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ABSTRACT: The coadsorption of water with organic mol-
ecules under near-ambient pressure and temperature conditions
opens up new reaction pathways on model catalyst surfaces that
are not accessible in conventional ultrahigh-vacuum surface-
science experiments. The surface chemistry of glycine and
alanine at the water-exposed Cu{110} interface was studied
in situ using ambient-pressure photoemission and X-ray absorp-
tion spectroscopy techniques. At water pressures above 10°°
Torr a significant pressure-dependent decrease in the tempera-
ture for dissociative desorption was observed for both amino
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acids, accompanied by the appearance of a new CN intermediate, which is not observed for lower pressures. The most likely reaction
mechanisms involve dehydrogenation induced by O and/or OH surface species resulting from the dissociative adsorption of water.
The linear relationship between the inverse decomposition temperature and the logarithm of water pressure enables determination
of the activation energy for the surface reaction, between 213 and 232 kJ/mol, and a prediction of the decomposition temperature at
the solid—liquid interface by extrapolating toward the equilibrium vapor pressure. Such experiments near the equilibrium vapor
pressure provide important information about elementary surface processes at the solid—liquid interface, which can be retrieved

neither under ultrahigh vacuum conditions nor from interfaces immersed in a solution.

B INTRODUCTION

The past decade has seen a dramatic increase in research into
stereoselective heterogeneous catalysis of biorelated molecules,
driven by the growing demand for environmentally friendly
production methods for optically pure drugs using heteroge-
neous rather than homogeneous catalysts and, more recently, for
biofuels from sources that are of no use for human or animal
nutrition.' * These new challenges require new classes of
heterogeneous catalysts to avoid the problem of phase separation
that is inherent to homogeneous catalytic processes in predomi-
nant use today.> Early examples of stereoselective heterogeneous
catalysis are the enantioselective hydrogenation reactions of
methyl pyruvate or methyl acetoacetate over chirally modified
Pt or Ni catalysts, respectively.’ ® In both cases, the catalyst
surfaces are modified by chiral molecules, thus creating a reaction
environment that favors the synthesis of one product enantiomer
over the other.

The great challenge for fundamental surface science studies of
model catalyst systems for biorelated heterogeneous reactions
lies in the fact that practically all relevant reactions take place in
solutions near room temperature. Such solution—catalyst
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interfaces are far less well understood than the catalyst interfaces
for gas-phase reactions, because both solvent and reactants/
modifiers interact at the solid surface and make the adsorption
complex more complicated in many ways. Most surface science
techniques require ultrahigh vacuum (UHV), but under these
conditions water only forms stable condensed layers below 150 K,
which is far from realistic reaction conditions. At these tempera-
tures both water and reactant molecules are much less mobile than
at room temperature and the kinetic barriers for the key steps of
the heterogeneously catalyzed reactions cannot be overcome: e.g,,
exchange of molecules between surface layer and solution or
chemical reactions between the surface species. More realistic
conditions can be achieved, however, when the catalyst interface
is exposed to water vapor near the equilibrium vapor pressure, which
is in the Torr range near room temperature. This “ambient pressure”
range has recently become accessible for photoemission and X-ray
absorption experiments through a new generation of differentially
pumped detectors.'®”'* Some of the first experiments using these
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Figure 1. (a) N 1s (photon energy 510, 560 eV for ii and v), (b) O 1s (photon energy 650, 690 eV for i and v) and (c) C 1s (photon energy 400, 450 eV
for ii and v) XP spectra of glycine and alanine overlayers on Cu{110}: (i) 100% saturated glycine layer at 300 K in UHV; (ii) 50% saturated alanine layer
at 300 K in UHV; (iii) 100% saturated alanine layer at 300 K in UHV; (iv) 100% saturated glycine layer at 300 K in 0.2 Torr H,O atmosphere; (v) 50%
saturated alanine layer at 266 K in 0.5 Torr H,O atmosphere; (vi) 100% saturated alanine layer at 300 K in 0.1 Torr H,O atmosphere; (vii) S0% saturated
alanine layer at 420 K in 0.5 Torr H,O atmosphere; (viii) 100% saturated alanine layer annealed to 500 K in UHV and 0.1 Torr H,O atmosphere.

