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ABSTRACT: The mechanism and kinetics of aspartic acid (Asp,
HO2CCH(NH2)CH2CO2H) decomposition on Cu(100) have been
studied using X-ray photoemission spectroscopy and temperature-
programmed reaction spectroscopy. We investigate the Asp decom-
position mechanism in detail using unlabeled D-Asp and isotopically
labeled L-Asp-4-13C (HO2CCH(NH2)CH2

13CO2H), L-Asp-d7
(DO2CCD(ND2)CD2CO2D), L-Asp-2,3,3-d3 (HO2CCD(NH2)-
CD2CO2H), and L-Asp-15N-2,3,3-d3 (HO2CCD(

15NH2)CD2CO2H).
The monolayer of Asp adsorbed on the Cu(100) surface is in a doubly
deprotonated bi-aspartate form (−O2CCH(NH2)CH2CO2−). During
heating, Asp decomposes on Cu(100) with kinetics consistent with a vacancy-mediated explosion mechanism. The mechanistic
steps yield CO2 by sequential cleavage of the C3−C4 and C1−C2 bonds, and NCCH3 and H2 via decomposition of the
remaining CH(NH2)CH2 intermediate. Deuterium labeling has been used to demonstrate that scrambling of H(D) occurs
during the decomposition to acetonitrile of the CD(NH2)CD2 intermediate formed by decarboxylation of L-Asp-2,3,3-d3 and L-
Asp-15N-2,3,3-d3.

■ INTRODUCTION

Chirality or “dissymmetry” is the geometric property of objects
and molecules that are nonsuperimposable on their mirror
images.1 Molecular chirality is significant because many
pharmaceuticals are chiral compounds having two enantio-
meric forms. Because of the biomolecular homochirality of
living systems, the two enantiomers of chiral pharmaceuticals
have very different physiological impacts once ingested.2−4

This difference mandates the production of enantiomerically
pure chiral pharmaceuticals via development of enantioselec-
tive chemical processes such as catalysis and separations.
Surface chemistry can be enantioselective, if the surfaces have
chiral structures5−7 and thus, surface chirality offers an
opportunity for the development of new heterogeneous
enantioselective chemical processes.
The study of chiral surface chemistry aims to understand the

origin of enantiospecific interactions between chiral molecules
and chiral surfaces, a challenging goal because the
enantiospecific differences in the energetics of such inter-
actions are only a few kJ/mol.5 The key to understanding the
origin of enantioselectivity on chiral surfaces is the
determination of surface reaction mechanisms and, in
particular, the identification of the specific elementary steps
that impart enantioselectivity to the overall mechanism.8−10

Understanding reaction mechanisms and kinetics of chiral
adsorbates on achiral surfaces can provide insights into the
mechanisms and kinetics of surface reactions occurring on
chiral surfaces with more complex structures.11 Herein, we

discuss the surface chemistry of aspartic acid (Asp, HO2CCH-
(NH2)CH2CO2H, Figure 1) on the achiral Cu(100) surface.

The simplicity of the Cu(100) surface structure simplifies our
analysis of the Asp reaction mechanism and kinetics relative to
those on chiral surfaces but, there are many common features
between Asp reaction mechanisms on chiral and achiral Cu
surfaces.10,12−16

Amino acids have attracted attention in surface science
because they are among the simplest chiral molecules available
for study.17 In nature, one finds only L-amino acids and,
therefore, most studies have been focused on L-amino acids.
This work takes advantage of the unique feature that, because
they are of biological importance, the L-amino acids are also
available in multiple isotopically labeled, enantiomerically pure
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Figure 1. Molecular structure of Asp with carbon atoms labeled.
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forms. Isotopically labeled L-amino acids allow the study of
surface reaction mechanisms and the use of mass spectrometry
to identify the structural origins of decomposition fragments
desorbing from surfaces.10,13−15,18,19

The decomposition mechanism of Asp on chiral Cu(643)R&S

and achiral Cu(110) surfaces has been studied recently.10,16,19

Amino acid monomers such as Asp exist in one of three
possible chemical forms: neutral (HO2CCH(NH2)-
CH2CO2H), zwitterionic (−O2CCH(NH3

+)CH2CO2H), or
anionic (−O2CCH(NH2)CH2CO2H). Because it has two
carboxylate groups, Asp can also exist as a di-anion
(−O2CCH(NH2)CH2CO2

−). Asp adsorbed on Cu(110) at
400 K exists in this doubly deprotonated, di-anionic form.10

During decomposition of Asp on Cu(110), the C3−C4 bond
breaks first to yield CO2 in the gas phase, followed by C1−C2
bond cleavage to yield another CO2, and finally the remaining
CH(NH2)CH2 fragment dehydrogenates to acetonitrile (N
CCH3) and H2 which desorb from the surface.10,19 Asp dosed
from an electrospray ionization source onto the Cu(110)
surface undergoes deprotonation at low coverages but, as the
coverage increases, Asp is adsorbed on Cu(110) in its
zwitterionic or neutral form.16 In this work, we use isotopic
labeling to gain insight into the kinetics and mechanism of Asp
decomposition on the Cu(100) surface and focus particularly
on the mechanism of the final dehydrogenation of CH(NH2)-
CH2 to yield NCCH3 and H2.
On Cu surfaces, Asp and the structurally related compound

tartaric acid (TA, HO2CCH(OH)CH(OH)CO2H) both
decompose via a vacancy-mediated surface explosion mecha-
nism with nonlinear kinetics that yield enantiospecific reaction
rates differing by as much as 50× on chiral surfaces such as
Cu(643)R&S, Cu(531)R&S and Cu(17,5,1)R&S.10,12,20,21 A “sur-
face explosion” is a reaction mechanism that results in an
autocatalytic increase in the reaction rate with increasing extent
of reaction, even under isothermal conditions. Such vacancy-
mediated explosions were first observed by Madix et al. while
studying the decomposition of formic acid on Ni(110).22−24

