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ABSTRACT

The uptake and thermal chemistry of cinnamaldehyde on Cu(110) single-crystal surfaces were characterized by temperature-programmed
desorption and x-ray photoelectron spectroscopy (XPS). Adsorption at 85 K appears to be initiated by low-temperature decomposition to
form styrene, which desorbs at 190 K, followed by the sequential buildup of a molecular monolayer and then a condensed molecular film.
Molecular desorption from the monolayer occurs at 410 K, corresponding to a desorption energy of approximately 98 kJ/mol, and further
decomposition to produce styrene (again) and other fragmentation products is seen at 550 K. The molecular nature and the quantitation of
the low-temperature uptake were corroborated by the XPS data, which also provided hints about the adsorption geometry adopted by the
unsaturated aldehyde on the surface. Density functional theory calculations, used to estimate adsorption energies as a function of coverage
and coordination mode, pointed to possible η1-O binding, at least at high coverages, and to a stabilizing effect on the surface by the aromatic
ring of cinnamaldehyde. Finally, coadsorption of oxygen on the surface was found to weaken the binding of cinnamaldehyde to the Cu sub-
strate at high coverages without enhancing its uptake, but to not modify the decomposition mechanism or energetics in any significant way.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001192

I. INTRODUCTION

In catalysis, reactivity and selectivity toward specific pathways
are often associated with the adsorption geometry that the reactants
adopt on the surface of the catalyst. For instance, in the metal-
catalyzed hydrogenation of organic molecules with multiple unsatu-
rated bonds, the double or triple bond that interacts with and binds
to the metal is usually the one that incorporates hydrogen atoms
first.1 As a consequence, there is often a tradeoff between total
hydrogenation activity, which is high with platinum metals because
they bind unsaturated moieties strongly and indiscriminately, and
selectivity, which may be controlled by single-coordination adsorp-
tion on coinage metals but at the expense of reaction rates.2,3

To balance these two trends, there has recently been an interest in
combining the two functionalities in a synergistic way. In this
single-atom alloy catalysis, a mild metal such as Cu or Au is “spiked”

with a small amount of a more active transition metal (Pt, Pd), pre-
sumably to help with the initial activation of H2 molecules.4

Although we have recently challenged some aspects of this model,5,6

it does appear that metals such as Cu may exhibit intrinsic selectivity
in hydrogenation reactions, favoring the activation of CvO bonds
over CvC moieties during the hydrogenation of unsaturated alde-
hydes, for instance.7

It is, therefore, useful to characterize the adsorption and
thermal chemistry of unsaturated aldehydes on metal surfaces
using model systems and a modern surface-science approach as a
way to better understand and predict adsorption modes for the
reactants and selectivities in catalytic hydrogenations and also to
help design new, better performing multimetal catalysts. Our past
work in this area, using molecular beams, has shown that the
hydrogenation of unsaturated aldehydes promoted by Pt surfaces
favors the production of saturated aldehydes,8 a result consistent
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with what is seen in kinetic experiments with realistic supported
catalysts.9–11 Infrared absorption spectroscopy experiments12–14

and quantum mechanic calculations14–18 have explained this behav-
ior on the basis of a preference for adsorption with multiple inter-
actions between the unsaturated aldehyde and the metal surface,
predominantly via the CvC bond. By contrast, unsaturated-
aldehyde hydrogenations on Cu, which needs to be probed with
atomic rather than molecular hydrogen in model systems, has
shown high intrinsic selectivity toward the production of the unsa-
turated alcohol, the desired product, via the hydrogenation of the
CvO bond.19 On this metal, recent calculations by us with croto-
naldehyde have shown a slight preference for surface bonding in a
η1 configuration through the oxygen atom.5,14 Overall, results from
the studies with model systems and quantum mechanic calculations
available to date suggest that there is a correlation between adsorp-
tion mode and catalytic selectivity in these systems. Nevertheless,
the pool of compounds probed so far is quite limited, involving
mainly acrolein and crotonaldehyde. Here, we expand our previous
work to cinnamaldehyde (CMA), with the aim of evaluating the
effect of the addition of an aromatic ring to the molecular structure
of the reactant. We learned that this results in an additional stabiliz-
ing effect via pi-bonding of the ring to the surface but does not
change the fundamentals behind the adsorption geometry-reactivity
correlation identified before.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacuum
(UHV) apparatus equipped with a UTI quadrupole mass spectrom-
eter, used for temperature-programmed desorption (TPD) data
acquisition.20,21 Up to 15 different masses were monitored in each
single TPD run by using a personal computer interfaced to the
mass spectrometer. This apparatus was also equipped with x-ray
photoelectron spectroscopy (XPS) instrumentation consisting of a
50-mm radius hemispherical electron energy analyzer (VSW
HAC 5000) and an aluminum-anode (hν = 1486.6 eV) x-ray
source, employed to quantify the CMA uptake and to determine
the cleanliness of the surface. Gas dosing was done by backfilling
of the chamber using a leak valve and is reported in Langmuirs
(1 L = 1 × 10−6 Torr s), uncorrected for differences in ion gauge sen-
sitivities. The pressure in the main UHV chamber was measured by
using a nude ion gauge.