instruments showed that even the adsorption behavior of pure water
can change dramatically, in comparison to UHV studies at tem-
peratures below 150 K, when the pressure and temperature are
raised to near-ambient conditions."***

Copper surfaces have become the model system of choice for
fundamental surface science studies in the field of chiral mod-
ification. Typical chiral modifiers, such as small amino acids or
tartaric acid, form well-ordered superstructures on these surfaces,
which can be studied in detail with surface spectroscopic and
crystallographic techniques (see ref 16 and references therein).
This has led to important insights with respect to the relationship
between molecular bonding and chiral expression on the molec-
ular and macroscopic level.'”” " One of the most studied
substrates in this context is Cu{110}. In particular, the adsorp-
tion of glycine and alanine is well understood and it has been
shown that the molecules chemisorb in their deprotonated form
as glycinate and alaninate, forming surface bonds through the
oxygen and nitrogen atoms.””** Furthermore, the adsorption of
water on Cu{110} has been studied in detail, both experimentally
and theoretically. Below 165 K water adsorbs intact, whereas
partial dissociation is observed above this temperature in UHV
and ambient-pressure experiments.'**'~* For both layers, in-
tact and partially dissociated, unusual hydrogen-bonded chain
structures have been observed experimentally.*"** It was shown
recently that Cu{110} is hydrophilic and is covered by a layer of
OH + H,O under ambient water pressure conditions (1 Torr)
up to 500 K, whereas Cu{111} is hydrophobic under the same
conditions."*"*

Here we present a study of the surface chemistry of chemi-
sorbed layers of glycine and alanine on Cu{110} in the presence
of water vapor up to the Torr range. Using X-ray photoelectron
spectroscopy (XPS) and near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy, we find that the molecules change
their chemical state if they are coadsorbed with partially
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dissociated water at around room temperature. The substrate
bond is significantly weakened compared to the case for UHV
conditions, and dissociative desorption occurs at temperatures
up to 80 K lower than in UHV. These experiments clearly show
that a solvent such as water will have a profound influence on any
surface reaction involving such molecules and that relevant
reaction mechanisms can only be found if biorelated reactants
are studied under ambient relative humidity and temperature.

B EXPERIMENTAL SECTION

The experiments were performed at the Advanced Light Source in
Berkeley (Berkeley, CA) using beamlines 11.0.2 and 9.3.2. The end-
stations of both beamlines consist of two ultrahigh-vacuum (UHV)
chambers with base pressures in the 10 '° Torr range, as described
elsewhere.'"* The preparation chambers are equipped with standard
instruments for sample preparation and characterization (sputter gun,
LEED). The analysis chambers are dedicated to photoelectron spec-
troscopy at near-ambient-pressure conditions and were equipped with
Specs Phoibos 150 (11.0.2) and Scienta 4000 HiPP (9.3.2) electron
spectrometers, respectively, with custom-designed differentially pumped
electron lenses,*”** which enable experiments up to water vapor
pressures in the Torr range.

C 1Is, N Is, and O 1s XP spectra were recorded with excitation
energies of 400/450, 510/560, and 650/690 eV, respectively, with a
combined energy resolution of monochromator and electron analyzer
between 0.3 and 0.6 eV. The offset of the binding energy (BE) scale was
calibrated by recording spectra of the Fermi edge with the same
beamline and analyzer settings as for the corresponding core levels.
Temperature-programmed XP spectra (TP-XPS) are a series of fast XP
spectra (typically 60 s per scan) recorded while the sample is heated at a
rate of 0.10—0.17 K/s. All spectra were normalized with respect to the
low-BE background, and a Shirley-type background*® was subtracted
prior to the peak fitting. The spectra were analyzed by fitting pseudo-
Voigt peak shapes with additional exponential broadening at the high-BE

dx.doi.org/10.1021/ja110910y |J. Am. Chem. Soc. 2011, 133, 6659-6667



Journal of the American Chemical Society

Table 1. Parameters of the Peaks Fitted to the XP Spectra in Figure 1

Cls N 1s O 1s

surface species BE (eV) fwhm BE (eV) fwhm BE (eV) fwhm

(i) Glycine (sat) UHV, Room Temperature
—COO 288.1 1.2 531.6 1.2
—H,CNH, 286.1 10 399.6 10