The proposed mechanism is one in which the decomposition
of an adsorbate on one site requires an adjacent empty site
(vacancy), but the rapid desorption of the decomposition
products then leaves two empty sites. These two vacancies
then catalyze the decomposition of two adsorbates, yielding
four vacancies; hence, there is an auto-catalytic explosion in the
vacancy coverage. The first observations of a surface explosion
mechanism for a chiral adsorbate were for TA decomposition
on the Cu(110) surface.21,25 Later, Mhatre et al. described the
explosive surface reaction kinetics of TA/Cu(110) using a rate
law which includes an initiation step with rate constant, ki, and
an explosion step with rate constant, ke.
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When the adsorbate coverage is high, θ ≈ 1, the initiation
step dominates the overall rate; however, once the vacancy
concentration, (1 − θ), becomes significant, the explosion step
becomes dominant. In the mathematical description of
vacancy-mediated explosion kinetics, the “vacancy” is taken
in a Langmuirian sense to be a site on the surface that is
equivalent to that occupied by the adsorbate, but empty. The
literature on these reactions does not try to address the details
of how this understanding of site maps onto the physical
structure of the surface itself; that is, it does not try to equate a
site with a given number and configuration of surface atoms.

The rate expression that best describes the TA decomposition
kinetics on Cu(110) is second-order with respect to (1 − θ),
suggesting that TA decomposition requires two adjacent
vacancies. This is consistent with our observations for Asp
decomposition on Cu(100).
This work addresses two of the key challenges in

understanding chiral surface chemistry: reaction mechanism
and reaction kinetics. Herein, we probe the decomposition
mechanism of Asp on Cu(100) using selective 13C, deuterium
(2H), and 15N labeling. We demonstrate that Asp decomposes
on Cu(100) via a vacancy-mediated explosion mechanism.
This is consistent with the high enantiospecificity of D- and L-
Asp decomposition on Cu(643)R&S surfaces.19 Once the
explosive decomposition reaction is initiated, the C3−C4
and C1−C2 bonds break sequentially to produce gas phase
CO2. The remaining −CH(NH2)CH2− intermediate decom-
poses into NCCH3 and H2. Using deuterium and 15N-
labeled Asp, we show that hydrogen atoms in the −CH-
(NH2)CH2− intermediate species are scrambled among the
products.

■ EXPERIMENTAL SECTION
All experiments were performed in a stainless steel ultrahigh vacuum
(UHV) chamber with a base pressure <10−9 Torr. The UHV chamber
is equipped with a xyz-φ sample manipulator to move the Cu(100)
single crystal sample within the chamber while also allowing heating
and cooling over the range T = 80−1000 K. The UHV chamber is
equipped with: an ion gauge to measure the pressure; an ion gun for
Ar+ sputter cleaning the Cu(100) surface; a low-energy electron
diffraction (LEED) optics to verify the orientation of the clean
Cu(100) surface; heated glass evaporators to deposit Asp vapor onto
the Cu(100) surface; and a quadrupole mass spectrometer to identify
chemical species in the gas phase and to measure product desorption
rates during Asp decomposition.

The Cu(100) single crystal sample was 2 mm thick and ∼10 mm in
diameter. The crystal temperature was measured by a K-type
thermocouple spot-welded to its edge via thin Ni foil. For each
cleaning cycle, the Cu(100) sample was sputtered (∼11 μA of Ar+

ions at 1 keV) for 30 min at 750 K in a background pressure of PAr ≈
7 × 10−5 Torr. The sample was then annealed at 900 K for 10 min
before starting the experiment. The orientation of the clean Cu(100)
surface was determined by LEED. Then, Asp vapor was deposited
onto the Cu(100) surface at 405 K from a glass vial heated to 460 K.
The sublimation source was equipped with a shutter to control the
exposure time of the Cu(100) surface to Asp. Temperature-
programmed reaction spectroscopy (TPRS) was performed by placing
the crystal ∼2 mm away from the circular aperture of the mass
spectrometer and heating the surface at a constant rate, while
monitoring the signals at m/z ratios corresponding to the expected
fragmentation patterns of Asp decomposition products. Isothermal
TPRS experiments were conducted by heating the sample at 1 K/s to
the desired temperature and then holding the sample at that desired
temperature while monitoring product desorption from the surface as
a function of time at the isothermal temperature.

Crystalline powders of isotopically labeled L-Asp-4-13C (HO2CCH-
(NH2)CH2

13CO2H, Sigma-Aldrich, 99 atom% 13C), L-Asp-d7
(DO2CCD(ND2)CD2CO2D, Sigma-Aldrich, 98 atom % D), L-Asp-
2,3,3-d3 (HO2CCD(NH2)CD2CO2H, Cambridge Isotope Laborato-
ries, Inc., 98 atom % D), and L-Asp-15N-2,3,3-d3 (HO2CCD(

15NH2)-
CD2CO2H, Sigma-Aldrich, 98 atom % D, 98 atom % 15N) were used
as received.