A Cu single-crystal disk, cut to expose its (110) facet, was pol-
ished and mounted on a manipulator capable of x−y−z−θ motion
and of liquid nitrogen cooling and resistive heating, and cleaned
in situ before each experiment via sputtering-annealing cycles until
the surface was deemed clean by XPS and CO TPD. For the experi-
ments on oxidized samples, the surface was then exposed to 50 L of
O2 at 500 K, which was determined to yield a surface coverage of
θO = 0.4ML in an incomplete (2 × 1) structure on the basis of the
previous work in our laboratory22,23 and the reported literature.24–26

CMA (3-phenyl-2-propenal, Sigma-Aldrich, ≥95% purity) was
placed in a glass container, mounted in a gas manifold, distilled via
repeated freeze-pump-thaw cycles, and fed into the UHV chamber
as a gas, relying on its high vapor pressure. CMA dosing was carried
out at a surface temperature of 85 K, and that temperature ramped in
the TPD experiments at a linear rate of 4 K/s.

III. MODELING

Density functional theory (DFT) calculations were performed
using the Vienna ab initio Simulation Package (VASP).27 The
exchange-correlation energies have been treated according to the
Generalized Gradient Approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) parametrization,28 and van der Waals forces have
been considered employing the D3 correction method of Grime.29

The one-electron states have been expanded using the projector-
augmented wave (PAW) basis,30 with an energy cutoff of 350 eV.
The supercell method has been employed to construct the surface,
each supercell composed of a slab formed by four monolayers and
a vacuum space of 25 Å. Both (3 × 3) and (4 × 4) periodicities in the
x–y plane were used, which we associate with high (θhigh = 1/9ML;
ML =monolayer) and low (θlow = 1/16ML) coverages, respectively.
The Brillouin zone has been sampled with k-point grids of 4 × 4 × 1
and 3 × 3 × 1 for the (3 × 3) and (4 × 4) periodicities, respectively,
employing the Monkhorst–Pack scheme. The calculated adsorption
energies are reported as negative numbers, reflecting the gain in
energy upon binding of the molecule to the surface, whereas the ener-
gies estimated from TPD results are reported as positive numbers
since they refer to the energies required to induce desorption (the
reverse of adsorption). It should be noted that the calculations were
performed on the (111) surface of copper, not the Cu(110) plane
used for the experiments. This is not ideal but was done for simplic-
ity, as the (110) plane offers many more possible adsorption sites.
Future calculations will address this difference.

IV. RESULTS

A. Uptake and thermal chemistry of CMA on Cu(110)

The thermal chemistry of CMA was first tested on the Cu
(110) surface by TPD. In order to identify the main decomposition
products, the signals for multiple amus were recorded in repeated
experiments. Representative data for the case of a 5.0 L exposure
are shown in Fig. 1. Several distinct peaks are observed. A first
sharp desorption feature at 190 K is seen in the 78, 103, and
104 amu traces, which we assign to styrene based on a comparison
between the relative intensities measured here and those in the
mass-spectra cracking pattern of pure styrene.31 Using Redhead’s
equation32 and a pre-exponential factor of 1 × 1012 s−1 (a typical
value used in these calculations), we estimate an activation barrier
of EStyrene1,TPD = 44 kJ/mol for this reaction. In addition, two fea-
tures at 245 and 410 K are evident in the traces for 131 and
132 amu (with additional components in the 91, 103, and 104 amu
traces) corresponding to molecular CMA; these yield estimated
desorption energies of EMulti,TPD ∼ 57 kJ/mol and EMono,

TPD = 98 kJ/mol, respectively, the first quite close to the value
reported for CMA sublimation.33 A fourth peak is seen in the
91 amu trace at approximately 550 K (together with smaller features
in the 51, 77, and 104 amu data) that translates into EStyrene2,
TPD = 133 kJ/mol, most likely reflecting the desorption of styrene
and/or toluene. Finally, signals are seen in the 51, 77, 78, and
103 amu traces over a broad temperature range, roughly between
150 and 400 K, which may be due to other phenyl-containing
decomposition products but may originate from reactions on other
surfaces (an experimental artifact). Regardless, toluene and other
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fragmentation products are seen in small yields; the desorption in
this system is dominated by CMA and styrene.

