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Abstract
The surface structure of the disordered overlayer formed by ethylene adsorption on Pdð1 1 1Þ at 80 K is determined
by low-energy electron diﬀraction (LEED) from the eﬀects of chemisorbed molecules on the intensity versus beam
energy ðI=EÞ variation of the substrate ð1  1Þ Bragg spots. It is shown that ethylene is di-r-bonded on clean Pdð1 1 1Þ,
where the measured geometry is in agreement with the results of previous density functional theory (DFT) calculations.
The structure of a disordered overlayer of ethylene on hydrogen-covered Pdð1 1 1Þ at 80 K is also measured using LEED
and is found to form a p-bonded species in accord with previous infrared results.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The surface chemistry of ethylene has been
extensively studied on late transition-metal surfaces since these are generally active ethylene
hydrogenation catalysts [1]. This reaction on palladium is of special interest since it provides the
basis for a particularly selective catalyst for the
production of polymer-grade ethylene, allowing
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small concentrations of acetylene in ethylene
feedstocks to be selectively hydrogenated to ethylene, without ethylene hydrogenation to ethane
[2–5]. It has been found that ethylene adsorbs in a
di-r conﬁguration on clean Pdð1 1 1Þ [6–8], but
converts to p-bonded species on a hydrogen-covered surface [6]. The p-bonded species, being more
weakly adsorbed, are proposed to react preferentially with hydrogen to form ethane [9–13]. It has
been demonstrated that subsurface rather than
surface hydrogen is responsible for the rehybridization of ethylene on Pdð1 1 1Þ at low temperatures [14]. Unfortunately, there is a paucity of
structural measurements of ethylene adsorbed on
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transition-metal surfaces, primarily since it does
not form ordered overlayers and is therefore not
amenable to standard LEED intensity versus energy ðI=EÞ structural analyses. An eﬀort has been
made to overcome this problem by using the diffuse background scattering in LEED to measure
the structure of ethylene on Ptð1 1 1Þ [15]. An
arrangement of tilted ethylene species, adsorbed
on face-centered-cubic (fcc) and hexagonal-closepacked (hcp) sites was proposed on Ptð1 1 1Þ at a
temperature of 200 K [15]. Since the diﬀuse background scattering is very weak, however, such
measurements are extremely diﬃcult. Held and
Steinr€
uck [16] have proposed the analysis of the
intensities of the specular LEED spot to overcome
this problem. We have recently demonstrated that
the eﬀect on all the substrate ð1  1Þ Bragg spots
due to the presence of an adsorbed layer is
approximately two orders of magnitude larger
than the diﬀuse scattering [17]. This increased
intensity makes it much easier to collect diﬀraction
data from disordered overlayers. Use of the
intensities of several Bragg spots facilitates the
determination of the structures of such systems.
This idea has been previously exploited by Gautier
et al. [18] to examine the surface composition and
structure of disordered alloys, and by Schwennicke
et al. [19] and Seitsonen et al. [20] to study disordered adsorbates on surfaces. The LEED calculations were performed for (relatively large)
overlayer unit cells of the same coverage, H, as the
disordered overlayer. We have pointed out in our
recent study of a disordered overlayer of methanol
on Pdð1 1 1Þ [17] that the I=E curves of the integerorder (or ð1  1Þ Bragg) spots in such cases may
be calculated to a very good approximation
much more rapidly by assuming a ð1  1Þ overlayer of artiﬁcial molecules with a scattering factor
reduced by a factor H. The structure of acetylene
[21] on Pdð1 1 1Þ was measured both from the
overlayer and ð1  1Þ spots, where both methods
yielded identical structures. In the following, this
strategy is used to determine the structures of
ethylene on clean and hydrogen-covered Pdð1 1 1Þ
in order to correlate this information with their
observed infrared spectra and to provide insights
into the ethylene hydrogenation chemistry on
Pdð1 1 1Þ.

2. Experimental
LEED measurements were carried out in a
doubly l-metal shielded, ultrahigh vacuum chamber operating at a base pressure of 5 · 1011 Torr.
The experimental method has been previously described in detail [17]. Brieﬂy, the LEED patterns of
the surface were photographed as a function of
incident energy using a Nikon Coolpix digital
camera (5.0 MPixel resolution) and the images
stored on an IBM Smartcard memory (1 Gbytes).
The images were then downloaded to a personal
computer for subsequent analysis where the I=E
curves were generated by measuring the intensity
of the diﬀraction spots using NIHImage [22].
The Pdð1 1 1Þ single crystal was cleaned using a
standard protocol and its cleanliness monitored
using Auger spectroscopy and temperature-programmed desorption collected following oxygen
adsorption. The ethylene (Matheson, Research
Grade) and hydrogen (Praxair, 99.9999%) were
transferred to glass bottles, which were attached to
the gas-handling line for introduction into the
vacuum chamber.

