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ARTICLE INFO ABSTRACT

Keywords: The thermal decomposition of aspartic acid (Asp, HO2CCH(NH2)CH2CO2H) on Ni surfaces occurs by a more
Aspartic a?i'd complex pathway than on Cu surfaces where it decomposes via an aspartate species to yield CO,, Hg, and
DecorTlpos1‘t10n‘ CH3C=N stoichiometrically. In addition to these three products observed on Cu, the decomposition mechanism
;iﬁ;‘:l‘;z““cs on Ni yields CO, H,O and HC=N. Herein, we probe the Asp decomposition mechanism on Ni(100) by X-ray
Surface chemistry photoelectron spectroscopy and by temperature programmed reaction spectra of a variety of adsorbed aspartic
Isotopomers acid isotopomers (L-Asp, 1—13C—L—Asp, 4—13C—L—Asp, 1,4—13C2—L—Asp, 3,4—13C2—L-Asp, 1,2,3,4713C4715N-L-Asp,

15N-L-Asp, and D;-L-Asp). These isotope labeling experiments provide insight into the regiospecific origin within
adsorbed aspartic acid of the carbon and nitrogen atoms found in the desorbing products. At low coverage, the
adsorbed aspartic acid primarily undergoes inter- and intra-molecular condensation/dehydration to ketone and/
or anhydride intermediates that ultimately yield CO. At higher coverages, the decomposition process is similar to
that observed on Cu surfaces yielding mostly CO5 from the terminal carboxyl groups and CH3C=N from the
interior of the adsorbed aspartic acid. The continued presence of CO and H,0 products at high coverages suggests
the persistence of the condensation/dehydration reactions across all coverages.

1. Introduction

The stereospecific binding of chiral pharmaceuticals with human
enzymes necessitates the design of highly enantioselective catalysts or
separation processes for the production of enantiomerically pure drugs.
Indeed, numerous examples highlight the dramatically different physi-
ological impacts that result from ingestion of the two enantiomers of a
chiral compound [1-3]. Heterogeneous catalysis can serve as a means
for the production of enantiomerically pure compounds, if the catalyst
has a chiral atomic structure and is enantiomerically pure. In the context
of chiral heterogeneous catalysts, the structure of the catalyst is of
fundamental importance for achieving enantioselectivity. The structure
must lack mirror symmetry at the surface to create a stereochemical
environment that favors the formation of one enantiomer over the other
[4].

One common method of rendering a chiral surface is through the
adsorption of a chiral molecule onto an achiral surface, thus breaking
the surface symmetry. The natural abundance of chiral biological mol-
ecules such as amino acids as well as their significance in pharmaceu-
tical applications makes them ideal candidates for use as chiral surface
modifiers. There are many studies examining the fundamental surface
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chemistry of chiral modifiers and their utility in catalytic reactions
[5-10]. In addition to enantioselective catalysis, chiral surfaces can
induce enantiomer purification via adsorption [11-13] due to enantio-
specific differences in enantiomer adsorption energies on chiral surfaces.
One of the well-studied examples of enantioselective catalysis with high
product enantiomeric excess is the enantioselective hydrogenation of
B-ketoesters using a surface modified with pure enantiomers of tartaric
acid (TA) [10,14]. Adsorption of such chiral modifiers can alter the
adsorption geometry of prochiral molecules as a result of enantiospecific
interactions between the chiral modifier and prochiral reagent [15-18].
In certain systems, adsorption of a chiral molecule may induce surface
reconstruction into a chiral structure, a process known as chiral
imprinting [19-22].

Understanding the molecule-surface interactions and reaction
mechanisms of chiral adsorbates is critical for describing enantiose-
lective catalytic processes and discovering new chiral modifiers. Amino
acids are among the most highly studied classes of chiral adsorbates
[23]. The bonding configurations, decomposition mechanisms, and re-
action kinetics proposed for amino acids adsorbed on metallic surfaces
depend on the substrate metal [24-28] and its crystallographic orien-
tation [9,24,27,29]. On Cu surfaces, we have observed that aspartic acid
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(Asp, HOoCCH(NH3)CH5CO-H) bonds as doubly deprotonated aspartate
(Cu-O2CCH(NH2)CH2CO2-Cu) at 400 K and decomposes via an auto-
catalytic surface explosion mechanism [28,30,31]. The use of 3¢
isotope labeled L-Asp revealed the sequence of decomposition steps
during temperature programmed reaction spectroscopy (TPRS) [28].
Cleavage of the 3C-4C bond yields the first CO5, followed by cleavage of
the 1C-2C bond to yield a second CO3 and finally dehydrogenation of the
remaining CoHsN species to yield acetonitrile (CH3C=N). Deuterium
labeling revealed scrambling of H(D) during the formation of CH3C=N
[30]. On Ni(111), Wilson et al. [29] also observed that Asp decompo-
sition at high coverage yields Hy and CO5 products suggesting that Asp
bonds anionically as aspartate to the Ni(111) surface. However, at low
coverages, the presence of imide (-C(=O)NHC(=0)-) bands in the
reflection absorption infrared spectra and CO production during TPRS
suggest the formation of oligosuccinimide clusters via con-
densation/dehydration reactions. The possible existence of this
decomposition pathway is consistent with the known polycondensation
of aspartic acid monomers to form polysuccinimide [32,33]. Infrared
absorption spectra of Asp on Pd(111) also suggests oligomerization to
form polysuccinimide [26]. Through a combined experimental and
computational study Quevedo et al. [27] claimed that the primary
bonding mode of Asp on Ni(100) is a pentadentate configuration at both
low and high coverages. In contrast to the study by Wilson et al. on Ni
(111) [29], Quevedo et al. [27] suggest that anionic aspartate on Ni
(100) produces CO; during heating and that oligosuccinimide formation
does not occur. The differences between these two studies on Ni(111)
and Ni(100) presumably arises from the different crystallographic ori-
entations of the surfaces. Such structure sensitivity has also been sug-
gested to be the origin of differences in the surface chemistry of tartaric
acid on Ni(111) [24] and Ni(110) [9]. In contrast, the crystallographic
orientation of Cu surfaces alters the decomposition kinetics slightly, but
does not significantly influence the decomposition pathway or product
distributions of TA and Asp decomposition [30,31,34].

