The reported
decomposition temperatures for these molecules range from
300 to 350 K,'¥'®'® whereas Asp on Ni{l100} starts
decomposing at around 400 K. This temperature is also
higher than the onset of decomposition for Asp on Ni{111},
which Wilson et al. reported at around 350 K.”' The thermal
stability of the molecule is not directly linked to its adsorption
energy. The reason for the high stability of Asp on Ni{100}
probably lies in the relatively undistorted molecular geometry
compared to the gas phase (see Tables SI and S2 in the
Supporting Information).

Our calculations were performed for a low coverage of Asp,
for which there is no hydrogen bonding interaction with
neighboring molecules. Hydrogen bonding is very likely at
higher coverage as this is observed for the most smaller amino
acids adsorbed on metal surfaces.'>'®*>****737 The effect
would most likely be a further increase in the adsorption
energy of typically 0.25 eV per hydrogen bond.”* Because we
do not have any experimental information about the lateral
arrangement and/or long-range order of Asp molecules on the
Ni{100} surface, the number of possible configurations with
lateral interactions would be too large to sample by DFT.
However, on the basis of our XPS data, we can exclude a
reduction in the number of molecule-surface bonds induced by
hydrogen bonding as this would lead to additional peaks in the
O 1s spectrum (see Figure 6) and/or a shift in the N Is
spectrum to higher BE.

Finally, we theoretically consider whether under the
hydrogen-rich conditions of hydrogenation reactions (hydro-
gen partial pressures of up to ~100 bar),””®” the adsorbed
pentadentate Asp species could gain hydrogen. With this
purpose, we calculate the “hydrogenation energy” (AE )
required to form adsorbed tetradentate zwitterionic species
(i.e., with the N losing the coordination to the surface and
forming NHj, similarly to what has been observed for alanine
at high coverage on Ni and Pd surfaces).'>'%**3% With
reference to an isolated H, molecule in the gas phase and
including ZPE corrections, we obtain AE, 4 = 0.37 eV, which
indicates that the hydrogenation process is endothermic.
Whether the process is thermodynamically favorable or not
depends on the specific conditions of temperature (T) and

partial pressure of hydrogen (py,). Assuming that T and py,

affect the reaction free energy (AGy,,) only via the free energy
of the gas phase (which is a typical approximation in ab initio
thermodynamics),”® we obtain

1
AGypyg = AEpq — E’qu(sz' T)

where py is the chemical potential of hydrogen gas with

respect to an isolated H, molecule, taken from thermodynamic
tables.”” The equation mentioned above is plotted in Figure 8,
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Figure 8. (a) Free energy change involved in hydrogenating an Asp
species adsorbed in pentadentate configuration on the Ni{100}
surface to form a zwitterionic species adsorbed in tetradentate
configuration, from hydrogen in the gas phase, as a function of
molecular hydrogen chemical potential; (b) hydrogen partial
pressures required to achieve these chemical potentials at 300 and
500 K.

in a range of chemical potentials, together with the hydrogen
partial pressures required to achieve these chemical potentials
at 300 or 500 K. The hydrogenation of the adsorbed Asp
species to form a NH; group is unfavorable (AGy,q > 0) in the
presence of hydrogen gas, even at hydrogen partial pressures of
the order 10* bar. Although actual reaction conditions are
more complicated (e.g., reactions happen in the liquid phase,
with hydrogen dissolved in a solvent such as water or an
alcohol), the present analysis suggests that the preferred modes
of adsorption found in this work would not be affected by
hydrogen-rich conditions.

B CONCLUSIONS

The combination of experimental XPS and NEXAFS studies
and theoretical modeling shows that the dominant mode of
adsorption of Asp on Ni{100} surfaces is a pentadentate
configuration, where three oxygen atoms are bonded to the
surface on bridge sites, while the remaining oxygen atom and
the amino nitrogen are located on atop sites. Only this
configuration is found to be compatible with all experimental
spectroscopic data. Other pentadentate and tetradentate
configurations lead to similar adsorption energies and would
be compatible with the XPS data, but they involve molecular
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orientations which are not compatible with the NEXAFS data.
Because of the high surface coordination and an adsorption
geometry which only involves minor distortions from the gas-
phase molecular geometry, chemisorbed Asp shows remarkable
thermal stability with no signs of decomposition up to 400 K.
During the adsorption process, surface carbon appears to be
dissolved into the nickel bulk, which is most likely another
consequence of the strong surface bond of Asp. The combined
analysis of experimental measurements and DFT simulations
allows us to unambiguously identify the preferred mode of
adsorption. Understanding the interaction of Asp with nickel
surfaces gives insights into its role as a chiral modifier of Ni-
based catalysts for enantioselective hydrogenation reactions.
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