Acetonitrile (NCCH3, Thermo Scientific, 99.9% purity) and
acetonitrile-d3 (NCCD3, Cambridge Isotope Laboratories, Inc.,
99.8% purity) were used to determine the pure compound
fragmentation patterns in our mass spectrometer. NCCH3 (N
CCD3) was first transferred to a clean glass vial and treated with
multiple freeze−pump−thaw cycles to remove high vapor pressure
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impurities before introducing vapor into the chamber using a leak
valve. Mass spectra of both NCCH3 and NCCD3 were collected
at 5 × 10−8 Torr for m/z = 38−44 before each set of L-Asp TPRS
experiments. For each spectrum, the signal intensities at all m/z =
38−44 were normalized to signals at m/z = 38 (NCC+).
X-ray photoemission spectroscopy (XPS) was performed in a

Thermo Fisher Theta Probe operated at a base pressure of 10−9 Torr.
XPS spectra were taken with the sample at room temperature using a
400 μm X-ray spot size and a 40 eV analyzer pass energy. The
Cu(100) surface was cleaned by two cycles of sputtering and
annealing. The surface at 700 K was sputtered with 2 keV Ar+ ions
with a sputtering current of 10 μA for 40 min and annealed at 750−
800 K for >10 min. XPS was performed at five points on the Cu(100)
surface to determine whether the surface was clean. The surface was
then exposed at 330 K to Asp vapor to adsorb a multilayer of Asp.
After obtaining an XPS spectrum of multilayer Asp, the surface was
heated to 405 K to obtain a monolayer of Asp on the surface before its
XPS spectrum was acquired.

■ RESULTS AND DISCUSSION

Chemical State of D-Asp/Cu(100). XPS has been used to
determine the chemical state of Asp on Cu(100).10,16 We
performed an XPS analysis of D-Asp multilayers and
monolayers adsorbed on the Cu(100) surface. To produce a
multilayer of D-Asp on the surface, the Cu(100) surface was
exposed to D-Asp for 1 h with the sample held at T < 330 K.
Figure 2a shows the C 1s, N 1s, and O 1s XPS spectra for a
multilayer of D-Asp on the Cu(100) surface. An asterisk (*)
indicates the atom in each of the chemical groups that is
probed by each XPS spectrum. To estimate the contributions
to the spectra from the different chemical groups in D-Asp/
Cu(100), we used the multiple peak analyzer tool in OriginPro
and a Gaussian peak fitting function. The broad C 1s XPS
spectrum has been fit by four peaks with binding energies of
285.2 eV for C*H2, 286.3 eV for HC*NH3

+, 288.1 eV for
C*OO−, and 289.0 eV for C*OOH.10,26−31 The four peaks
used to fit the C 1s multilayer spectrum have been constrained

to have identical widths and areas while the energies were
allowed to vary. For N 1s, there are peaks at binding energies
of 401.6 eV for N*H3

+ and 399.2 eV for N*H2.
10,16,26−35 The

areas of these two peaks suggests that the ratio of Asp in the
zwitterionic multilayer to Asp in the biaspartate monolayer is
∼4. The two peaks used to fit the multilayer N 1s spectrum
have the same width. For O 1s, there are peaks at binding
energies of 531.4 eV for CO*O* and 532.5 eV for
CO*O*H.10,16,26−36 The two peaks used to fit the multilayer
O 1s spectrum have identical area. These XPS spectra indicate
that at multilayer coverages, the D-Asp species on the surface is
zwitterionic (−O2CCH(NH3

+)CH2CO2H).
A monolayer of D-Asp on the Cu(100) surface was created

by heating the D-Asp multilayer on the Cu(100) surface to 405
K for ∼10 min. Figure 2b shows C 1s, N 1s, and O 1s XPS
spectra for a monolayer of D-Asp on the Cu(100) surface. The
C 1s spectrum now contains three peaks at: 285.4 eV for
C*H2, 285.7 eV for HC*NH2, and 287.9 eV for
C*OO−.10,26−31 The three peaks used to fit the C 1s
monolayer spectrum have the same widths. The peaks for
the C*H2 and HC*NH2 groups have equal areas while the
single peak for the C*OO− groups has twice that area. The
binding energy was allowed to vary. The peaks for C*H2 and
HC*NH2 are not resolvable in the spectrum and therefore not
strictly assignable. We have used two peaks to represent this
region of the spectrum based on the assumption that there are
two different C atoms in the range of binding energies around
285.5 eV. The peak for C*OOH that was present at 288.9 eV
in the multilayer clearly disappears in the C 1s spectrum of the
monolayer. The N 1s spectrum contains only one peak at
399.2 eV assigned to N*H2, and the O 1s spectrum also
contains only one peak at a binding energy of 531.3 eV which
is assigned to CO*O*−.10,16,26−36 The peaks for CO*O*H and
N*H3

+ observed in the multilayer spectrum have disappeared
in the spectrum of the monolayer. These changes in the XPS
spectra demonstrate that the D-Asp monolayer species is bi-

Figure 2. C 1s, N 1s, and O 1s XPS spectra from D-Asp on Cu(100). (a) D-Asp multilayer on Cu(100). The C 1s feature of C*OOH, N 1s feature
of N*H3

+, and the O 1s feature of CO*O*H all indicate that the D-Asp multilayer is zwitterionic. (b) D-Asp monolayer on Cu(100). The absence
of the C*OOH, N*H3