This study aims to understand and describe the mechanism of L-Asp
decomposition on Ni(100). X-ray photoemission spectroscopy (XPS) has
been used to identify the chemical state of Asp on Ni(100). This work
builds on prior work principally by using a set of eight !3C and '°N
isotopomers of L-Asp (L-Asp, 1—13C—L—Asp, 4—13C—L—Asp, 1,4—13C2—L—Asp,
3,4-13Cy-L-Asp, 1,2,3,4-13C4~'5N-L-Asp, 1°N-L-Asp, and D-L-Asp) to
determine the regiospecific origins of C and N atoms found in the
desorbing decomposition products of Asp/Ni(100). XPS reveals that two
co-adsorbed Asp states, anionic and zwitterionic, appear at coverages in
the range 0.15 to 2.7 ML. The low coverage decomposition products
consist of CO, CO,, Hy, and Hy0. At higher coverages, CH3C=N and
HC=N products emerge. Further investigation using isotopic labeling
supports the presence of two primary decomposition pathways. At low
Asp coverages, where scanning tunneling microscopy (STM) images on
Ni(111) and Pd(111) reveal adsorption at step edges [24,26], the pri-
mary decomposition pathway includes condensation/dehydration to
generate intermediates such as oligosuccinimide and polyaspartate.
During thermal decomposition these yield significant amounts of CO. At
higher coverage on Ni(100), the adsorbed species is predominantly
aspartate which decomposes to yield CO, Hy, and CH3C=N.

2. Experiment
2.1. X-ray photoemission spectroscopy (XPS)

XPS was conducted in a ThermoFisher ThetaProbe™ capable of
operating at a pressure of 1 x 10~° Torr. The Ni(100) single-crystal,
purchased from Monocrystals Corp., has a diameter of 10 mm and
thickness of 2 mm and was brazed to a Cu block that was mounted to a
heatable sample holder. A chromel-alumel (K-type) thermocouple was
spot welded to the edge of the Ni(100) crystal. The Ni(100) sample can
be heated to T > 1000 K via thermal contact with a resistive BN heating
element and it can be cooled using liquid nitrogen to T < 250 K.
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The Ni(100) sample surface was cleaned by Ar' sputtering at 1 kV
followed by annealing to T = 1000 K. The surface cleanliness was
verified by XPS spectra obtained at five points across the Ni(100) sur-
face. Physical vapor deposition of Asp onto the Ni(100) surface was
performed with a homemade sublimation evaporator operating at 438 K
in a sample preparation chamber connected to the analysis chamber of
the ThetaProbe™. During exposure to Asp vapor, the Ni(100) sample
was held at 250 K.

All XPS spectra were collected with the Ni(100) sample at 300 K. XPS
spectra were obtained at three different coverages: submonolayer,
monolayer, and multilayer. To achieve the submonolayer coverage, the
sample was maintained at 250 K, the doser was held at 438 K, and the
dosing time was 5 min. After exposure to Asp, the sample was trans-
ferred to the analysis chamber of the ThetaProbe for XPS. For the
multilayer exposure, the sample (250 K) and doser (438 K) temperatures
were used with a 2 h dosing time. After collecting the multilayer XPS
spectrum, the sample was heated at 2 K/s to 405 K to remove the
multilayer and then immediately quenched, leaving a monolayer on the
surface. During XPS data collection, the sample was held at room tem-
perature (300 K) using an X-ray spot size of 400 pm, a pass energy of 200
eV, and an energy step size of 0.1 eV.

2.2. Temperature programmed reaction spectroscopy (TPRS)

All TPRS experiments were conducted in a stainless steel ultrahigh-
vacuum (UHV) chamber capable of operating at pressures below 1 x
10~ Torr. The chamber was equipped with a xyz-0 sample manipulator
allowing independent translation and rotation of the Ni(100) crystal
within the chamber. The Ni(100) crystal was mounted by spot welding
Ta wires connected to the manipulator to opposite edges of the crystal. A
chromel-alumel (K-type) thermocouple was also spot welded to the edge
of the crystal. A minimum temperature of 90 K was attainable with the
use of liquid nitrogen and the sample could be heated resistively to >
1100 K. An Ar™ sputter ion gun was used to clean the surface of the Ni
(100) crystal and low-energy electron diffraction (LEED) allowed veri-
fication of the crystal lattice of the cleaned surface. Physical deposition
of Asp onto the Ni(100) surface was performed using a two-cell Kentax®
sublimation evaporator. A Hiden® quadrupole mass spectrometer
identified Asp decomposition products and measured their rates of
desorption from the Ni(100) surface during heating.

Upon cleaning the Ni(100) surface, the desired Asp isotopomer was
heated in the doser to a temperature in the range 435-438 K and the Ni
(100) was placed 6 cm from the sublimation source. The sample tem-
perature was maintained at 250 K during all Asp exposures. Depending
on the desired coverage, the dosing temperatures and times were 3 min
with a doser temperature of 435 K for low coverage studies, 30 min
exposure times with a doser temperature of 438 K for monolayer for-
mation, or 2 h exposure times with a doser temperature of 438 K for
multilayer formation. After dosing at the desired temperature for the
appropriate time, the sample was moved to a position ~2 mm from the
aperture to the mass spectrometer and heated at a constant rate of 2 K/s
with the mass spectrometer continuously monitoring signals at specified
m/z ratios to obtain a TPRS spectrum. Initial experiments obtained low
temperature resolution TPRS at all m/z ratios in the range 1-100 amu.
Subsequent investigations were restricted to those m/z ratios that yiel-
ded significant TPRS signals.

The following chemicals were introduced into the UHV chamber
used for TPRS via a leak valve to either calibrate the mass spectrometer
signal versus partial pressure or to identify the compound’s fragmen-
tation pattern: acetonitrile (CH3C=N, Thermo-Fisher 99.9% purity),
carbon monoxide (CO, Matheson, 99.5% purity), and carbon dioxide
(COy, Matheson, 99.5% purity.

Powdered L-Asp samples (> 98% atomic purity) and 3,4-'3Cy-L-Asp
(99% atomic purity) were purchased from Sigma-Aldrich. All remaining
used isotopomers of Asp have an atomic purity of 99% unless stated
otherwise and were purchased from Cambridge Isotope Laboratories.
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The eight Asp isotopomers used in this study were: L-Asp, 1-'3C-L-Asp,
4-13C.L-Asp, 1,4-13Cy-L-Asp, 3,4-'3Cy-L-Asp, 1,2,3,4-13C4~1°N-L-Asp,
15N-L-Asp and D7-L-Asp (98% atomic purity).
3. Results
3.1. Chemical state of L-Asp/Ni(100)

In order to identify the chemical state of L-Asp on the Ni(100) sur-
face, XPS spectra of the Cls, N1s, and Ols core levels (Fig. 1) were

collected at three different coverages determined on the basis of XPS
intensities relative to those of the monolayer: submonolayer (0 = 0.3),
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monolayer (9 = 1.0), and multilayer (¢ = 2.7). The XPS spectra were
taken with the Ni(100) surface at 300 K while all L-Asp exposures were
conducted with the surface at T = 250 K. Unconstrained Gaussian peak
fitting to the XPS spectra was performed using the curve fit function in
SciPy to reveal the chemical states of the atoms present on the surface
and to quantify their relative amounts.