(ii) Alanine (50% sat) UHV, Room Temperature

—COO 287.8 1.4 5314 1.2
—MeHCNH, 285.8 1.0 399.7 0.9
—CH; 285.1 1.0
H,CN 284.3 1.1 397.7 12

(iii) Alanine (sat) UHV, Room Temperature
—COO 288.1 1.4 S31.5 1.1
—MeHCNH, 286.1 1.0 399.9 0.9
_CH, 285.8 10
H,CN 284.9 12 398.3 0.9

(iv) Glycine (sat) 0.2 Torr H,0, Room Temperature

—COO 287.9 1.1 531.2 12
—H,CNH, 285.7 1.1 399.4 1.0
H,CN 284.8 12
HyOuur 5327 2.0

(v) Alanine (50% sat) 0.5 Torr H,0, 266 K
—COO 287.9 1.0 531.6 1.5

286.9 1.0
—MeHCNH, 285.7 1.0 399.4 12
—CH, 285.3 10
H,CN 284.8 12 398.0 0.9
H,0s 5327 20
(vi) Alanine (sat) 0.1 Torr H,O, Room Temperature
—COO 288.0 14 5314 1.2
—MeHCNH, 286.0 1.0 399.6 0.9
_CH, 285.5 10
H,CN 284.7 1.2 398.0 1.4
HyOuur 532.8 LS
(vii) Alanine (sat) 0.1 Torr H,0, 500 K
O 529.5 1.1
(viii) Alanine (sat) UHV, 500 K

C.e 284.0 0.9

side. The TP-XPS series were analyzed by linking certain parameters
(fwhm, Gaussian—Lorentzian mixture, and asymmetry) for all spectra
within the series.

NEXAFS spectra were recorded at the 11.0.2 endstation using the
same analyzer as for XPS to measure the signal of carbon or nitrogen
KLL Auger electrons at a kinetic energy of 270 or 406 eV, respectively.
For the NEXAFS experiments the sample was oriented normal to the
incident photon beam with the polarization vector either parallel or
perpendicular to the close-packed rows of Cu atoms within the surface
plane ([110] or [001] direction). The spectra of the adsorbate-covered
sample were normalized with respect to the clean-surface spectra in
order to remove artificial features arising from X-ray absorption within
the beamline, and a linear background was subtracted. The photon
energy axis was calibrated such that the resonance features under UHV
conditions coincide with those in previously published spectra.***’

The Cu{110} surface was cleaned using standard procedures, includ-
ing cycles of Ar” bombardment and annealing to 1000 K.** The sample
temperature was monitored by a K-type thermocouple located at a
sample holder which was in good thermal contact with the sample. Small
amounts of residual carbon were removed by dosing 1 x 10~ Torr of
molecular oxygen at room temperature followed by annealing to 1000 K.
The surface cleanliness was checked before each experiment by measur-
ing survey spectra, and the impurity level (C, O, S) was always close to
the XPS detection limit of less than 0.01 ML. Glycine and alanine were
dosed via sublimation under vacuum from a home-built evaporation
source at 150 °C, as described previously,”® with the sample held at a
temperature between 300 and 350 K.