+, and CO*O*H peaks indicates that in the monolayer D-Asp adsorbs as biaspartate, −O2CCH(NH2)CH2CO2−.
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aspartate (−O2CCH(NH2)CH2CO2−). XPS results agree well
with a previous study of L-Asp adsorbed on Cu(110) which
also demonstrates that in a multilayer film, L-Asp adsorbs as a
zwitterion (−O2CCH(NH3

+)CH2CO2H) while at monolayer
coverage, L-Asp is a doubly deprotonated (−O2CCH(NH2)-
CH2CO2−) di-anion in which both carboxylate groups interact
with the Cu surface.10 Using both XPS and PM-RAIRS, Totani
et al. also showed that deprotonation of the COOH groups in
Asp occurs at low coverages on Cu(110), but as the coverage
increases, NH3

+ groups indicative of the zwitterion are
observed.16

Decomposition of 13C-Labeled L-Asp/Cu(100). The use
of isotopically labelled L-amino acids on surfaces enables the
decomposition mechanism to be probed during heating.
Initially, the Cu(100) surface at 405 K was saturated with L-
Asp-4-13C. This leads to the formation of bi-aspartate, as
demonstrated in Figure 2, and desorption of H2 (not detected
during adsorption). The TPRS spectra in Figure 3 provide
insight into the sequence of steps by which L-Asp-4-13C/
Cu(100) decomposes. We obtained TPRS spectra while
monitoring the desorption signals at m/z = 2 (H2), 41 (N
CCH3), 44 (CO2), and 45 (13CO2). While heating the surface
saturated with L-Asp-4-13C at 0.5 K/s (Figure 3a), the C3−C4
bond breaks first, releasing labeled 13CO2 which desorbs
rapidly from the surface at T = 501.6 K. The cleavage of the
C1−C2 bond occurs at slightly higher temperature (ΔT = 0.7
± 0.1 K), yielding unlabeled CO2 which desorbs at T = 502.3
K. Finally, the CH(NH2)CH2 species left on the surface
decomposes to produce NCCH3 and H2 which desorb at T
= 503.1 K. Figure 3b shows the rates of product desorption
during isothermal heating of the L-Asp-4-13C-saturated Cu-
(100) surface at 480 K. This reveals the same sequence of
decomposition steps as observed during heating the surface at
a constant rate. Isothermal decomposition of L-Asp-4-13C on
Cu(100) begins after a ∼30 s induction period. The rate of
13CO2 desorption reaches a maximum at ∼96 s, while the
desorption rate of unlabeled CO2 reaches a maximum at ∼99 s.
This shows that the C3−C4 bond breaks before the C1−C2
bond. The maximum rates of NCCH3 and H2 desorption
occur at ∼102 and 104 s, respectively, as a result of the
decomposition of the CH(NH2)CH2 intermediate generated
by double decarboxylation of the adsorbed Asp.
The XPS and TPRS results are consistent with the

mechanism below which starts with the formation of bi-
aspartate during adsorption at 405 K followed by a sequence of
decomposition steps.

⎯→⎯ +

H O CCH(NH )CH CO H

O CCH(NH )CH CO H
k

2 2 2 2
13

(g)

2 2 2 2
13

2(g)
ads

 

→ +

O CCH(NH )CH CO

O CCH(NH )CH CO (g)
k

2 2 2 2
13

2 2 2 2
131



→ +O C CH(NH )CH CH CH(NH ) CO
k

2 2 2 2 2 2(g)
2



→ +CH CH(NH ) N CCH H
k

2 2 3(g) 2(g)
3


The decomposition of Asp on Cu surfaces seems to progress
quite cleanly to yield CO2, H2, and NCCH3. A recent
molecular beam study shows that on Cu(111) the reaction can
continue in the steady state to >40 turnovers without apparent
contamination and deactivation of the surface.9 Whether this is
true of all surfaces is not clear.
TPRS and XPS experiments have enabled us to identify the

products and the mechanism of L-Asp decomposition on
Cu(100). Using isotopomers of L-Asp on Cu(110), Mhatre et
al. also demonstrated that the C3−C4 bond breaks first to
yield CO2, and then the C1−C2 bond breaks yielding another
CO2 and a CH(NH2)CH2 species that decomposes into H2
and NCCH3.

10

H(D) Isotope Distribution in Acetonitrile from
Partially Deuterated L-Asp/Cu(100). The use of 13C-labeled
L-Asp reveals that the order of C−C bond cleavage is the same
on Cu(100) as previously observed on Cu(110).10 However,
the decomposition mechanism of the CH(NH2)CH2 fragment
that remains after decarboxylation of Asp is not clear. The
structure of the intermediate is not known but we assume that
it starts as CH(NH2)CH2, analogous to the species that would
be produced by adsorption of ethyleneamine. We address the
mechanistic question of which two hydrogen atoms end up in
the gas phase as H2 by using L-Asp-d7 (DO2CCD(ND2)-
CD2CO2D), L-Asp-2,3,3-d3 (HO2CCD(NH2)CD2CO2H), and
L-Asp-15N-2,3,3-d3 (HO2CCD(

15NH2)CD2CO2H) and deter-
mining the deuterium distribution in the acetonitrile produced
by each isotopomer. The formation of NCCH3 from
CH(NH2)CH2 requires dissociation of the two N−H bonds,
dissociation of the secondary C−H bond, and formation of a
primary C−H bond to form the methyl group. This
presumably requires hydrogen transfer to and from the surface
or perhaps between adsorbed intermediates. The question is