The L-Asp multilayer was deposited onto the clean Ni(100) surface at
250 K by dosing L-Asp for 2 h. At multilayer thick films, most amino
acids tend to adopt a zwitterionic state ("(O,CCH(NH3")CH,CO,H) [27,
28,30,35,36]. On the Cu(110) and Cu(100) surfaces, adsorbed Asp
multilayers form the zwitterionic species and their XPS spectra exhibit
four Cls peaks with core level binding energies centered at 285.8 eV for

\;‘(\ﬂ-’ ,Oo

392 3§4 3§6 3é8 400 402 404 406 528 530 532 534 536 538

I 1 kcps ’

392 394 396 398 400 402 404 406 528 530 532 534 536 538

I 500 cps

1

280 282 284 286 288 290 292 392 394 396 398 400 402 404 406 528 530 532 534 536 538

Binding Energy (eV)

Fig. 1. XPS spectra of the Cls, N1s, and Ols levels of L-Asp on Ni(100) at three different coverages: multilayer (¢ = 2.7 ML, top row), monolayer (¢ = 1 ML, middle
row), and submonolayer (9 = 0.3 ML, bottom row). Multilayer: The presence of NH3" in the N1s spectrum and equal amounts of COO~ and COOH in the Ols
spectrum reveals L-Asp adsorbed as a zwitterion. Monolayer: These same features (NH; ", COO~, COOH) appear in the monolayer although the NH, and COO™ peaks
indicate the predominance of the anionic aspartate configuration. Submonolayer: The peaks associated with aspartate are most intense at submonolayer coverages.
Additional decomposition fragments such as H,CN and carbidic C appear at low coverage as well as some small zwitterionic features (NH3", COOH).
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CHa, 286.9 eV for CH(NH3™"), 288.6 eV for COO~ and 289.5 eV for
COOH [27,28,30]. Because molecules in the multilayer are not inter-
acting directly with the surface, their core level binding energies on
different metal surfaces should be comparable. The Cls multilayer
spectrum from L-Asp on Ni(100) was fitted using two peaks centered at
286.2 eV (CH; and CHN) and 289.1 eV (COO™ /COOH). These binding
energies match the mean values of those reported for these C atoms in
L-Asp on Cu(110).

Evidence for the zwitterionic state is given by the N1s spectrum,
which exhibits a single peak at 401.9 eV, corresponding to NH;™. This
closely matches the N1s binding energy of 402.2 eV measured on Cu
(110) [28] and those reported on other surfaces [36,37]. The O1s peaks
from COO™ and COOH in L-Asp on Ni(100) exhibit binding energies of
532.0 eV and 533.5 eV, respectively, and match well with the values of
532.0 and 533.2 eV reported on Cu(110) [28]. Finally, the ratio of the
Ols peak areas for the COO~ and COOH groups is ~1:1 indicating the
presence of equal amounts of the COO™ and COOH groups, as expected
for the zwitterion.

The L-Asp monolayer on Ni(100) was created by heating the multi-
layer at 2 K/s to 405 K (above the multilayer desorption temperature of
390 K) and then quenching to 300 K. Fig. 1 reveals the presence of
zwitterionic N1s and O1s peaks arising from the NH3" (401.6 eV) and
COOH (533.1 eV) groups. However, the dominant peak in the Nls
spectrum has a binding energy of 399.7 eV and arises from NHy.
Furthermore, the ratio of the O1s peak areas for COO™ (531.4 eV) and
COOH (533.1 eV), is ~4 suggesting that at a coverage of one monolayer,
L-Asp on Ni(100) is present predominantly, but not exclusively, in its
doubly-deprotonated, aspartate form, Ni-OoCCH(NH2)CH2CO2.—Ni. On
the Cu(110) and Cu(100) surfaces [28,30], monolayer Asp is also known
to bind as aspartate. Quevedo [27] suggested on the basis of DFT cal-
culations and XPS spectra that Asp/Ni(100) forms a pentadentate
structure with the four oxygen atoms from both carboxylate groups and
the NH; group all bonded directly to the Ni surface. While this may be
the optimal structure in the absence of molecular interactions, the
presence of the NHs ™ and COOH in the monolayer suggests the presence
of co-adsorbed zwitterionic Asp and doubly deprotonated aspartate. XPS
spectra of alanine on Ni(111) [36] and Asp on Ni(100) [27] also support
the co-existence of anionic and zwitterionic alanine states. In Fig. 1, the
primary Cls peaks found in the monolayer XPS spectrum include the
CHy/CHN peaks at 285.4 eV and the COO™/COOH groups located at
288.3 eV. The presence of the COOH peak in the Ols spectrum of the
L-Asp monolayer indicates that the COO™ peak in the monolayer Cls
spectrum contains some contribution from COOH that is not resolved
from the primary COO~ peak. Similarly, the Cls binding energies
attributed to CH(NH3") and CH(NH,) have slightly different binding
energies (286.9 eV and 286.0 eV) on Cu(110) [28] and are not resolved
in the broad C1s peak attributed to the CH, and CHN groups. In addition
to the reduction in intensity of the NH3* N1s and COOH Ols peaks at
monolayer coverage with respect to those at multilayer coverage, the
C1s peak for CHy/CH(NHy) shifts from 286.2 to 285.4 eV and the Cls
peak for COO™/COOH shifts from 289.1 to 288.3 eV. This shift supports
the suggestion that less zwitterionic Asp is present in the monolayer than
in the multilayer and that the zwitterionic Asp coexists with an anionic
aspartate state. Lastly, some carbidic surface carbon also appears with a
peak position located at 282.9 eV, as found in [27].

The creation of the L-Asp submonolayer on Ni(100) required a 5 min
exposure of the Ni(100) surface to L-Asp. For the Cls L-Asp spectrum,
the peaks arise from carbide carbon at 282.6 eV, the CH,/CH(N) groups
at 285.0 eV, and the COO™ peak at 288.2 eV. In the N1s spectrum, the
peaks include a H,CN decomposition product at 397.6 eV as suggested
by [271, NH, at 399.6 eV, and NH3" at 401.3 eV. Lastly, the Ols spec-
trum consists of the COO™ peak at 531.3 eV and a very small COOH peak
at 533.1 eV. Again, the small amount of NH3" and COOH present in the
submonolayer implies that the C1s feature labeled CH,/CHN consists of
both CH(NH;") and CH(NH3) components while the C1s feature labelled
COO™ /COOH contains a small fraction of COOH. The H,CN peak located
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at 397.6 in the N1s spectrum is observed for both Asp [27] and alanine
[36] on Ni surfaces and is claimed to arise from a molecular dissociation
product. In transitioning from the monolayer to the submonolayer, the
peaks attributed to anionic species (NH, and COO™) decrease in in-
tensity, as do the peaks attributed to the zwitterionic species (NHs™ and
COOH). Increasing the Asp coverage above the monolayer, causes only
the zwitterionic features to continue growing eventually screening some
of the features such as the NH; peak that are attributable to the aspartate
species. Hence, these findings support the presence of two distinct
co-adsorbed states of L-Asp on the Ni(100) surface; these are anionic
aspartate and zwitterionic conformations.