Water was cleaned by several freeze—pump—thaw cycles and dosed
through the background directly into the analysis chamber. At near-
ambient pressures of water, even impurities at the 1 ppm level can
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Figure 2. Series of N 1s TP-XPS (intensity versus binding energy and temperature) during annealing of a saturation layer of glycine on Cu{110} in (a)
UHV and (b) in 1.2 x 10> Torr H,O (heating rate ~0.17 K/s, 10 K/spectrum). (c) Single spectra taken from parts a and b. (d) Peak intensities (in
percent of saturation coverage) vs sample temperature (photon energy S10 eV).

accumulate quickly on the surface. The main impurities found in our
experiments were carbon- and sulfur-containing compounds. In order to
maintain a low level of contamination, fast data acquisition was essential.
We found that saturated chemisorbed amino acid layers prevent surface
contamination with other species. Therefore, most of the experiments
were carried out with saturated layers.

B RESULTS

For comparison, XP spectra of chemisorbed layers of glycine
(100% saturation; 0.33 mL) and alanine (50% and 100%
saturation; 0.17 and 0.33 mL) on Cu{110} were recorded
under UHV conditions at room temperature (see spectra i—iii
in Figure la—c and Table 1). It was established in previous
studies that both glycine and alanine lose the acidic hydrogen
atom during adsorption at room temperature and form ordered
chemisorbed layers of anionic glycinate and alaninate.”>*****%%
The observed O 1s and N 1s BEs around 531.5 and 400 eV,
respectively, are typical for adsorption bonds through the two
deprotonated oxygen atoms of the carboxylate group and the
nitrogen atom of the amino group.”**” The C 1s spectra show
two features around 288 and 286 eV, which are assigned to
the carbon atom in the carboxylate group (—COO) and the
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backbone/methyl carbon atoms (CH,NH, in glycine and
H;3CCHNH, in alanine), respectively, in accordance with earlier
studies.”>*” The fact that the peak intensity of the carboxylate
carbon is smaller than that expected from the stoichiometry for both
molecules is in accordance with the earlier results and is most likely
due to photoelectron diffraction. The small extra signal around BE
398and 285 eVin the N Is and C 1s spectra of alanine indicate some
degree of dissociation leading to a CN surface species, which is more
pronounced for the half-saturated layer than for the saturated layer
(see spectra ii and iii in Figure la,c).

The N 1s region was chosen to monitor temperature and/or
coadsorbate-induced changes because of its sensitivity to the
chemical state of the molecules and the relative simplicity of
the spectra. Figure 2a shows a TP-XPS series of N 1s spectra for
the saturated chemisorbed layer of glycine under UHV condi-
tions, which is almost identical with the corresponding alanine
series (not shown). Individual key spectra are shown in the left
panel of Figure 2c. All spectra of this TP-XPS series were fitted
with a single peak, and the relative peak areas are plotted vs
temperature in Figure 2d (open squares). At around 450 K the
N 1Is peak energy shifts by 0.2 eV toward higher BE while the
intensity decreases. Above 510 K no more signal is observed
around BE 400 eV; only a small signal due to decomposition
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Figure 4. Nitrogen (a) and carbon (b) K-edge Auger-yield NEXAFS spectra recorded at normal incidence. The bottom spectra are those of a 50%
saturation coverage of alanine on Cu{110} at 300 K. The top spectra are from the same layer exposed to 0.5 Torr H,O at 266 K. Black solid lines denote
polarization parallel to the [110] direction (parallel to close-packed rows of Cu atoms), and gray dotted lines denote polarization parallel to the [001]
direction (perpendicular to close-packed rows of Cu atoms). The difference in noise levels between UHV and ambient-pressure data is due to different
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products is measured at BE 398.5 eV, which is below 10% of the
N 1s peak area of the saturated layer. The main decomposition
product left on the surface under UHV conditions was atomic
carbon for both glycine (20% of saturation signal, not shown)
and alanine (50%, see Figure 1c, spectrum viii).