Figure 3. TPRS spectra of L-Asp-4-13C decomposition on Cu(100). (a) TPRS at a heating rate of 0.5 K/s. (b) Isothermal TPRS at 480 K. The
signals for m/z = 2 (H2), 41 (NCCH3), 44 (CO2), and 45 (13CO2) were collected. Initially, L-Asp-4-13C is adsorbed on the surface as bi-
aspartate (−O2CCH(NH2)CH2

13CO2−). The C3−C4 and C1−C2 bonds break sequentially yielding 13CO2 and CO2, respectively. The remaining
CH(NH2)CH2 intermediate then decomposes to produce NCCH3 and H2.
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whether there is scrambling of the hydrogen atoms in the
process through multiple C−H and N−H dissociation and
recombination steps. For example, the decomposition of a
CD(NH2)CD2 fragment could result in one single isotopomer
of acetonitrile (e.g. NCCD3 if the H atoms on the −NH2
group form H2 exclusively) or many isotopomers. The possible
decomposition products of the CD(NH2)CD2 intermediate
resulting from L-Asp-2,3,3-d3/Cu(100) are

→
+

CD(NH )CD N CCD (N CCD H, N

CCDH , N CCH ) H (HD, D )
2 2 3 2

2 3 2 2

  



Note that the formation of NCCH3 would require the
exchange of hydrogen atoms between molecules, perhaps via
the surface.37−40 Our experiments with L-Asp-4-13C, L-Asp-d7,
L-Asp-2,3,3-d3, and L-Asp-15N-2,3,3-d3 have been conducted
with the goal of determining the distribution of H and D atoms
in the product acetonitrile.
To determine the fragmentation patterns of all four possible

acetonitrile products, we have obtained the NCCH3 and
NCCD3 fragmentation patterns by introducing pure N
CCH3 and NCCD3 vapors into the chamber. The mass
spectrometer signal at the lowest m/z = 38 (NCC+) is
scaled to a value of 1 and the signals at other masses (partially
hydrogenated NCCHn

+ ions) are normalized to the m/z =
38 signal. For NCCH3, the largest signal is observed at m/z

= 41, and the major fragments are observed at m/z = 38, 39,
and 40 as a result of H atom loss. For NCCD3, the signal at
m/z = 44 is maximum and the major fragments of NCCD3
ionization are detected at m/z = 38, 40, and 42 because of D
loss (Figure 4).
To study the decomposition mechanism of L-Asp on

Cu(100), TPRS experiments were performed with both a
constant heating rate of 0.5 K/s and isothermally at 480 K
using L-Asp-4-13C, L-Asp-d7, L-Asp-2,3,3-d3, and L-Asp-15N-
2,3,3-d3 (Figures S1 and S2). Decarboxylation of these
isotopomers, once adsorbed as bi-aspartate, is presumed to
lead to the formation of four different intermediates:
CH(NH2)CH2, CD(ND2)CD2, CD(NH2)CD2, and CD-
(15NH2)CD2. By determining the distribution of deuterium
atoms in the acetonitrile decomposition products (Figures 4
and 5), we gain insight into the decomposition mechanism of
this intermediate. The fragmentation patterns of acetonitrile
produced by the decomposition of the intermediate species
isotopomers were determined from the areas under the TPRS
spectra obtained at m/z = 38 (NCC+), 39 (NCCH+,
15NCC+), 40 (NCCH2

+, NCCD+, 15NCCH+), 41
(NCCH3, NCCDH+, 15NCCH2

+, 15NCCD+), 42
(NCCDH2

+, NCCD2
+, 15NCCH3

+, 15NCCDH+), 43
(NCCD2H

+, 15NCCDH2
+, 15NCCD2

+), and 45 (15N
CCD3). The signals at m/z = 44 were ignored because they
coincide with the CO2 signal which overwhelms the

Figure 4. Fragmentation patterns of (a) NCCH3 (green) and (b) NCCD3 (red) and the fragmentation patterns of acetonitrile generated by
decomposition of (a) L-Asp-4-13C (blue) and (b) L-Asp-d7 (black) on Cu(100). The fragmentation patterns of NCCH3 and NCCD3 were
obtained by introducing their vapors into the chamber. The fragmentation patterns of acetonitrile produced during decomposition of
CH(NH2)CH2 and CD(ND2)CD2 were calculated from the areas under the TPRS spectra of L-Asp-4-13C and L-Asp-d7. The signal intensities are
all normalized to that of the lowest m/z = 38 fragment (NCC+).

Figure 5. Fragmentation patterns of acetonitrile desorbed from the surface during decomposition of (a) L-Asp-2,3,3-d3 (purple bars) and (b) L-
Asp-15N-2,3,3-d3 (orange bars) on Cu(100). The fragmentation patterns were calculated from areas under the TPRS spectra and normalized to the
signals at m/z = 38 (L-Asp-2,3,3-d3) and m/z = 39 (L-Asp-15N-2,3,3-d3). Comparison to the fragmentation patterns for NCCD3 and the expected
fragmentation pattern for 15NCCD3 reveal poor correspondence. Fragmentation at m/z = 44 is ignored for CD(NH2)CD2 and CD(15NH2)CD2
decomposition.
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contribution at m/z = 44 from NCCD3. The signal intensity
at the lowest m/z (38 or 39) from the TPRS spectra of each
C2HnD5−nN intermediate is assumed to be 1 and the signals at
other values of m/z are normalized to that at the lowest m/z.
The same normalization procedure was applied to the mass
spectra of pure NCCH3 and NCCD3 vapors.
The acetonitrile isotopomers produced during L-Asp-4-13C

and L-Asp-d7 decomposition on Cu(100) can only be N
CCH3 and NCCD3, respectively, so first we compare the
acetonitrile fragmentation patterns from L-Asp-4-13C and L-
Asp-d7 with those from the pure NCCH3 and NCCD3
samples (Figure 4). The fragmentation pattern of acetonitrile
produced during L-Asp-4-13C decomposition is similar to the
fragmentation pattern of NCCH3 introduced to the UHV
chamber. The largest signal observed during CH(NH2)CH2
decomposition is detected at m/z = 41 due to (NCCH3