3.2. Products and kinetics of L-Asp decomposition on Ni(100)

3.2.1. Thermal decomposition of low coverage L-Asp/Ni(100)

To conduct studies of L-Asp decomposition on Ni(100) at low
coverage, the surface held at 250 K was exposed for 3 min to r-Asp
isotopomers emanating from the Asp doser at a temperature of 438 K.
These studies were conducted in the TPRS chamber. After adsorption of
L-Asp at low coverage (# = 0.15 based on CO TPRS data, see below)
on Ni(100), the sample was heated at 2 K/s in front of a mass spec-
trometer to collect a TPRS spectrum. Product identification was
accomplished by considering the products of Asp decomposition on
other surfaces [26,28,29,31] and validating the species fragmentation
patterns (see SI Section 1, Fig. S1). The primary products observed
desorbing from the Ni(100) surface were CO, CO,, Hy, HoO, CH3C=N,
and HC=N. The CO, peak area at submonolayer coverage was compared
to the CO, TPRS peak area at monolayer coverage, 6 = 1, to estimate the
submonolayer coverage at 0 =~ 0.15.

We focus first on the desorption of CO and CO, arising from the
decomposition of L-Asp/Ni(100) at low coverage. The dashed black
curves shown in Fig. 2 are the 12c0 and '2cO, low coverage TPRS
spectra during decomposition of unlabeled L-Asp. The mass spectrum
signal at m/z = 44 was used in conjunction with the measured frag-
mentation pattern of CO» to estimate the signal at m/z = 28 attributable
to CO desorption (i.e. the signal not arising from fragmentation of CO5).
Two peaks appear in the CO spectra with the more intense lower tem-
perature peak centered at T, = 414 K and the less intense high tem-
perature peak at T, = 600 K. In contrast, a single CO, feature appears
atT,= 427K

The use of isotopically labeled L-Asp provides the opportunity to
isolate and establish the regiochemical origins of the decomposition
products. The 600 K CO desorption peak has been attributed to asso-
ciative desorption of atomic carbon and oxygen in studies on Ni foil [38]
and has also been observed during Asp decomposition on Ni(111) [29].
The CO desorbing from the surface at T, = 600 K in Fig. 2 arises solely
from the 2-C and 3-C carbon atoms of L-Asp. The 13C atoms in the 1-C
and 4-C positions never appear in the 600 K desorption feature
(Fig. 2a solid red and dashed orange curves). This is corroborated by two
additional experiments using 1,4—13C2—L—Asp, and 3,4—13C2—L—Asp
(Fig. 3). The amount of '2CO desorbing at 600 K during L-Asp decom-
position (Figs. 2a and 3, dashed black curve) is equivalent to the 2co
desorbing from 1,4-'3Cy-L-Asp (Fig. 3 solid green line). The absence of
13C0 in the 600 K peak of 1,4-3Cy-L-Asp decomposition (Fig. 3 solid red
line) confirms that only the interior 2-C and 3-C of L-Asp contribute to
this 600 K desorption feature. Finally, the amounts of '2CO (Fig. 3 solid
blue line) and '3cO (Fig. 3 solid orange line) observed desorbing at 600
K during TPRS of 3,4-'3C,-L-Asp are roughly equivalent (0.56:0.46),
suggesting that both interior carbons contribute equally to the 600 K
desorption feature.

The 600 K CO TPRS peak arises from recombination of atomic C and
O on the Ni(100) surfaces [29,38]. It is clear from Figs. 2 and 3 that only
the terminal 1-C and 4-C carbon atoms contribute to the CO peaks, it is
also clear from Fig. 2a (solid red and dashed orange curves) that they are
also contributing to the low temperature CO desorption feature at T, =

414 K. This implies that there is some reaction pathway leading to
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Fig. 2. TPRS spectra of low coverage (9 2 0.15 ML) L-Asp, 1-'3C-L-Asp, and 4-'3C-L-Asp showing desorption of a) CO and b) CO, isotopomers. The dashed, black
curves correspond to '2CO and '2CO, arising from the decomposition of unlabeled t-Asp. The solid, red curves arise from **CO and '*CO, originating from the 1-C of
1—13C-L-Asp. The dashed, green curves arise from 2¢O and 2CO, originating from the 2-, 3-, or 4-C atoms of 1—13C-L-Asp. The solid blue curves arise from 1?CO and
120, originating from the 1-, 2-, or 3-C atoms of 4-'3C-L-Asp. Finally, the dashed, orange curves arise from 3CO and *>CO, originating from the 4-C atom of 4-3C-

L-Asp.
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Fig. 3. Relative amount of '>CO and *3CO contributing to the high temperature
CO desorption at 600 K for three different L-Asp isotopomers: L-Asp, 1,4-'3C,-L-
Asp, and 3,4-'3C,-L-Asp. The observations suggest that the interior (2-C and 3-
C) carbon atoms recombine with oxygen to produce this high temperature
recombinative CO desorption peak.

decomposition of a fraction of the L-Asp carboxyl groups to ultimately
yield CO desorption and, presumably, deposition of oxygen atoms onto
the Ni(100) surface.

The use of isotope labeling reveals details of the L-Asp decomposition
mechanism in the sense of which bonds break first. The solid red and
blue curves in Fig. 2b reveal that the 1C-2C bond breaks first. The COy
originating from the 1-C atom (solid red and blue curves) desorbs at T,
= 410 K while the CO; originating from the 4-C atom via cleavage of the
3C-4C bond (dashed orange and green curves) desorbs at T, = 430 K.
Note that this is the opposite order to that on Cu surfaces [28,30] where
the 3C-4C cleaves first and the 1C-2C cleaves second.

Lastly, for CO and CO2 desorption, isotopic labeling reveals an
asymmetry to the reaction yields. The CO yield from the 1-C carboxyl

group (Fig. 2a solid red and blue curves) is clearly lower than the yield of
CO originating in the 4-C carboxyl group (dashed orange and green
curves). In contrast, the selectivity towards COj is opposite. The yield of
1-CO; (Fig. 2b, solid red and blue curves) is greater than the yield of 4-
CO, (Fig. 2b dashed orange and green curves). While the asymmetry in
desorption temperatures can arise from simple kinetic differences
arising from the asymmetry of the molecule, the differences in yield
must arise from some form of mechanistic selectivity.