The temperature-induced behavior changes dramatically when
the glycine or alanine layers are exposed to water vapor at pressures
above 10> Torr. The TP-XPS series in Figure 2b shows changes
in the N 1s region of the saturated glycine layer when annealed in
water vapor of pyy o = 1.2 X 10~ * Torr; individual key spectra and
relative peak areas are shown in Figure 2c (right panel) and
Figure 2d (filled squares). The main N 1s peak starts decaying at
415 K, a much lower temperature than in the UHV series
(Figure 2a), and a new peak appears around BE 398 eV, which
is observed up to 480 K. The area of this peak is also included in

Figure 2d (diamond-shaped data points); its maximum intensity is
35% of the N 1s signal at room temperature. In addition a new C
1s signal at BE 284.4 eV is observed (Figure lc, spectra vi—vi),
which shows the same temperature behavior as the N 1s peak at BE
398 eV. This coincidence together with further characterization by
NEXAFS (see below) indicates that the two signals stem from
a (H,)CN intermediate of the decomposition of the amino acids.
Protonation of the amino group can be excluded as this would lead
to an increase in the N 1s BE rather than the observed decrease.”"
Almost no N 1Is or C 1s signal is observed above 500 K; the
only significant peaks in the O 1s spectrum, at BE 535.0 and
529.5 eV, are associated with gas-phase water and atomic oxygen
(cf. Figure la—c, spectra vii).

A series of similar experiments were performed for saturated
chemisorbed layers of glycine and alanine on Cu{110} with
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water vapor pressures ranging from 10 °to 2.5 x 10~ " Torr.
The results are summarized in Figure 3 by plots of the BE 400 eV
and BE 398 eV N 1s peak areas vs temperature, which show a
clear downward trend in the desorption temperature for increas-
ing water pressure. This clearly identifies the presence of water at
the surface as the origin of this effect. The midpoints of the steps
in these plots define the maxima of the corresponding decom-
position rate. They shift by 80 K for glycine between the 2.5 X
10" and 1.4 x 10~ * Torr curves and 75 K for alanine between
the 0.9 x 10" and 1.0 x 10> Torr curves. The small differ-
ence between the UHV curve for glycine, which was measured
at 10~ Torr, and the curve for water vapor pressure of 1.4 X
10~ * Torr shows that the these effects are only significant above
10°—10""* Torr. The maximum intensity of the N 1s peak at
BE 398 €V is highest for pressures between 10> and 10> Torr,
reaching 30—35% of the N 1s intensity of the saturated layer
at 300 K.

Exposing saturated chemisorbed layers of glycine and alanine
to water vapor in the 10~ Torr range at room temperature does
not lead to significant changes in the XPS features arising from
the amino acids, as is illustrated in the corresponding spectra iv
and vi of Figure la—c. The only effect of water on the N 1s, O 1s,
and C 1s signals is a slight decrease in their BE by 0.15—0.30 eV.
The new O 1s feature at BE 535.8 eV is the signal from gas-phase
water. In addition a small intensity rise, equivalent to less than
0.10 ML, is observed around BE 533 eV, which arises from water
molecules adsorbed on the saturated layers (Figure 1b).