+),
and the other major fragments are observed at m/z = 38, 39,
and 40. As shown in Figure 4a, the intensities of the signals at
m/z = 39, 40, and 41 relative to that at m/z = 38 are almost
identical for both NCCH3 (green) and CH(NH2)CH2
(blue), indicating that the L-Asp-4-13C decomposition product
is indeed NCCH3. During L-Asp-d7 decomposition, the
highest signal is expected at m/z = 44 (NCCD3

+), however,
we ignore the m/z = 44 signals because they overlap those
from CO2. The largest of the remaining signals observed
during L-Asp-d7 decomposition occur at m/z = 38, 40, and 42
(Figure 4b). The fact that the intensities of the signals from L-
Asp-d7 at m/z = 40 and 42 (black) match those from N
CCD3 (red) demonstrates that NCCD3 is the product of L-
Asp-d7 decomposition on Cu(100).
We use L-Asp-2,3,3-d3 and L-Asp-15N-2,3,3-d3 TPRS (Figure

5) to determine whether there is more than one acetonitrile
isotopomer formed during decomposition of the CD(NH2)-
CD2 intermediate. During decomposition of L-Asp-2,3,3-d3
(Figure 5a, purple), the highest intensity desorption signal is
observed at m/z = 42 (NCCD2

+ or NCCH2D
+). We also

observe a signal at m/z = 41 (NCCHD+ or NCCH3
+).

The large m/z = 43 signal corresponds to NCCD2H
+ which

can only be produced by the transfer of at least one H atom
from the NH2 group to the CD2 group. This indicates that
there is a scrambling of hydrogen atoms within the adsorbed
CD(NH2)CD2 intermediate during its decomposition. Because
we ignore the m/z = 44 signal which might be the possible
acetonitrile product NCCD3

+, we also performed TPRS
experiments using L-Asp-15N-2,3,3-d3 on Cu(100) (Figure 5b,
orange bars). 15NCCD3 is clearly one of the products
because it is the only possible fragment with a signal at m/z =
45. There is a large signal at m/z = 42 (15NCCDH+ or
15NCCH3

+) among the fragments of L-Asp-15N-2,3,3-d3
decomposition. This clearly proves that some of the products
acetonitrile isotopomers contain H atoms and that there is
scrambling of H(D) atoms during C−H(D) and N−H bond
cleavage and formation.
Quantification of H(D) Scrambling in Acetonitrile

from L-Asp/Cu(100). This work advances our understanding
of the Asp decomposition mechanism on Cu surfaces by
probing the fate of the hydrogen atoms in the CH(NH2)CH2
intermediate generated by decarboxylation of Asp. The ideal
isotopomer for the study of H(D) scrambling in CH(NH2)-
CH2 on Cu surfaces would be L-Asp-1,4-13C2-2,3,3-d3. In this
compound, the m/z = 44 signal from NCCD3

+ would not
coincide with the m/z = 45 signal from 13CO2, and we could
observe the H and D distribution in the desorbed acetonitrile

products. Unfortunately, L-Asp-1,4-13C2-2,3,3-d3 is not com-
mercially available. Therefore, we have used commercially
available L-Asp-d7, L-Asp-N-2,3,3-d3, and L-Asp-15N-2,3,3-d3 to
obtain fragmentation patterns from the acetonitrile products
generated by their decomposition on Cu(100). In doing so, we
have ignored signals at m/z = 44 that overlap those from CO2
production.
In order to extract the acetonitrile isotopomer distribution

resulting from L-Asp-2,3,3-d3 and L-Asp-15N-2,3,3-d3 decom-
position on Cu(100), we need the fragmentation patterns of all
four partially deuterated acetonitrile isotopomers. Not
surprisingly, the fragmentation patterns of NCCH3 and
NCCD3 are almost identical (Figure 6, red and cyan hashed

bars). We have predicted the fragmentation patterns of the
deuterated acetonitrile isotopomers based on the experimen-
tally measured fragmentation pattern of NCCH3 (cyan
hashed bar). The pattern predicted for NCCD3 (green bar)
is almost identical to the measured fragmentation pattern (red
hashed bar). The acetonitrile fragmentation patterns obtained
from TPRS of L-Asp-2,3,3-d3 and L-Asp-15N-2,3,3-d3 decom-
position on Cu(100) and shown in Figure 5 differ from those
estimated for any single acetonitrile isotopomer. As a result, we
conclude that the acetonitrile products from L-Asp must
consist of multiple isotopomers arising from H(D) scrambling
in the decomposition process. Figure 5b shows that relative to
the reference signal at m/z = 39 (15NCC+), the
decomposition of L-Asp-15N-2,3,3-d3 (orange bars) yields
much less signal at m/z = 45 than expected for pure 15N
CCD3. Similarly, the signal at m/z = 42 must arise from a H-
containing isotopomer: 15NCCD2H, 15NCCH2D or
15NCCH3 (or some combination thereof). To quantify the
isotopomer distribution, we use the equation below to predict
the fractional partial pressures of acetonitrile isotopomers.