Several hydrogen containing products were observed desorbing from
the surface during TPRS of L-Asp on Ni(100): Hy, Ho0O, HC=N and
N=CCHs. We focus here on H, and H,0. One of the issues in studies such
as this one is discrimination between the hydrogen adsorbing from the
background of the UHV chamber and the hydrogen originating from the
adsorbate under study. Fortunately, use of a fully deuterated L-Asp
isotopomer (D7-L-Asp) can unambiguously differentiate between
hydrogen originating from the background and that originating from the
molecular adsorbate. Fig. 4a depicts the TPRS spectra of Hy/HD/D; from
the Ni(100) surface following adsorption of D7-L-Asp at a low coverage
of 0.15 ML. Desorption peaks are observed at T, = 344, 405 and 451 K.
The desorption of Hy at 344 K arises from H atom recombination on the
surfaces [39]. The observation of HD and D also desorbing from the Ni
(100) surface at 344 K suggests that during adsorption and subsequent
heating of D7-L-Asp there has been some de-deuteronation of the -CO2D
groups to deposit D atoms on the surface. This is consistent with the XPS
indication that an aspartate species is formed during Asp adsorption.
The higher temperature TPRS peaks at T, = 405 and 451 K reveal both
HD and D, desorption, but no Hy desorption. The presence of H atoms at
these higher temperatures suggest that there has been some H-D ex-
change between the surface and the -ND; group or with some fraction of
the -CO2D groups that are not ionic.

The water desorption peaks shown in Fig. 4b occur at T, = 409 K and
T, = 454 K, very close to the high temperature hydrogen peaks. The
observation of water desorption suggests some type of dehydration re-
action that was not observed on Cu surfaces. The fact that the yield of
H,O0 is greater than that of D,O suggests that there has been significant
DH exchange into the Asp carboxyl groups that must be participating in
the dehydration process.

3.2.2. Thermal decomposition of monolayer L-Asp/Ni(100)
L-Asp monolayers on Ni(100) at 250 K were prepared by exposure to
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Fig. 4. TPRS spectra of hydrogen con-
taining low coverage desorption prod-
ucts a) H,, HD, D, and b) H,0O, HDO,
D0 from D7-1-Asp decomposition on Ni
(100). Three peaks appear in the
hydrogen spectra. The T, = 344 K peak
arises from associative desorption of
surface H and D atoms. The peaks at T,
= 405 K and 451 K are rate limited by
Asp dehydrogenation steps. In the water
spectra, a large peak occurs near T, =
409 K and a smaller shoulder appears
around T, = 454 K. These arise from
condensation/dehydration reactions in
the adsorbed Asp.

300 400 500 600 700 300
Temperature (K)

fluxes of L-Asp isotopomers for 30 min using a doser temperature of 438
K. Afterwards, a TPRS spectrum was collected by heating the Ni(100)
sample at 2 K/s in front of the mass spectrometer. Exposure of the Ni
(100) surface to L-Asp fluxes for > 30 min resulted in the appearance of a
peak at T, = 390 K in the m/z = 2, 28, 44 TPRS spectra, consistent with
the onset of Asp multilayer formation and desorption [30]. L-Asp
exposure to form a monolayer on Ni(100) introduces several changes in
the TPRS spectra with respect to those obtained at low coverage. These
include a shifting of peak temperatures, emergence of new desorption
features, and modified product yields.

The dashed black curves in Fig. 5 are the 2CO and '2CO, TPRS
spectra obtained during the decomposition of unlabeled L-Asp at
monolayer coverage. The first thing to note relative to the low coverage
spectra (Fig. 2a, dashed black curve) is the absence of the CO TPRS peak
at 600 K that arises from recombination of atomic C and O on the Ni
(100) surface. At low coverage, there are reaction paths that lead to
fragmentation of adsorbed Asp to the point that atomic O and C are
deposited onto the Ni(100) surface. These pathways disappear at
monolayer L-Asp coverage.

The CO TPRS spectra at monolayer L-Asp coverage as shown in

CO Rate (a.u.)

300 400 500 600 700
Temperature (K)

400 500 600 700

Temperature (K)

Fig. 5a reveal three features: a low temperature shoulder at T, = 426 K,
the primary peak at 469 K and a high temperature shoulder at 510 K. The
low temperature feature may be associated with the low temperature
peak observed at 414 K in the low coverage spectrum (Fig. 2a) but is
significantly reduced in intensity in the monolayer spectrum. It might
appear that the shoulder at 510 K corresponds to the low coverage CO
peak at T, = 600 K that is assigned to the recombination of atomic C and
O on the surface. However, the use of isotopically labeled 1-'3C-L-Asp
(Fig. 5a, solid red curve) and 4—13C-L-Asp (Fig. 5a, dashed orange curve)
reveals contributions of '3CO to the 510 K shoulder in the monolayer L-
Asp TPRS, confirming that the carbon atoms in the 510 K shoulder
originate in the terminal carboxyl groups (1-C and 4-C). Furthermore,
summing the 13CO peaks produced from 1-'3C-L-Asp and 4-'3C-L-Asp
(Fig. 5, solid red and dashed orange curves) reproduces the black *2CO
of unlabeled L-Asp as it should, if all three CO peaks originate from the
terminal carboxyl groups.

The CO, TPRS spectra (Fig. 5b, dashed black curve) from L-Asp
decomposition at monolayer coverage on Ni(100) are quite different
from those observed at low coverage (Fig. 2b, dashed black curve). Not
surprisingly, the yield of CO; is significantly increased at monolayer
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Fig. 5. TPRS spectra of a) CO and b) CO, generated during the decomposition of L-Asp, 1-'3C-L-Asp, and 4-'>C-L-Asp at monolayer coverage. The asterisks on the
molecular structures indicate the positions of the 'C isotope label. The dashed black curves correspond to CO and CO, arising from the decomposition of unlabeled L-
Asp. The solid red curves arise from >CO and '3CO, originating from the 1-C carbon of 1-'3C-L-Asp. The dashed green curves arise from '2CO and '2CO, originating
from the 4-C carbon of 1-'3C-L-Asp. The solid blue curve arises from *2CO originating from the 1-C carbon of 4-!3C-L-Asp. Finally, the dashed orange curve arises
from *3CO originating from the 4-C carbon of 4-'3C-L-Asp. CO, TPRS peaks from 4 to *C-L-Asp were omitted from Fig. 5b for clarity because they were identical to
the CO, and 3CO, TPRS curves shown for 1-'*C-L-Asp decomposition.
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coverage relative to that at low coverage. The desorption peak is at T, =
481 K, significantly higher than the peak desorption temperature of T, =
427 K observed at low coverage. Fig. 5b also shows the CO, (dashed
green) and 13CO,, (solid red) TPRS spectra obtained from decomposition
of 1-13C-L-Asp. The CO, and '3CO, spectra for 4-!3C-L-Asp were
omitted because they are indistinguishable from those for 1-'3C-L-Asp.
The key features of these spectra are that they reveal identical desorp-
tion kinetics for CO5 and '3COs, in contrast to the low coverage spectra
(Fig. 2b, solid red and dashed green curves) that reveal a distinct dif-
ference in the kinetics of CO5 and 3CO, production from the two ends of
1-13C-L-Asp. In addition, there is a coverage dependent shift in the peak
desorption temperature from T, = 427 K to 481 K and the decarboxyl-
ation kinetics are identical from both ends of the L-Asp molecule. These
observations suggest that, at high coverage, the Asp decomposition ki-
netics are governed by a vacancy-mediated explosion mechanism and
that decarboxylation at either end of the molecule is rate limited by
some common process. This type of explosion mechanism has been
observed and studied quite thoroughly for Asp and tartaric acid on Cu
surfaces [25,28,40,41]