The evolution of the desorption of CMA and styrene was fol-
lowed as a function of exposure next. The corresponding TPD data
are shown in Fig. 2. In terms of molecular desorption, the peak at
410 K is visible even after a 2.0 L exposure and saturates after expo-
sures between 4.0 and 5.0 L, at which point the feature at 245 K
starts to grow. We, therefore, assign these two desorption regimes
as originating from monolayer and multilayer (condensed) CMA,
respectively. Interestingly, the peak associated with styrene at 190 K
[Fig. 2(a)] is quite intense even after the 2.0 L exposure and also
saturates around 4.0 L, like the CMA monolayer. This fact together
with low temperature at which styrene is observed (below the tem-
perature needed to desorb condensed CMA) strongly suggests that
some degree of CMA decomposition may take place at very low
temperatures, perhaps even during adsorption.

Complementary XPS data were acquired as well. Figure 3 shows
the wide-scan traces recorded as a function of CMA exposure at
85 K. Signals for the expected elements, namely, copper, carbon, and
oxygen, were all detected, with trends in terms of signal intensity
compatible with uptake of the organic molecule on the surface.
The peak positions in terms of their binding energies (BEs) are also
reflective of this uptake: BEC1s = 284.7 eV for the C 1s signal, a
value typical of both aliphatic and aromatic hydrocarbons,34 and
BEO1s = 532.6 eV for the O 1s peak, as seen for other adsorbed

FIG. 3. Wide-scan XPS traces for CMA adsorbed Cu(110) as a function of
exposure.

FIG. 1. Representative TPD traces for CMA adsorbed on Cu(110). A 5.0 L
exposure was used, and dosing was carried out at 85 K. Results from two sepa-
rate runs are provided focusing on the low (a) and high (b) amu value ranges.
The high-amu detection experiment was performed with lower amu resolution to
enhance signal sensitivity.

FIG. 2. TPD traces for molecular (132 amu) (a) and styrene (104 amu)
(b) desorption from CMA-dosed Cu(110) as a function of exposure.
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unsaturated aldehydes;35 no appreciable shifts were measured as a
function of CMA exposure. The remaining peaks are all associated
with metallic copper, the substrate: BECu3p = 74.7 eV (Cu 3p),
BECu3s = 121.6 eV (Cu 3 s), BECuL3VV = 567.7 eV (Cu L3VV Auger
line; kinetic energy KECuL3VV = 918.9 eV), BECu2p3/2 = 932.7 eV (Cu
2p3/2), and BECu2p1/2 = 952.7 eV (Cu 2p1/2); the resulting value for the
Auger parameter (EAP = BECu2p3/2 + KECuL3VV = 1851.6 eV) attests to
the reduced nature of the metal surface.34

The TPD and XPS uptake data were quantified in order to
determine yields and the monolayer saturation exposure point. The
results are presented in Fig. 4. In terms of the TPD data [Fig. 4(a)],
saturation of both the CMA monolayer (at 410 K) and the styrene
production (190 K) occurs by exposures of between 4 and 5 L
(a little earlier in the latter case). Approximately two-thirds of the
desorbing molecules at that point are styrene, although this is only
a rough estimate as the mass spectrometer signals were not cali-
brated for individual molecular sensitivities. It is also worth notic-
ing that the yields for CMA lag those for styrene, indicating that
perhaps the first adsorbed molecules decompose and produce
styrene before reaching the onset of the first desorption peak
(∼180 K). After exposures beyond 5 L, the only peak that grows is
that for CMA at 240 K due to multilayer condensation. It is worth
noticing that the leading edge of this peak is identical, within experi-
mental error, in all traces, and that its maximum temperature shifts
to higher values with increasing exposure, all signs of the zero-order
kinetics expected for desorption from condensed layers.36