α α α α= + + +S f f f fm z d
m z

d d
m z

d d
m z

d d
m z

d/ 0
/

0 1
/

1 2
/

2 3
/

3 (2)

+ + + =f f f f 1d d d d0 1 2 3 (3)

where Sm/z is the area under the TPRS curve at a given m/z
ratio, αX

m/z is the fragmentation fraction for acetonitrile
isotopomer dn, where n is the number of D atoms, and fdn is
the fractional yield of isotopomer dn. The values of αX

m/z are

Figure 6. Estimated fragmentation patterns for the three possible
deuterated acetonitrile isotopomers: NCCH2D (orange), N
CCD2H (purple), and NCCD3 (dark green). These have been
estimated from the measured fragmentation pattern of NCCH3
(cyan bars). The hashed bars represent experimentally determined
fragmentation patterns for NCCH3 (cyan) and for NCCD3
(red).
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estimated from the fragmentation patterns of pure NCCH3
and NCCD3 shown in Figure 6.
Table 1 exhibits calculated normalized fractions of

acetonitrile produced during L-Asp isotopomer decomposition
on Cu(100). During L-Asp-d7 decomposition, the only possible
acetonitrile product is NCCD3 and during L-Asp-4-13C
decomposition NCCH3 is the only possible product. During
L-Asp-15N-2,3,3-d3 decomposition on Cu(100), we observe
desorption of all four acetonitrile isotopomers. Not too
surprisingly, the yields of NCCH3 are low because its
production requires intermolecular H transfer. This suggests
that the CD(NH2)CD2 decomposition yields acetonitrile
predominantly by intramolecular H(D) transfer processes.
These data clearly reveal that there is scrambling of H and D
atoms within the CD(NH2)CD2 fragments generated by
decarboxylation of the deprotonated Asp.

L-Asp/Cu(100) Decomposition Kinetics. The decom-
position kinetics of L-Asp on Cu(100) exhibit characteristics of
a vacancy-mediated explosion mechanism.12,20,22−24 The upper
row of Figure 7 shows the decomposition kinetics of L-Asp-
4-13C on Cu(100) measured by TPRS using variable initial
coverages, variable heating rates at saturation coverage, and
variable isothermal temperatures at saturation coverage. The
signals monitor the desorption of 13CO2 at m/z = 45. The
lower row of Figure 7 shows spectra predicted by a kinetic
model (eq 1) parameterized by fitting to the experimental data.
Figure 7a shows the 13CO2 desorption rate measured at a
constant heating rate of 0.5 K/s for initial coverages of L-Asp-
4-13C spanning the range θ0 = 0.02−1. At low coverages, the
peak 13CO2 desorption temperature decreases from Tp = 474−
458 K over the coverage range 0.02 ≤ θ ≤ 0.22 (Figure S3).
However, as θ increases further, the peak temperature begins
to increase and reaches a maximum value of 501.7 K at the
saturation coverage, θ0 = 1. In addition, the peak width

decreases as coverage increases from 0.02 to 1. When θ0 ≈ 1
the desorption peak becomes very narrow (FWHM ∼3 K). At
low Asp coverages, the peaks overlap one another, however,
when θ > 0.47, the leading edges begin to undercut those at
lower coverages. This indicates a decrease in the initial reaction
rate with increasing coverage. In the vacancy-mediated
explosion kinetics, this occurs because the fractional coverage
of empty sites, (1 − θ), decreases as the initial coverage
increases and approaches zero as the coverage approaches θ0 ≈
1. These results are very similar to those observed previously
for the decomposition of TA on Cu(110).20,41 This is a
hallmark of vacancy-mediated explosion kinetics; at high
coverages, a slow initiation process creates the vacancies
needed for the explosion step. Once the vacancy coverage
reaches a critical value, the explosion step generates additional
vacancies auto-catalytically leading to acceleration of the
reaction rate and completion over a very short time
(temperature) interval.
We have also examined the explosive decomposition kinetics

of L-Asp-4-13C on Cu(100) by performing TPRS experiments
with heating rates in the range β = 0.1−4 K/s (Figure 7b) and
at isothermal temperatures varying from Tiso = 450 K to 480 K
(Figure 7c) at θ0 = 1. The variable heating rate measurements
reveal that Tp increases from 480 to 519 K with increasing
heating rate. The isothermal TPRS experiments reveal
characteristics that are clear indicators of the vacancy-mediated
explosion mechanism. For isothermal TPRS, the Cu(100)
sample was heated to the desired temperature at a constant
rate of 1 K/s and then held at Tiso. Initially, the decomposition
rate is very low during the initiation phase, and then increases
rapidly during the explosion phase.12,20 Figure 7c shows that at
Tiso = 450 K, there is an induction period of ∼22 min during
which no 13CO2 desorption is detected. Then, L-Asp-4-13C
begins to decompose and the 13CO2 desorption rate reaches a

Table 1. Normalized Fractions of Acetonitrile Isotopomer Generated from the Decomposition of L-Asp Calculated Using the
Fragmentation Pattern for Pure NCCD3

a

fd3 fd2 fd1 fd0

l-Asp-d7 1.0(1.0)
l-Asp-15N-2,3,3-d3 0.26(0.33) 0.23(0.38) 0.42(0.24) 0.09(0.05)
l-Asp-2,3,3-d3 0.20(0.31) 0.45(0.41) 0.33(0.23) 0.02(0.05)
l-Asp-4-13C 1.0(1.0)

aValues in parenthesis are calculated using pure NCCD3 fragmentation pattern.