At low L-Asp coverage, the 2-C and 3-C carbon atoms were observed
desorbing from the Ni(100) surface at 600 K in the form of CO generated
by recombination of atomic C and O left on the surface by complete
fragmentation of L-Asp. At monolayer coverage of L-Asp there is no
desorption of CO at 600 K (Fig. 5a). Instead, the 2-C and 3-C carbon
atoms desorb in the form of acetonitrile (CH3C=N, Fig. 6a solid black
curve) and hydrogen cyanide (HC=N, Fig. 6a, solid red curve). Aceto-
nitrile has also been observed as a desorbing product of Asp decompo-
sition on Cu surfaces [28,30,31]. During the thermal decomposition of
monolayer L-Asp on Ni(100), CH3C=N desorbs at T, = 481 K, identical
in temperature to the peak CO; desorption temperature (Fig. 5b, dashed
black curve). In TPRS experiments, CH3C=N is identified by its mass
spectrometer signals at m/z = (41, 40, 39, 38). We have measured
independently the fragmentation pattern of CH3C=N at these four m/z
ratios and compared that to the signals observed at these m/z ratios
during L-Asp decomposition on Ni(100) (SI Section 2, Fig. S2). This
provides strong evidence of the formation of CH3C=N during Asp
decomposition on Ni(100). Furthermore, identical acetonitrile signals
are observed at m/z = 41 amu during decomposition of L-Asp and 1,
4-13C,-L-Asp. This demonstrates unequivocally that the two carbon
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atoms in CH3C=N originate from the 2-C and 3-C atoms in L-Asp.

In addition to the appearance of CH3C=N as a product of L-Asp
decomposition on Ni(100) at monolayer coverage, there are signals at
m/z = 26 and 27 revealing a product desorbing at T, = 498 K (Fig. 6a).
Its fragmentation pattern is consistent with that of HC=N [42]which has
also been observed in studies of amino acid decomposition on other
surfaces [43,44]. Fig. 6b shows a bar graph of the relative intensities at
m/z = 26 and 27 observed at 498 K during decomposition of five iso-
topomers of L-Asp. For the unlabeled L-Asp these two fragments corre-
spond to 2C='NT and the parent ion H'2C='*N*. To confirm the
presence of N in the desorbing species °N-L-Asp was used. The lack of
signal at m/z = 26 and the low signal at m/z = 27 is consistent with
H'2C='°N desorption. The signals observed during 1,4-'3Cy-L-Asp and
3,4—13C2—L—Asp decomposition are consistent with H'2C=""N. In other
words, the 1-C, 3-C or 4-C atoms do not appear in the HC=N product.
Finally, the decomposition of 1-4-'3C4~'>N-L-Asp yields no signals at
m/z = 26 and 27, consistent with the desorption of H!3C=!°N. In other
words, the HC=N formed during L-Asp decomposition on Ni(100) at
high coverage contains the 2-C carbon atom, exclusively.

In order to study the origin of hydrogen atoms appearing in molec-
ular hydrogen and in water desorption during decomposition of L-Asp at
monolayer coverage on Ni(100), we have used D7-L-Asp. This allows us
to differentiate between D atoms originating in the adsorbed L-Asp and
H atoms that adsorb from the background of the UHV chamber during
surface preparation and L-Asp adsorption. The appearance of Hy and HD
in Fig. 7a and Ho0 and HDO in Fig. 7b demonstrate the presence of some
H atoms on the Ni(100) surface due to adsorption from the background.
The desorption of Hy only at 343 K is associated with H atom recom-
bination on the surface. The appearance of H atoms desorbing at higher
temperature is associated with H atoms that have exchanged with D
atoms in the adsorbed Asp appear from the dehydrogenation and
dehydration processes. The XPS spectra of the adsorbed monolayer
indicate the presence of both -NH(D)3" groups and —CO,H(D) groups,
either of which could be reservoirs of H atoms in adsorbed D;-L-Asp.

The primary difference between the TPRS spectra for water and
hydrogen during D;-L-Asp decomposition at low and monolayer cover-
ages is the appearance of high temperature desorption features at Tp=
480 K, coinciding with the desorption of CO, COy, and CH3C=N. The
molecular hydrogen desorption (Fig. 7a) is dominated by Do, suggesting
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Fig. 6. (a) L.-Asp/Ni(100) TPRS spectra at monolayer coverage showing the desorption of CH3C=N (m/z = 41, black) and HC=N (m/z = 27, red). b) Relative TPRS
signals for HC=N at m/z = 26 and 27 measured for five different L-Asp isotopomers at monolayer coverage: L-Asp, 1°N-L-Asp, 1,4-'3C,-L-Asp, 3,4-'3C,-L-Asp, and

1,2,3,4-13C4-L-Asp.
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Fig. 7. TPRS spectra of a) Hy, HD, D, and b) H,0, HDO, D,0 during decomposition of a D7-L-Asp monolayer on Ni(100). Three peaks appear at T, = 343, 412 and
481 K in the hydrogen spectra. In the water spectra, two peaks appear at T, = 401 and 486 K.

that it comes from hydrogenolysis of the 2-C and 3-C atoms in the
interior of the adsorbed Dj-L-Asp species. In contrast, the water
desorption (Fig. 7b) is dominated by Hy0, suggesting that it may be
arising from amine and carboxyl groups that have undergone H-D ex-
change with surface hydrogen atoms. Alternatively, it is possible that
before entering the ionizer of the mass spectrometer desorbing D;O
exchanges D-for H-atoms on the chamber walls.