The XPS uptake data are consistent with the conclusion that
monolayer saturation occurs after exposures of about 4–5 L: most

traces in Fig. 4(b) show inflection points around that exposure
range, indicating a change in the nature of the adsorbed layer.
In terms of the Cu data, the inflection is more clearly seen in the
Cu 2p3/2 peak, as those photoelectrons have low kinetic energy
(KECu2p3/2 ∼ 500 eV) and therefore originate from the few top
layers; the Cu 3p photoelectrons, with their higher kinetic energy
(KECu3p∼ 1400 eV), can come from deeper layers within the bulk
and are therefore not as sensitive to changes in the topmost surface
layers.37 In addition, the C 1s XPS signal increases with increasing
CMA exposure but the slope becomes steeper after monolayer satu-
ration. Interestingly, the O 1s peak stops growing after monolayer
saturation, presumably because of a new molecular orientation
adopted by the CMA multilayers where the aromatic ring may
shield the aldehyde moiety. It should be also indicated that
although in Fig. 4 the absolute peak intensities are reported in arbi-
trary units, the signals were all corrected for their relative sensitiv-
ities in the hemispherical analyzer of the XPS instrument.38

Accordingly, it is significant that the signal intensity ratio between
the C 1s and O 1s peaks during the buildup of the first monolayer
is approximately C/OXPS,1L = 2.5 ± 0.5, much lower that what would
be expected based on the stoichiometry of the CMA molecule
(C/O = 9). This suggests an adsorption geometry with the oxygen
atom exposed and some carbon atoms partially shielded from the
outside vacuum, possibly because of the participation of the aro-
matic ring in the CMA bonding to the surface (perhaps via

FIG. 4. Quantitation of TPD (a) and XPS (b) peak intensities vs CMA exposure.

FIG. 5. Representative TPD traces for CMA adsorbed on an oxygen-pretreated
(30 L O2 at 500 K) Cu(110) surface. A 5.0 L exposure was used, and dosing
was carried out at 85 K. Results from two separate runs are provided focusing
on the low (a) and high (b) amu value ranges. The high-amu detection experi-
ment was performed with lower amu resolution to enhance signal sensitivity.
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pi-bonding, in the flat configuration suggested by the DFT data; see
below). This C/OXPS ratio does grow and approaches the expected
stoichiometric value as the condensed layer becomes thicker.

Finally, the adsorption of CMA on an oxygen-pretreated Cu
(111) surface was briefly probed by TPD. The motivation for this
test was twofold: (1) coadsorbed oxygen has been shown to stabilize
the adsorption and increase the uptake of oxygen-containing mole-
cules, including aldehydes39,40 and (2) Cu nanoparticles in sup-
ported catalysts may be partially oxidized by the trace amounts of
O2 or water often present in reaction mixtures under atmospheric
pressures and are likely to be the relevant surface in some hydroge-
nation catalysis.41,42 Representative traces from TPD data for 5.0 L
of CMA adsorbed on O/Cu(110) at 85 K are shown in Fig. 5. Many
similarities can be seen with the case of adsorption on the clean,
metallic Cu(110) (Fig. 1), in particular, the fact that peaks are
observed for the same amus, indicating the same desorbing prod-
ucts. On the other hand, the yields and the temperatures at which
desorption occurs do vary somewhat: styrene (78, 103, 104 amu)
still desorbs at 190 K (EO-Styrene1,TPD = 44 kJ/mol, multilayer), as in
clean Cu(110), but the two peaks for molecular CMA (131,
132 amu) are now seen at 250 K (EO-Multi,TPD = 59 kJ/mol, multi-
layer) and 280 K (EO-Mono,TPD = 66 kJ/mol, monolayer, overlapping
the multilayer feature). The first feature coincides, within experi-
mental error, with what was seen in Fig. 1, a result that is expected
because this desorption comes from condensed layers and therefore
should not be affected by the nature of the surface. CMA

desorption from the monolayer, on the other hand, occurs at an
∼130 K lower temperature, indicating weaker adsorption. The high-
temperature product, styrene and/or toluene, seen at 550 K on the
clean surface, is more clearly detected in this case (at the same tem-
perature), but there is less desorption of other decomposition prod-
ucts (the 51, 77, 78, and 103 amu traces) in the 150–400 K
temperature regime. Lastly, the relative yields of all these com-
pounds in the TPD are also similar in the two cases, on the clean
versus oxygen-predosed Cu(110) surfaces. On the whole, there is
no evidence to indicate that the preadsorbed oxygen aids in the
uptake of CMA on the Cu surface; if anything, it appears to
weaken its bonding to the surface.