The 50% saturation coverage of alanine exposed to 0.5 Torr
water at 266 K, however, has about 0.40 ML of water present on
the surface, covering most of the bare copper surface, as seen in
the corresponding spectra v of Figure 1 a—c. The presence of
coadsorbed water and/or its decomposition products (OH, O)
leads to dramatic changes in the chemical state of alanine near
room temperature. New peaks appear in the N 1s spectrum at BE
398.0 eV and in the C 1s spectrum at 286.9 eV, which are
attributed to the products of the reaction between the alaninate
surface species and water. This surface species was further
characterized by NEXAFS. The nitrogen and carbon K-edge
spectra for two orthogonal polarization angles are shown in parts
a and b of Figure 4, respectively. The spectra at the bottom of
Figure 4 are those of a layer of alanine at 50% saturation coverage
under UHV conditions. They are in good agreement with spectra
obtained previously for a saturated layer,” except for a smaller
polarization dependence of the 7T resonance at 289.0 eV in the
carbon spectra. This resonance is associated with the 77* orbital
located at the carboxylate group. A change in the polarization
dependence indicates changes in the azimuthal orientation of the
molecules with respect to the saturated layer. The absence of
strong pre-edge resonances in the N spectra implies that alanine
is in its molecular form. The NEXAFS spectra change dramati-
cally when water is added. Two new strong resonances appear at
400.2 and 401.8 eV in the N spectra and one around 290.5 eV in
the C spectra (top spectra of Figure 4). In addition, the
polarization dependence of the 289.0 eV resonance is much
more pronounced than for the UHV spectra and coincides with
the 400.2 eV resonance in the N spectra, whereas the resonances
at 401.8 and 290.5 eV show almost no polarization dependence.
Similar signatures in XPS and NEXAFS were observed previously
for annealed lagrers of glycine and alanine on Pd{111}, Pt{111},
and Pt{110},*>° for HCN and CN species on Pd{111} and
thick copper films,>'~* and for other molecules with saturated
and unsaturated C—N bonds.>*~>° Our data, therefore, suggest
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Figure 5. Plot of the logarithm of the H,O vapor pressure vs the inverse
desorption temperature of glycine (open squares) and alanine (filled
squares). The desorption temperatures are defined by the midpoints of
the steps in the intensity plots of Figure 2. The red dotted line indicates
the temperature dependence of the equilibrium vapor pressure of water.

the presence of unsaturated C—N bonds, i.e. CN, HCN, or
OCN, and thus partial decomposition of the molecules in the
presence of water on the surface. The polarization dependence in
NEXAFS implies that this adsorbed CN species has a well-
defined orientation.

B DISCUSSION

The most striking finding of the current study is the strong
water vapor-pressure dependence of the amino acid decomposi-
tion temperature on Cu{110}. This effect is significant above 10°°
Torr and leads to a decrease in the decomposition/desorption
temperature of around 80 K when the pressure rises to 10~ Torr.
From the present experimental data it is clear that the presence of
water and/or its dissociation products at the surface is the key
factor determining the temperature where decomposition and
consecutive desorption of glycine or alanine takes place. When the
surface is fully covered with glycine/alanine, only small amounts of
water can condense on top of the molecular layer at 300 K and only
small differences are observed with respect to the UHV data.
Submonolayer coverages of alanine, however, allow the dissocia-
tive adsorption of a significant amount of water on the uncovered
areas of the Cu{110} surface. Previous studies report dissociative
adsorption of water on clean Cu{110}, with a surface OH species
observed up to around 500 K when the surface is in equilibrium
with near-ambient water vapor pressure.'>'*>*¢ The O 1s signal
of coadsorbed water is significant in Figure 1b, spectrum v, for the
half-saturated alanine layer exposed to 0.5 Torr. Coadsorbed water
or its dissociation products induce the formation of a surface CN
species even at room temperature, but this species desorbs only
above about 400 K and appears to block the complete decom-
position of the alanine layer at room temperature.

If the surface is fully covered with a layer of alanine or glycine
and at a temperature above 400 K only small amounts of water
are present at the surface. In this limit the water coverage, O,0,
is proportional to the water partial pressure pr,0:

Omo = Pmo = exp Frno (1)
\/ 2.7'[ka Tgas RT

Eino is the adsorption energy of water, T the sample tempera-
ture (as opposed to Ty,;), and k a constant composed of the steric
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factor for adsorption, the pre-exponential factor for desorption,
and the area of the surface unit cell (k & 10> m”s). Assuming a
simple Langmuir—Hinshelwood-type mechanism, the reaction
rate can be expressed as

d
a@)Gly/Ala = k®Gly/Ala®H20

E —E
= COqly/anPm20 exp (HZ;TA) (2)

where C is the product of the pre-exponential factors of the rate
constant k and the proportionality constant between gas pressure
and adsorption rate (x/ (ZerkBTgas)l/ %) and E, the effective
activation energy of the surface reaction. At the midpoints of
the TP-XPS curves of Figure 3 all coverages, Ogy a1, are the same
(50% of saturation) and the reaction rates (d/dt)©@gy,al, are of
the same order of magnitude, as can be estimated from the slopes
of the steps. Therefore, the logarithmic form of eq 2 can be
rearranged as