3. Calculations
The I=E curves for the adsorbed layer were
simulated from a standard LEED computer program by a calculation for an ordered overlayer of
the smallest possible ð1  1Þ periodicity with fractional occupancy of the same magnitude as the
coverage H. The notion that a calculation involving only integer-order beams may be suﬃciently
accurate for practical calculations of the integerorder Bragg spots for large unit-cell overlayers
may be regarded as a special case of the beam set
neglect method [23]. The extra simpliﬁcation
introduced in the present paper is that the quasidynamical treatment [24] of the adlayer allows it to
be treated as literally a ð1  1Þ overlayer with an
adsorbate scattering factor of each of the constituent atoms reduced by a factor of H. For a nearly
ﬂat-lying carbon–carbon bond, which is the case
for the molecules studied here, this reduces the
molecular scattering factor by the same amount H
within the quasidynamical approximation. Such
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an analysis of the data of integer-order Bragg
spots may be used to ﬁnd the structures of both
ordered and disordered adsorbates, as shown by a
recent determination of the structures of disordered methanol (CH3 OH) on Pdð1 1 1Þ [17] and
ordered acetylene (C2 H2 ) on Pdð1 1 1Þ [21].
The general methodology of our calculations
was the following: the angles of incidence of the
electron beam for both the clean and adsorbatecovered surfaces were determined using a standard
LEED package [25] to ﬁnd the best ﬁt of calculated I=E curves to the clean Pdð1 1 1Þ data. A
constrained global search was then conducted for
the adsorbate-covered surfaces with the bond
length, inclination of the C–C axis and substrate
atoms ﬁxed. The approximate structural model
obtained by the global search was used as a reference point for structural reﬁnement, which allows for variations of substrate atom positions
using automated tensor LEED [26].

4. Results and discussion
4.1. Structure of ethylene on clean Pdð1 1 1Þ
It has been shown previously that di-r-bonded
species found at 80 K on the clean Pdð1 1 1Þ surface
exhibit an infrared peak at 1103 cm1 , assigned to
a CH2 wagging mode [6]. This vibrational frequency suggests that ethylene is rehybridized on
the Pdð1 1 1Þ surface, but to a lesser extent than on
Ptð1 1 1Þ [27] and Nið1 1 1Þ [28], and to a greater
extent than on Ruð0 0 0 1Þ [29]. The relative intensities of the features indicate that the ethylenic
carbon–carbon axis lies parallel to the surface. No
ordered LEED structures are observed for this
species. The LEED I=E curves of the ð1  1Þ spots
were collected for clean and ethylene-covered
surfaces (following a 2.5 L exposure, 1 L ¼ 1 · 106
Torr). Note that exposures are not corrected for
ionization gauge sensitivities. Based on molecular
beam experiments, this exposure leads to a coverage of 0.25 monolayers (where a monolayer is
deﬁned relative to the Pd atom density on the
ð1 1 1Þ surface). A coverage lower than saturation
was selected to avoid possible complications due to
second-layer adsorption [6]. Typical experimental
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LEED I=E curves for six ð1  1Þ beams are shown
in Fig. 1 (solid line), which plot the spot intensities
in arbitrary units versus the beam energy. In view
of the infrared results, the carbon–carbon bond of
ethylene was constrained to be parallel to the
surface and the carbon–carbon bond length ﬁxed
 almost midway between the double
at 1.45 A,
 and the single bond length
bond length of 1.35 A
 [30]. This value will be allowed to relax
of 1.54 A
in a ﬁnal tensor-LEED reﬁnement. In addition, the
palladium–palladium distances were ﬁxed at their
 [30]. The vertical
bulk palladium value of 2.75 A
distance of the adsorbed ethylene molecule to the
Pdð1 1 1Þ surface was allowed to vary between 1.7
 in steps of 0.1 A,
 and the azimuthal
and 2.1 A
rotation angle of the carbon–carbon bond around
a normal to the surface was varied in steps of 30.
A global structural search was carried out to ﬁnd
the minimum Pendry R-factor [31] over the range
of heights and angles described above for one of
the carbon atoms located at each of 21 points
distributed throughout the reduced Wigner–Seitz
cell (indicated in Fig. 2). The resulting contour
map of the Pendry R-factor of one of the carbon
atoms (designated C1 ) within the reduced Wigner–
Seitz cell, for the height of the molecule above the
 and the C–C azimuthal angle (0)
surface (1.9 A)
that yielded the lowest overall R-factor, is displayed in Fig. 2. Also marked on this ﬁgure are the
positions of the atop, bridge and the two types of
three-fold hollow sites as well as the position with
the minimum Pendry R-factor. The value of DR is
0.02 [31] for the total experimental energy range
used in these experiments, indicating that the
minimum value in the contour plot of Fig. 2 is
statistically signiﬁcant.
This geometry was then used as the input to a
tensor LEED calculation. This was performed for
various coverages of the ﬂat-lying species and
yielded the lowest R-factor value at 0.25 monolayers, in accord with the coverage expected from
the ethylene exposure. The ﬁnal result gave an Rfactor of 0.31. The resulting structure is depicted
in Fig. 3, where the hydrogen atoms, not determined by LEED, have been added for clarity,
and the relevant coordinates summarized in Table
1. The LEED experiment and resulting structure
determinations were carried out at least three
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Fig. 1. Typical LEED I=E curves for ethylene (2.5 L) adsorbed on Pdð1 1 1Þ at 80 K (solid line). Shown for comparison are the
calculated curves for the best-ﬁt structures for a parallel ethylene structure (dotted lines, see text).