B. Energetics and structural details of CMA adsorption
on Cu(111)

The thermal chemistry of CMA adsorbed on Cu surfaces
reported above may be better understood on the basis of the way the
molecule bonds to the surface. To that effect, we have carried out

FIG. 6. Optimized structures for isolated cis (a) and trans (b) CMA molecules,
estimated from DFT calculations. Their relative energies are reported as well.

TABLE I. DFT-calculated bond distances for the two isomers of free gas-phase
CMA.

Trans Cis

d(OZC1) (Å) 1.26 1.26
d(C1ZC2) (Å) 1.45 1.46
d(C2ZC3) (Å) 1.36 1.36
d(C3ZC4) (Å) 1.46 1.46

FIG. 7. Adsorption energies, from DFT calculations, for CMA as a function of
surface coordination. Data are provided for both cis and trans isomers and for
two surface coverages.
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complementary DFT calculations. For reference, the structure and
energetics of the gas-phase CMA were determined first. There are
two isomers (cis and trans, or E and Z) of this molecule, but the trans
configuration is the most stable and the main component of the com-
mercial liquid (according to the 1H NMR data provided by the manu-
facturer); our calculations estimate the energy difference between the
two to be approximately ΔEcis–trans,gas∼ 0.08 eV = 7.7 kJ/mol (Fig. 6),
the same as for crotonaldehyde, yielding an equilibrium composition
with about 95% trans-CMA at room temperature.43 The calculated
structural parameters of both isomers are reported in Table I.
The shorter OvC1 and C2vC3 bonds are a clear indication of their
double-bond character.

CMA adsorption on Cu(111) was calculated next. As indicated
in Sec. III, two different unit cells with (4 × 4) and (3 × 3) periodicity
were used to emulate low (θlow = 1/16ML) and high (θhigh = 1/9ML)
coverages, respectively. The adsorption energy Eads was calculated as

Eads ¼ ECMA@surface � Esurface � ECMA,

where ECMA@surface and Esurface are the total energies of the slab with
and without the cinnamaldehyde molecule, and ECMA is the total
energy of cinnamaldehyde in the trans configuration in the gas phase.
It is important to keep in mind that in this report more negative
adsorption energy values correspond to more stable configurations.

The energetics and the atomic structures obtained from our
DFT calculations are summarized in Figs. 7 and 8, respectively.
Figure 7 shows that for both low and higher coverages adsorption
of the cis isomer is more stable than adsorption of the trans isomer.
Nevertheless, the original molecule is mainly in its trans configura-
tion (as mentioned above) and that is the isomer expected to be seen
on the surface. It is also significant that the adsorption energy at low
coverages does not vary much regardless of the coordination mode
of the molecule to the surface. This is best illustrated by the case of
trans-CMA adsorbed on the (4 × 4) cell, where the adsorption
energy varies only between Etrans−low,DFT =−140 and −150 kJ/mol
when going from single coordination through the oxygen atom
(η1-O) to bonding via three atoms (η3-OC1C3). Only when the cov-
erage that is high, that is, when a small unit cell is used in the calcu-
lations, strong steric effects and intermolecular interactions cause
some coordinations to become less stable. It is curious that it is the
η1-O bonding mode the one that seems to show the largest destabili-
zation effect, as the adsorption energies in those cases are reduced to
values of about Ehigh,DFT∼−70 kJ/mol for both isomers. All this is to
be contrasted with our experimental TPD results, which yielded a
desorption energy for the monolayer of EMono,TPD = 98 kJ/mol, some-
where in between the values estimated by DFT.

Another important observation from the DFT results is that
the adsorption of cinnamaldehyde on Cu(111) is much stronger