P Eyn —E 1
ln< HZO) = ( A H20>—+const (3)
PO R T1/2

and the difference between Ep,o and the effective activation
energy of the surface reaction, E, can be obtained from the slope
when plotting In Py o vs the inverse of the midpoint tempera-
tures, 1/T} /,. Both glycine and alanine data line up on the same
straight line (see Figure S), whose slope corresponds to an
activation energy difference of 166 % 12 kJ/mol.”" Considering
that the experimental values for desorption energies of con-
densed and chemisorbed water, Eyy,0, lie between 46.9 & 0.9%7
and 66 % 4.5 kJ/mol,"? respectively, the value of the effective
activation energy of the surface reaction, E, must be between
213 £+ 12 and 232 =£ 13 kJ/mol. This is significantly higher
than the calculated activation energies for water dissociation
(90 kJ/mol*’) and glycine/alanine desorgtion (between 123 and
141 kJ/mol, depending on <:overage29’5 ), which indicates that
the decomposition is, indeed, a multistep process.

Equations 2 and 3 and Figure S imply that a lower water
pressure can be compensated by an increase in the reaction
temperature. At 10~° Torr and below, however, a different, UHV
decomposition path prevails, which does not require the pre-
sence of water. Using eq 1 (10™* Torr, 475 K), we find a
threshold water coverage is of the order of 105D ML, The first
step of glycinate or alaninate decomposition in UHV involves
breaking the backbone C,,—COO bond followed immediately by
CO, desorption around 500 K, as observed in TPD.”® The
resulting methyl/ethylamine radicals (NH,CH,—) undergo
several dehydrogenation and C—C bond cleavage reactions until
hydrogen cyanide (HCN) is formed. Desorption of the latter
species from Pt{111} was observed directly at around 500 K.*’
An alternative decomposition path for methylamine/ethylamine
radicals is C—N bond cleavage followed by recombinative
desorption of dinitrogen and C.H, species or complete dehy-
drogenation of hydrocarbon species. The latter leads to the
formation of atomic carbon, which we have observed experimen-
tally for both glycine and alanine layers on Cu{110} after
annealing in UHV (cf. Figure 1 ¢, spectrum viii).

When the Cu{110} surface is in equilibrium with water vapor
at near-ambient pressures, water, hydroxyl (atomic oxygen at
elevated temperatures), and atomic hydrogen will be present at
the surface.”* > Above 400 K these are short-lived intermediates,

which cannot be observed directly. Surface O and/or OH can
partially or fully oxidize both amino acids and their decomposi-
tion intermediates and thus open a new path for low-temperature
decomposition. It has been shown that coadsorbed oxygen
induces dehydrogenation of the amino groups of alkyl- and
phenylamines on copper,éo*63 gold,64 and silver® surfaces and
can lead to the formation of nitriles via imides at room tempera-
ture. The surface reaction of alanine and glycine in the presence
of water could therefore proceed as

~H,0
COO—RCH—NH,(a) + O(a) —> COO — RCH — N(a)
(4a)
COO—RCH—NH,(a) 4+ OH(a)

—H,0,H,
—2= COO — RCH — N(a) (4b)

—H,, CO,

COO — RCH — N(a) HC=N(+CH,) (5)

The remaining surface species will undergo further C—H and
C—N bond cleavage reactions induced by chemisorbed oxygen
upon annealing, which lead to the formation of OH/H,O0,
methane/ethylene/benzene, acetonitrile/cyanide, N, or CO/
CO, (for detailed mechanisms see refs 61 and 64). All these
reaction products desorb from copper surfaces immediately after
formation when the sample temperature is above 400 K. There-
fore, no residual carbon/nitrogen is left on the surface, in
agreement with our experiments.