times. The error in the geometry shown in Table
1 was determined by measuring the change in Rfactor as a function of each parameter and
deﬁning in the error in the parameter as that for
which the R-factor changes by 0.02 [31]. The
lowest R-factor for a parallel structure is for
adsorption at a short-bridge site with a carbon–
 in agreecarbon bond length of 1.42 ± 0.09 A,
ment with the value expected for a di-r-bonded

species. The geometry of this species is very close
to that found from density functional theory
(DFT) calculations [7,32], which also predict an
ethylene species bonded across the short bridge
on the surface with a carbon–carbon bond length
 and a palladium–carbon distance of
of 1.45 A

2.19 A, although the latter value is somewhat
longer than the value measured from LEED

(1.96 ± 0.05 A).
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Fig. 2. Typical contour map of the Pendry R-factor for ethylene adsorbed on Pdð1 1 1Þ at 80 K as a function of position of one of the
carbon atoms (designated C1 ) within the reduced Wigner–Seitz cell, with the ethylenic carbon–carbon bond constrained to be parallel
 The vertical distance of the molecule to the surface is varied from 1.7 to 2.1 A
 in steps of 0.1 and the
to the surface and ﬁxed at 1.45 A.
molecule allowed to rotate azimuthally in steps of 30.

Fig. 3. Schematic depiction of the structure of di-r-bonded
ethylene formed at 80 K on Pdð1 1 1Þ: (a) top view and (b) side
view.

In previous analyses of the diﬀuse LEED pattern for ethylene on Ptð1 1 1Þ, two tilted structures
were found; one located above the hcp site with the
C–C axis tilted at 20, and a second species also
with the C–C axis tilted at 20 with respect to the
surface located above the fcc site [15]. In view of
this, a global search was carried out, similar to that
done for the parallel species above, but now with
the carbon–carbon bond tilted with respect to the
surface by 20. A contour plot of Pendry R-factors
within the reduced Wigner–Seitz cell was constructed in a similar manner as described above,
where now the minimum indicates that C1 is located close to the hcp three-fold hollow site, with a
similar Pendry R-factor as found for the di-rbonded species above. A tensor LEED calculation
was then performed for a surface comprising a
mixture of both the parallel (di-r-bonded) and
tilted species with various proportions of each.
The Pendry R-factor was plotted as a function of
the proportion of the tilted species (the remainder
being di-r-bonded ethylene), which yielded a
minimum at about 15% tilted species. However,
the change in the value of the Pendry R-factor as a
function of proportion of the tilted species was
0.02, within the precision of the R-factor [31] so
that no deﬁnitive conclusion can be arrived at
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Table 1
Measured distances for di-r-bonded ethylene on clean Pdð1 1 1Þ
at 80 K from an analysis of the LEED I=E curves compared
with the calculated structure for di-r-bonded ethylene on
Pdð1 1 1Þ

d(C–C)/A

d(C1 –Pd)/A

d(C2 –Pd)/A

dz (C–Pd)/A
Htilt (C–C)/

80 K

DFT calculation [7,32]