FIG. 8. Optimized structures for the CMA adsorption
coordinations reported in Fig. 7.
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than that of other unsaturated aldehydes: the range of adsorption
energies reported here (Eads,CMA ∼ –140 to –150 kJ/mol, except for
the singly coordinated adsorption at high coverages) is at least
50 kJ/mol higher in absolute terms than our reported values for
crotonaldehyde (Eads,CRO∼ –75 kJ/mol)14 and our tentative esti-
mate for acrolein (Eads,ACR ∼ –90 kJ/mol). One possible explanation
for this discrepancy may be that in the case of CMA there is an
additional interaction between the aromatic ring and the surface,
perhaps via pi-bonding. In support of this hypothesis, we point to
the observation that in most of the optimized geometries for
adsorbed CMA reported in Fig. 8 the phenyl ring is close to the Cu
surface and oriented with its plane parallel or at most slightly tilted
with respect to that of the exposed metal plane. Moreover, the
energies for benzene and styrene adsorbed on Cu(111) in a flat
geometry were estimated [using the large (4 × 4) unit cell] to be
Eads,Benz = –96.9 kJ/mol and Eads,Styr = –130.9 kJ/mol, respectively,
values comparable to the ΔE = Eads,CMA – Eads,CRO difference dis-
cussed here. A flat aromatic ring adsorption was also inferred from
the XPS data, as discussed above in reference to the data in Fig. 4.
It should be kept in mind that such configurations may not be
stable at high coverages because of steric effects, and that more
tilted arrangements may be the norm then. A transition between
flat-lying and tilted aromatic rings on surfaces is common and has
been reported repeatedly in the past.36,44–47 However, at the high-

coverage end, the energy loss from tilting the rings away from the
surface may be compensated, at least in part, by pi-pi intermolecu-
lar interactions that require proximity possibly not available in the
CMA case; the end result is that η1-O adsorption appears viable for
θ = 1/9ML but with a much lower absolute adsorption energy
(Ehighθ,DFT ∼−70 kJ/mol) than what is estimated at θ = 1/16ML.

Finally, the structural parameters of CMA adsorbed on Cu
(111) in the different configurations identified in this study are
summarized in Tables II and III. At low coverages (θ = 1/16ML,
Table II), the changes in bond lengths seen upon adsorption are
very similar for the two (cis and trans) isomers. Specifically, an
increase in the OvC1 and C2vC3 bond lengths is seen in all cases,
indicating the rehybridization of these double bonds upon adsorp-
tion. For instance, d(OZC1) = 1.30–1.33 Å for the η1-O and
η2-OC2 configurations of both isomers, a distance much larger
than the d(OZC1)gas = 1.26 Å value seen in the free CMA molecule
(Table I), and similarly, d(C2ZC3)∼ 1.4 Å for those adsorbates,
somewhere in between what is expected for single and double
bonds. As expected, less rehybridization of the carbonyl group is
seen in the η2-C2C3 adsorption configurations, because in those
cases the CvO moiety does not significantly interact with the
surface; the same can be said for the CvC bond in the η1-O
adsorption mode. At the other extreme, all bond distances in the
cis η4 configuration have large values typical of single character,
even though the C3ZCu distance is quite long, indicating a weak
interaction. The distances of the C1ZC2 and C3ZC4 bonds are not
altered nearly as much and retain much of the single character seen
with the isolated molecule.

At higher coverages (θ = 1/9ML, Table III), only a few config-
urations are stable, and, for both the cis and trans isomers, the
most stable configuration is with multiple coordinations, η4. It
appears that this coverage is still low enough to allow for full inter-
action between the adsorbate and the surface. Also, the structural
parameters in this case do not change much compared with those
seen at the lower coverage.

V. DISCUSSION AND CONCLUSIONS

As stated in Sec. I, the aim of this work was to develop an
understanding of the adsorption and surface chemistry of cinna-
maldehyde on copper surfaces in order to contrast them with the
behavior of other unsaturated aldehydes (acrolein, crotonaldehyde)

TABLE II. Structural parameters for the optimized configurations of cinnamaldehyde on Cu(111) at low coverage (θ = 1/16 ML).

Trans-CMA Cis-CMA

(4 × 4) Unit cell η1-O η2-OC2 η2-C2C3 η2-C2C3+ring η3-OC1C3 η1-O η3-OC2C3 η4

d(OZC1) (Å) 1.30 1.33 1.27 1.26 1.35 1.32 1.33 1.37
d(C1ZC2) (Å) 1.43 1.43 1.45 1.45 1.42 1.42 1.42 1.41
d(C2ZC3) (Å) 1.38 1.41 1.41 1.43 1.43 1.39 1.42 1.44
d(C3ZC4) (Å) 1.44 1.44 1.44 1.43 1.46 1.45 1.46 1.45
d(OZCu) (Å) 2.13 2.11 Z Z Z 2.02 2.03 2.14
d(C1ZCu) (Å) Z Z Z Z 2.17 Z Z 2.22
d(C2ZCu) (Å) Z 2.32 2.40 2.21 Z Z 2.39 2.45
d(C3ZCu) (Å) Z Z 2.27 2.32 2.22 Z 2.23 2.19

TABLE III. Structural parameters for the optimized configurations of cinnamalde-
hyde on Cu(111) at high coverage (θ = 1/9 ML).