Figure 7. Measured 13CO2 desorption rate during L-Asp-4-13C decomposition on Cu(100) (top row): (a) vs temperature at variable initial
coverages (θ0 = 0.02−1), (b) vs temperature at variable heating rates (β = 0.1−4 K/s) with an initial coverage of θ0 = 1, and (c) vs time at
isothermal temperatures (450−480 K) with an initial coverage of θ0 = 1. The lower row illustrates simulated TPRS spectra obtained using eq 1 with
kinetic parameters obtained by fitting to the experimental data.
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maximum at ∼27 min before dropping back to zero as the Asp
monolayer is consumed. As Tiso decreases, the initiation period
increases. This general behavior of initiation followed by
rapidly accelerating decomposition is indicative of vacancy-
mediated explosive decomposition of L-Asp-4-13C on Cu(100).
The decomposition kinetics of L-Asp on Cu(100) are quite

complex. The process clearly reveals features that are
characteristic of a vacancy-mediated explosion reaction. By
this, we mean that the kinetics of the first step in the reaction,
cleavage of the C3−C4 bond, are described by the kinetics of a
surface explosion. The spectra in Figure 7 reveal an increase in
the peak CO2 desorption temperatures with increasing
coverage, and the isothermal TPRS experiments reveal a long
nucleation period before the onset of an accelerating
decomposition rate. At high initial coverages, there is a
nucleation or initiation process that creates vacancies in the
adsorbed monolayer.10,12,20,22−24 These vacancies enable
decomposition of adjacent L-Asp via cleavage of the C3−C4
bond followed by cleavage of the C1−C2 bond and
decomposition of the remaining CH(NH2)CH2 intermediate.
TA also decomposes by a vacancy-mediated explosion
mechanism on Cu surfaces. In contrast to the L-Asp
decomposition products, all the TA decomposition products
appear simultaneously indicating that their appearance is rate
limited by one common step in the decomposition
mechanism.10,20

The previously suggested rate law for the explosive
decomposition of TA/Cu(110) (eq 1) has been used to
model the TPRS for L-Asp decomposition on Cu(100) as
shown in Figure 7 (top row). At high initial coverages of L-Asp,
the initiation step creates vacancies. Once the vacancy
coverage reaches a critical value, the surface explosion step
causes the rate to accelerate auto-catalytically. The decom-
position kinetics of L-Asp on the Cu surface are more
complicated than those of TA. During TA decomposition, all
fragments desorb simultaneously, suggesting that the rate
limiting step is followed by rapid decomposition to products
and their desorption.20 As we demonstrate in Figure 3, the
initial production of 13CO2 from cleavage of the C3−C4 bond
in L-Asp-4-13C slightly precedes the cleavage of the C1−C2
bond to yield CO2 and the decomposition of the remaining
CH(NH2)CH2 fragment. For the purposes of modeling the L-
Asp-4-13C decomposition rate, r, we have focused on the
13CO2 desorption rate only; that is, the initial decomposition
step. The pre-exponential factors (Ai, Ae) and activation
energies (ΔEi, ΔEe) of the initiation rate constant,

= − Δ( )k A exp E
RTi i

i , a n d e x p l o s i o n r a t e c o n s t a n t

= − Δ( )k A exp E
RTe e

e have been estimated by fitting eq 1 to

the data in Figure 7. In these rate constants, R is the gas
constant and T is the temperature. The parameter estimation
has been done by minimizing the difference between predicted
and measured values of peak temperature, Tp, for the TPRS
obtained with varying initial coverages and heating rates and
the peak time, tp, for the TPRS at varying isothermal
temperatures (SSE = ∑(xexpt − xmodel)

2/xexpt
2, where x is Tp

or tp). Errors (2σ) in the estimated values are at the 95%
confidence interval. The order of the reaction in the vacancy
concentration is fixed at n = 2 as was found for TA
decomposition on Cu(110).20 As observed in the case of TA
decomposition kinetics, attempts to fit the Asp kinetics using
values of n = 1 or n = 3 yielded poorer fits than with n = 2. This

implies that L-Asp decomposition on Cu(100) also requires
two vacancies. The values of the kinetic parameters that yield
the best fits to the data are listed in Table 2.

The bottom row of Figure 7 shows the simulated TPRS
generated using the optimum values of the kinetic parameters.
The simulated TPRS shows the characteristics of a vacancy-
mediated surface explosion: peak temperature increases with
increasing coverages, peaks become narrower as coverage
increases, and the reaction initiation time increases with
decreasing isothermal temperatures.

■ CONCLUSIONS

At monolayer coverages, Asp adsorbs on Cu(100) at 405 K in
the doubly deprotonated bi-aspartate form. In multilayer films
adsorbed at 330 K, Asp is zwitterionic. The Asp/Cu(100)
decomposition mechanism involves initial cleavage of the C3−
C4 bond which occurs with the kinetics of a vacancy-mediated
explosion. This step is followed by cleavage of the C1−C2
bond and the formation of a CH(NH2)CH2 intermediate that
decomposes rapidly to yield NCCH3 and H2 in the gas
phase. Using deuterated and 15N-labeled isotopomers of L-Asp,
we demonstrate that scrambling of H(D) occurs during the
decomposition of CH(NH2)CH2 into NCCH3. The pre-
exponential factors and activation energies of L-Asp decom-
position on Cu(100) have been estimated from the
decomposition kinetics using a rate law that consists of an
initiation step and an explosion step.
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