In summary, isotopic labeling experiments have provided significant
insight into the fate of each of the atoms originating in adsorbed L-Asp as
it decomposes thermally on Ni(100). It is clear that the products and
their yields observed desorbing from the surface differ significantly
between low and monolayer L-Asp coverages.

4. Discussion
4.1. Regiospecific origins of L-Asp/Ni(100) decomposition products

Isotope labeling experiments have provided significant insight into
the fate of each of the atoms originating in adsorbed L-Asp as it de-
composes thermally on Ni(100). It is clear that the products and their
yields observed desorbing from the surface differ significantly between
low Asp coverage and monolayer coverage. The key findings are sum-
marized in Table 1. CO; originates from decarboxylation of the L-Asp
and immediate CO5 desorption with kinetics that are rate limited by the
C—CO3 bond cleavage step. At low L-Asp coverage, the 1C-2C bond
breaks (Fig. 2b, solid red and blue curves) prior to the 3C-4C bond
(Fig. 2b, dashed green and orange curves). At high coverage, the two
bonds break concurrently (Fig. 5b, solid red and dashed green curves)
suggesting that the cleavage of one bond triggers the cleavage of the
other; i.e. the barrier to breaking the second C—CO5 bond is lower than
the barrier to breaking the first C—CO5 bond. The CO product desorbing
at low temperature (< 550 K, Fig. 2a) originates from the terminal
carboxyl groups that we postulate have undergone condensation/

Table 1
Origin of C atoms in products derived from r-Asp decomposition on Ni(100).
Opsp = 0.15 Opsp =1

Product 1-C 2-C 3-C 4-C 1-C 2-C 3-C 4-C
Co, v v v v
CO.ss0k v v v v
CO- 550 v
CH3C=N v v/
HC=N \/

dehydration to yield acyl groups (R-C = O). Condensation can occur by
reaction between -CO,H and -NH; groups resulting in the production of
H,0 and the formation of an acyl group [45,46]. The CO desorbing at
low coverage and high temperature (> 550 K, Figs. 2a and 3) contains
carbon atoms originating from the 2-C and 3-C positions only. These are
present on the surface as atomic carbon species and react with atomic
oxygen present on the Ni(100) surface. That oxygen may have been
deposited onto the Ni(100) surface in the course of condensation re-
actions. Finally, CH3C=N and HC=N (Fig. 6) originate from the 2-C and
3-C positions and are only observed at high coverages. Decarboxylation
of L-Asp results in the formation of a CoHsN species derived from the 2-C
and 3-C carbon atoms. At low coverages this species can decompose
completely, but decomposition is blocked at high coverages leading to
the appearance of CH3C=N and HC=N. At monolayer coverage,
CH3C=N desorption is observed at exactly the same temperature, T, =
480 K (Fig. 6a), as CO, desorption (Fig. 5b) suggesting that CH3C=N
appearance is initially triggered by the first C—CO; bond cleavage.
HC=N desorption is observed at a slightly higher temperature, T, = 497
K (Fig. 6a), than CH3C=N desorption. The CH3C=N can arise from
dehydrogenation of the CoHsN species left by decarboxylation of the Asp
[30], whereas, HC=N requires additional cleavage of the C2-C3 bond.

4.2. Kinetics of Asp decomposition on Ni(100)

The mechanism of L-Asp decomposition on the Ni(100) surface oc-
curs via a complex set of steps with kinetics and selectivities that are
clearly dependent on the initial coverage of L-Asp on the surface. Fig. 8
shows the CO and CO; TPRS spectra obtained following adsorption of L-
Asp on Ni(100) using exposures varying from 3 to 30 min. This reveals
the transition from a process at low coverage that yields CO predomi-
nantly to a process at high coverage that yields CO, predominantly. It
also reveals that the formation of CO by atomistic recombination of C
and O atoms at T > 550 K only occurs at low L-Asp coverages.

The CO2 TPRS spectra in Fig. 8b are much simpler than those of CO in
Fig. 8a and provide some insight into the kinetics of the L-Asp decom-
position process. The CO5 desorption feature appears as a peak at 427 K
at low coverage and shifts to 481 K at monolayer coverage. This is
accompanied by an undercutting of the low coverage peaks by the high
coverage peaks, indicating a decrease in the initial desorption rate with
increasing L-Asp coverage. These kinetics are similar to the vacancy-
mediated surface explosion kinetics observed for Asp decomposition
on Cu surfaces [28,30] although on Ni(100) they are not accompanied
by the significant peak narrowing observed on Cu. The vacancy medi-
ated explosion kinetics require the formation of a vacancy in the
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Fig. 8. TPRS of unlabeled L-Asp showing the decomposition products a) CO and b) CO, at exposure times: 3, 5, 6, 9, 10, and 30 min (monolayer).
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adsorbed layer adjacent to an L-Asp in order to initiate its decomposi- 4.3. Mechanism of Asp decomposition on Ni(100)

tion. Once initiated, subsequent decomposition steps occur concur-

rently, hence the simultaneous desorption of CO5 from both ends of the The decomposition mechanism of L-Asp on Ni(100) yields different
Asp (Fig. 5b) and CH3C=N from the interior (Fig. 6a). products and product yields at high and low coverages. At low L-Asp

coverages, CO is the predominant product whereas at high L-Asp cov-
erages, CO is dominant and CH3C=N production is also observed. The
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CO4 comes directly from decarboxylation of the adsorbed L-Asp. CO also
comes from the 1-C and 4-C carboxyl groups of the original L-Asp, but
via a more complex path that must include cleavage of a 1C—OH or
4C—OH bond by condensation/dehydration to yield acyl groups that
ultimately lead to CO desorption. Prior studies of Asp on Ni(111) [29]
and on Pd(111) [26] have suggested that the initial steps of decompo-
sition are condensation/dehydration reactions resulting in the forma-
tion of polysuccinimide (Fig. 9) and the elimination of two HO
molecules per L-Asp. Decomposition of succinimide is likely to yield CO