Trans-CMA Cis-CMA

(3 × 3) Unit cell η1-O η4 η1-O η3-OC1C2 η4 η4’

d(OZC1) (Å) 1.28 1.35 1.30 1.33 1.33 1.34
d(C1ZC2) (Å) 1.42 1.44 1.42 1.43 1.44 1.43
d(C2ZC3) (Å) 1.37 1.40 1.37 1.42 1.41 1.41
d(C3ZC4) (Å) 1.45 1.46 1.44 1.46 1.46 1.46
d(OZCu) (Å) 2.07 2.13, 2.19 2.05 2.00 2.01 2.02
d(C1ZCu) (Å) Z 2.18 Z Z 2.30 2.19
d(C2ZCu) (Å) Z 2.25 Z 2.17 2.20 2.23
d(C3ZCu) (Å) Z 2.45 Z Z 2.50 2.41
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and to correlate with reported catalytic behavior. It was determined,
on the basis of results from TPD experiments, that adsorption of
CMA on Cu(110) leads to partial decomposition even at cryogenic
temperatures, as a desorption peak for styrene is seen at 190 K.
On the other hand, the remainder of the molecular adsorbates
binds fairly strongly to the Cu surface, EMono,TPD = 98 kJ/mol.
Even higher monolayer binding energies were estimated by DFT
(Elowθ,DFT =−140 to −150 kJ/mol), but the discrepancy may be
attributed to coverage effects; adsorption at higher coverages can be
as weak as Ehighθ,DFT =−70 kJ/mol. These energies do not vary much
with coordination structure at low coverages, as similar values were
calculated for the whole range between η1 and η4 bonding, but more
discrimination and preference for less coordination (η1-O), even if at
lower energies, may be seen at high coverages. A second styrene
desorption peak was also observed in the TPD traces at 550 K, corre-
sponding to EStyrene2,TPD = 133 kJ/mol.

This dynamics between surface coverage and adsorption
energy may play a critical role in the TPD results as well as in the
catalytic observations reported by others in the past. In TPD, cover-
ages vary as desorption takes place, so the initial high coverages
may lead to weak adsorption, which in turn facilitates partial
desorption. Once the low-temperature desorption peaks reach a
determined yield, however, the surface coverage of the remaining
adsorbates is reduced and the adsorption geometry changes to mul-
tiple coordination, increasing the adsorption energy. This is typical
with aromatic compounds and justifies the detection of the high-
temperature desorption peaks for CMA and styrene seen in the
TPD results. Critically, a different dynamics takes place under cata-
lytic conditions, where the adsorbate may reach a high steady-state
coverage and therefore does not experience the high-temperature
TPD behavior described above. Therefore, a η1-O coordination
may be the relevant intermediate during catalytic hydrogenations,
accounting for the observed selectivity toward the unsaturated
alcohol.

Two more observations derive from this work that are worth
mentioning. The first is the fact that CMA appears to bind to Cu
much more strongly than either acrolein or crotonaldehyde. This
was accounted for here by the extra pi interaction of the aromatic
ring in CMA with the surface. The difference is clearly relevant to
the adsorption behavior seen in the model single-crystal surfaces,
but may not be as important during catalysis, again because of the
higher coverages involved under those conditions. On the other
hand, additional intermolecular pi-pi stabilizing interactions not
seen in UHV may participate. This would need to be explored
further.

Lastly, the effect of coadsorbed oxygen was briefly tested. The
stabilizing effect seen with alcohols and expected for aldehydes was
not seen here, however. Indeed, no significant increase in CMA
uptake by the surface was detected upon predosing oxygen atoms,
and a significant weakening of the monolayer molecular adsorption
was measured instead, with the TPD desorption energy decreasing
from EMono,TPD = 98 kJ/mol to EO-Mono,TPD = 66 kJ/mol. Styrene
production was still seen at the same high temperature (550 K) as
on the clean Cu, however, indicating that adsorption at low cover-
ages may not change much upon oxygen coadsorption. It would
appear that surface coverage rather than oxidation state defines the
surface chemistry in these systems.
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