1.42 ± 0.09
1.96 ± 0.05
1.96 ± 0.05
1.85 ± 0.05
2±4

1.45
2.19
2.19
2.10
0

concerning the presence of a tilted species. Further
experiments will be carried out using a larger energy range to attempt to unequivocally identify the
presence of a co-adsorbed, tilted ethylenic species.
4.2. Structure of ethylene on hydrogen-covered
Pdð1 1 1Þ
Previous RAIRS studies of ethylene on hydrogen-covered Pdð1 1 1Þ reveal that the presence of
sub-surface hydrogen causes di-r-bonded ethylene
to convert into a more weakly adsorbed, p-bonded
species [6,14]. It has been shown that the relative
proportions of p-and di-r-bonded species vary
linearly with hydrogen coverage. It was further
demonstrated, by taking advantage of the fact that
the ratio of surface and subsurface hydrogen depends on the temperature [33,34], that the formation of p-bonded ethylene was induced by the
presence of sub-surface hydrogen [14].
LEED I=E curves were measured with the
sample held at 80 K after the surface had been predosed with 10 L of hydrogen to form a saturated
overlayer, and then exposed to 2.5 L of ethylene.
The resulting data were analyzed in a similar
manner as for di-r-bonded ethylene; a global
structural search was carried out with ethylene
lying parallel to the surface, the bond length ﬁxed
 and the palladium–palladium distance
at 1.40 A,
 The position of
ﬁxed at the bulk value (2.75 A).
one of the carbon atoms was varied over 21 points
within the reduced Wigner–Seitz cell, the vertical
distance from the ethylenic carbon atoms to the
 in
palladium surface varied between 1.9 and 2.3 A

steps of 0.1 A, and the azimuthal C@C angle
varied in steps of 30. The resulting structural

Fig. 4. Depiction of the structure of p-bonded ethylene formed
at 80 K on hydrogen-covered Pdð1 1 1Þ: (a) top view and (b) side
view.

parameters were used as an input to the tensor
LEED program. Note that this program allows
both the palladium and carbon atoms to relax and
yielded an R-factor of 0.31 for the best structure.
The resulting geometry is displayed in Fig. 4,
where again the hydrogen atoms have been added
for clarity. This reveals that ethylene now adsorbs
over an atop site with the C@C axis essentially
parallel to a vector joining nearest-neighbor palladium atoms on the ð1 1 1Þ surface, and the
resulting structural parameters are shown in Table
2. This reveals a slight tilt (of 2 ± 4), within the
precision of the measurement and indicates that
the C@C bond is essentially parallel to the surface.
 where again the
The bond length is 1.45 ± 0.10 A,
error is estimated using the method suggested by
Pendry [31], and is approximately the same as
found for di-r-bonded ethylene. However, the
accuracy of distances parallel to the surface measured by LEED is not high. The structure of
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Table 2
Calculated distances for p-bonded ethylene on hydrogen-covered Pdð1 1 1Þ at 80 K from an analysis of the LEED I=E curves
compared with the calculated structure for p-bonded ethylene

d(C–C)/A

d(C1 –Pd)/A

d(C2 –Pd)/A

dz (C–Pd)/A
Htilt (C–C)/

80 K

DFT calculation [7,32]

1.45 ± 0.10
2.28 ± 0.12
2.28 ± 0.12
2.17 ± 0.12
2±4

1.40
2.24
2.24
2.13
0

p-bonded ethylene has been calculated on Pdð1 1 1Þ
using DFT [7,32] and predicts ethylene adsorption
on an atop site with the carbon–carbon axis oriented as shown in Fig. 4. The calculated carbon–
 in satisfactory
carbon bond length is 1.395 A,
agreement with the measured value (Table 2) and
the calculated carbon–palladium distance is 2.24
 in excellent agreement with the value measured
A,
 DFT calculations
by LEED (2.28 ± 0.12 A).
further suggest that the p-bonded species interacts
only weakly with the surface primarily through
van der Waals interactions with a heat of
adsorption of 27–30 kJ/mol. Temperature-programmed desorption data show that ethylene desorbs from hydrogen-saturated Pdð1 1 1Þ at 220
K [35].

5. Conclusions
LEED determinations of the structure of ethylene on Pdð1 1 1Þ at 80 K show the presence of
both di-r-bonded ethylene. LEED also conﬁrms
that ethylene forms a p-bonded species on hydrogen-covered Pdð1 1 1Þ. The structures of p- and dir-bonded ethylene and the vinyl species are all in
good agreement with the results of DFT calculations.
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