Surface Science 717 (2022) 121980

desorption. Low coverage STM images of Ni(111) reveal the formation
of adsorbed species proposed to be polysuccinimide at the step edges on
these surfaces [29]. Although the existing study of Asp on Ni(100) [27]
excludes the formation of polysuccinimide from polycondensation, that
data was collected at higher Asp coverages where the predominant
product from Asp decomposition is COs. Our varying coverage TPRS
data from Fig. 8 shows the clear formation CO product at much lower
exposure conditions than in Ref. [27], supporting the formation of the
condensation intermediates presented in Figs. 9 and 10. Decomposition
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Fig. 10. Formation mechanisms yielding the three polycondensation intermediates shown in Fig. 9. The formation of aspartic anhydride occurs through the
intramolecular dehydrocyclization of Asp via reaction between both terminal ~OH groups. The blue ellipses highlight the NH and OH pair undergoing dehydration.
PolyAsp-1 arises from intermolecular dehydration via sequential reaction of an amine hydrogen with the 4C—OH group to yield N-4C bonds. PolyAsp-2 arises from
intermolecular dehydration via sequential reaction of an amine hydrogen with the 1C—OH group to yield N-1C bonds. Polysuccinimide formation from polyAsp-1
occurs via intraAsp dehydration to form N-1C bonds. Similarly, polysuccinimide formation from polyAsp-2 occurs via intraAsp dehydration to form N-4C bonds. In

reality, it is likely that the polyAsp contains a mixture of N-1C and N-4C linkages.
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of polysuccinimide is likely to yield two CO molecules with equal con-
tributions from the 1-C and 4-C atoms and none from the 2-C and 3-C
atoms, consistent with our observations based on isotopic labeling.
What is inconsistent with our observations is the observed desorption of
COs and the fact that the yields of CO5 containing 1-C and 4-C atoms are
not equal (Fig. 2b). The fact that CO desorption is accompanied by CO»
desorption at low coverages indicates that not all carboxyl groups have
undergone dehydration.

The results above suggest there are other condensation reactions that
may be occurring in addition to the formation of polysuccinimide.
Studies of Asp pyrolysis in nitrogen [33] have suggested the formation of
aspartic anhydride (Fig. 9) via intramolecular dehydration and elimi-
nation of one HyO molecule (Fig. 10). Alternatively, polymerization via
intermolecular dehydration can form polyaspartic acid followed by
polysuccinimide formation at elevated temperatures [33,47]. Both
aspartic anhydride and polysuccinimide have the requisite stoichiom-
etry and connectivity to lead to CO and CO, containing equimolar
contributions from 1-C and 4-C carboxyl groups. On the other hand,
condensation reactions between the -NHy group of one molecule and
either the 1-C or 4-C carboxyl group of another molecule (Figs. 9 and 10)
would probably not have the same probability of occurrence simply
because of the asymmetry of L-Asp. Thus, the two amide linkages, N-1C
and N-4C, depicted in Fig. 9 would lead to unequal numbers of 1-C or
4-C carboxyl groups, consistent with the asymmetry in 1-CO2 and 4-CO,
yields observed in Fig. 2b. If the polyAsp consisted only of N-1C amide
linkages (polyAsp 1 in Fig. 10), then the desorbing CO would contain
only 1-C atoms and the CO» would contain only 1-C atoms. Alterna-
tively, polyAsp 2 which contains only N-4C amide linkages would be
expected to yield CO containing only 4-C atoms and CO; containing only
1-C atoms. The fact that we observe (Fig. 2) a slight excess of 1-CO5 and
a slight deficit of 1-CO suggests that the dehydrated species on the
surface at low coverages has an excess of N-4C over N-1C linkages. These
details aside, suffice it to say that, there are several condensation pro-
cesses that can occur at low coverages and lead to surface species that
would be likely to yield both CO and CO5 during decomposition.

Prior STM studies of Asp on Ni(111) [29] reveal that at low coverage,
L-Asp agglomerates at step edges on the surface. These agglomerates
could be any one or more of the condensation intermediates shown in
Fig. 9. Assuming this also occurs on Ni(100), it is not surprising that the
decomposition mechanisms at low and high coverage should be sub-
stantially different. In addition to yielding CO coming indirectly from
the carboxyl groups, the low coverage mechanism results in the depo-
sition of some O and C atoms on the surface that recombine at high
temperatures to yield additional CO (Figs. 2a and 3) arising from the 2-C
and 3-C atoms.

At monolayer coverage, when the Asp is adsorbed on the Ni(100)
terraces, its decomposition products and kinetics are quite similar to
those observed on Cu surfaces [28,30]. The N1s and O1s XPS spectra are
consistent with a species that is partially deprotonated at its carboxyl
groups and with some of the amine group remaining protonated. The
CO4 produced arises directly from the cleavage of the terminal 1C-2C
and 3C-4C bonds to liberate the carboxyl groups. The CO presumably
arises from partially dehydrated Asp derived species at the step edges.
Finally, the CH3C=N is derived from the 2-C and 3-C atoms and the
H—C=N comes solely from the 2-C atoms.

The Asp decomposition pathway on Ni is more complex than on Cu.
This is also observed in simulations of related reactions such as the
decomposition of formic acid (HCO2H) on Cu(100) [48] and Ni(100)
[49]. On the Cu surface [48], the decomposition of formic acid to CO5
and Hj proceeds through the formation of formate and surface hydrogen
intermediates only. However on Ni [49], the authors modeled formic
acid decomposition kinetics using a number of elementary reactions
steps that include the formation of the surface intermediates such as
formic anhydride, HCOO, COOH, HCO, and H. A DFT study examining
the adsorption and dissociation of water on Cu/Ni bimetallic alloy sur-
faces found the clean Ni surface has a higher surface energy relative to
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Cu and likewise found a stronger water adsorption energy on Ni than on
Cu or Ni/Cu bimetallic substrates [50]. As a result, the mechanistic
complexity of Asp decomposition on Ni in comparison to Cu may stem
from the stronger adsorption energy of water on Ni than on Cu. This
could enable alternate decomposition pathway such as dehydration that
involve the formation of polycondensation intermediates and water.

The adsorption site occupied by an Asp molecule determines what
reaction intermediates are formed and their resulting decomposition
pathway. Asp molecules adsorbed along the step edge sites (Fig. 9) will
form condensation intermediates through inter- and intra- molecular
condensation/dehydration reactions. On the other hand, Asp adsorbed
on terrace sites bonds to the surface as aspartate and subsequently de-
composes to produce CO, and CH3C=N products. At low coverage
conditions, Asp initially populates the step edge sites. At higher cover-
ages, the step edge sites are already populated hence we still observe
decomposition products such as CO and H»0O associated with the for-
mation of the condensation intermediates. However, the more prevalent
terrace sites now become populated with aspartate species as revealed
by the significant growth of CO; products (Fig. 8b) and emergence of
new desorbing products such as CH3C=N.

5. Conclusions

The thermal decomposition of Asp on Ni(100) follows a complex
reaction pathway where at low coverage the dominant pathway involves
intra- and inter-molecular condensation/dehydration intermediates
such as succinic anhydride, polyaspartic acid, and/or polysuccinimide.
The dehydration reactions result in the formation and desorption of
H0. The remaining intermediates decompose to produce CO, CO-, and
Hp. At higher coverage, the dominant pathway involves the formation of
aspartate species that decompose to form CO,, Hy, CH3C=N, and some
HC=N. The use of isotopically labeled isotopomers of Asp has allowed
identification of the regiospecific origins of the observed decomposition
products and kinetic sequence of their desorption.
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