Hydrogen desorbs from Cu{110} around 325 K under UHV
conditions but when produced between 400 and 500 K the dwell
time at the surface is still of the order of milliseconds:®® ie, long
enough to react with coadsorbed species. One possible reaction
with hydrogen is the hydrogenation of the carboxylic groups of
alaninate or glycinate, leading to recombinative desorption of
intact molecules. An alternative reaction path would be the
hydrogenation of methyl-/ethylamine radicals resulting from
the initial CO,—C, bond cleavage67769 or even the formation
of an intermediate H—C, surface complex with the intact amino
acid anions. The latter would lead to saturated amine products,
which occupy a single adsorption site, in contrast to the two
necessary for adsorption of the methyl-/ethylamine radicals. This
significantly reduces steric constraints for the C—C bond cleav-
age and can, therefore, facilitate decomposition. The hydrogen
reaction path can facilitate more or less immediate desorption
after the reaction has taken place, but it is unlikely to lead to a CN
species with a multiple-bond signature as observed in NEXAFS
(cf. Figure 4). Therefore, on the basis of our experimental
findings, oxygen- and/or hydroxyl-induced dehydrogenation
appears to be the dominant decomposition mechanism. Further
experiments with potential intermediates will be needed to
elucidate the details of this mechanism.

Irrespective of the actual decomposition mechanism, it is
important to note that the linear relationship between In(Pg,0)
and 1/T, holds over S decades and can be extrapolated toward
the equilibrium water vapor pressure,”® which is indicated by the
dotted (red) line in Figure S. Above this pressure the surface is in
equilibrium with liquid water; hence, the temperature at which
the two curves intersect, 344 K (315 mbar/239 Torr), should
correspond to the decomposition temperature of saturated
chemisorbed alanine or glycine layers at the solid—liquid inter-
face. With the N 1s signal at BE 398 eV of the CN decomposition
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intermediate being unchanged over about 4 decades of water
vapor pressure, from 10> to 10~ Torr, we can assume that the
rate-determining decomposition mechanism will continue to be
the same up to the equilibrium vapor pressure. Ambient pressure
measurements such as the above, therefore, enable us to char-
acterize elementary reactions, which do not occur under UHV
conditions but are important at the solid—liquid interface,
despite the fact that the surface is not yet in contact with the
liquid solvent phase. Further improvements in the experimental
setup will probably allow the study of thin solvent films at
reaction temperatures in the near future.

B SUMMARY AND CONCLUSIONS

The surface chemistry of glycine and alanine on Cu{110}
was studied by XPS and NEXAFS under ambient water pressure
conditions. The presence of decomposition products of water
(O, OH, H) at elevated temperatures (>400 K) opens up new
reaction pathways, which lead to a significant decrease in the
dissociative desorption temperature for both amino acids and
the complete removal of carbonaceous species from the surface.
The effect is significant for water pressures above 10~ > Torr and
leads to a reduction in the decomposition temperature of up to
80 K at 10" Torr. Decomposition is accompanied by the
observation of a CN intermediate, which is characterized by a
shifted peak in the N 1s XP signal and sharp resonances in the N
and C NEXAFS spectra. The most likely reaction mechanism
involves oxygen- and/or hydroxyl-induced dehydrogenation of
methyl-/ethylamine intermediates.

In the relevant pressure range we find a linear relationship
between the inverse decomposition temperature and the loga-
rithm of the water pressure. This relationship enables determining
the activation energy for the surface reaction, at least 213 kJ/mol,
and extrapolation toward the equilibrium vapor pressure to predict
the decomposition temperature at the solid—liquid interface.
Ambient-pressure measurements near the equilibrium vapor pres-
sure can, therefore, be used to characterize elementary processes at
the solid—liquid interface, which do not occur under UHV
conditions, even though the surface is not yet in contact with
the liquid solvent phase. These results clearly show that reaction
mechanisms for heterogeneous reactions at the solution—solid
interface cannot ignore the presence of solvent molecules at the
surface, which makes their understanding and modeling far more
complicated than gas-phase reactions.
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