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a b s t r a c t

Combining molecular beam (MB) techniques, reflection–absorption infrared spectroscopy (RAIRS), and
temperature-programmed desorption (TPD), we have investigated the adsorption and kinetics of conver-
sion of cis- and trans-2-butene with deuterium on a well-defined model supported Pd catalyst. Particular
emphasis was placed on the quantitative comparison of the reaction rates of the competing cis-trans
isomerization and hydrogenation pathways between both steric isomers. It was observed that the reac-
tion temperature critically affects the cis-trans selectivity of 2-butene in both reaction paths. At low-tem-
peratures (195–210 K), cis-2-butene shows higher activity toward both hydrogenation and isomerization
reactions han the trans isomer. At temperatures above 250 K, on the other hand, very similar reaction
rates were found for both isomers. Remarkably, deposition of sub-monolayer amounts of strongly dehy-
drogenated carbonaceous species on the Pd particles results in a significant decrease of the cis-trans isom-
erization rate for trans-2-butene, but does not affect the rate of this pathway for the cis isomer.
Additionally, under high-temperature conditions (250–260 K), co-deposited carbon was shown to assist
the catalytic and sustained hydrogenation of both cis- and trans-2-butene, both at similar rates.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Tuning selectivity in hydrocarbon conversions toward desirable
reaction pathway is one of the major tasks in catalysis research,
and is essential for many industrial processes [1–3]. In particular,
controlling selectivity in the formation of cis- vs. trans-olefins has
a significant practical importance for the production of cis fatty
unsaturated acids during the partial hydrogenation of natural edi-
ble oils [4,5]. Although conventional catalytic studies [6–8] and
more modern surface-science work [9–11] have provided much in-
sight into the microscopic details of hydrocarbon conversions, a
detailed understanding of the phenomena controlling cis-trans
selectivity is still not available [12,13].

In the past, it has been difficult to test selectivity in carbon–carbon
double bond isomerizations using traditional surface-science
techniques because many of them are not suitable to discriminate be-
tween cis and trans isomers [14], but Lee and Zaera have recently
developed an approach to overcome this limitation via the use
of H–D exchange reactions as proxies for cis-trans isomerizations
[15]. Interestingly, they found that isomerization of trans-2-bu-
tene to its cis counterpart is easier than the opposite cis-to-trans
isomerization on Pt(1 11) surfaces [15–17]. This unusual catalytic
behavior [18–22], resulting in the formation of the thermodynam-
ll rights reserved.
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ically less stable gas phase product – cis-2-butene – at a signifi-
cantly faster rate, was ascribed to differences in the stability of
cis- and trans-isomers on the closed-packed (111) plane [23].
Based on these considerations, it was predicted that the structure
of the catalytic surface should have a pronounced effect on
cis-trans transformations [23,24]. Evidence for this using
shape-controlled catalysts has in fact been acquired recently for
platinum [24,25].

To test the generality of the preceding conclusion to other met-
als, in this report we present a comprehensive study on the relative
stability and reactivity of cis- vs. trans-2-butene on a realistic mod-
el catalytic surface consisting of supported palladium nanoparti-
cles grown in situ on a planar Fe3O4/Pt(111) thin film under ultra
high vacuum (UHV) conditions. Such well-defined, oxide-
supported catalyst is simple enough to allow for a detailed
characterization of their microscopic structure by a variety of
surface-science techniques, yet sufficiently complex to still mimic
specific important features of real catalysts [26–30]. We applied a
combination of molecular beam methods, TPD, and reflection–
absorption infrared spectroscopy (RAIRS) [31] to obtain detailed
information on the stability and reactivity of 2-butenes on these
supported Pd nanoparticles.

Particular emphasis is placed on a quantitative comparison
between the reactivity of the two conformational isomers of
2-butene – cis and trans – in competing cis-trans isomerization
and hydrogenation reaction pathways. Recent work in our
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laboratory on the conversion of cis-2-butene with deuterium on
this model catalyst has led to the conclusion that the activity and
selectivity toward cis-trans isomerization and hydrogenation criti-
cally depend on the presence of dehydrogenated carbonaceous
deposits resulting from decomposition of the reactants [32–34].
In this study, we evaluate the role of such carbonaceous species
in the cis- vs. trans-2-butene conversions. Two different tempera-
ture reaction regimes were found: a low-temperature range, below
approximately 220 K, where cis-2-butene shows a significantly
higher reactivity in both cis-trans isomerization and hydrogenation
reactions than its trans-counterpart, and a higher-temperature re-
gime, above �250 K, where very similar reaction rates are mea-
sured for both conformational isomers. The presence of strongly
dehydrogenated carbonaceous species on the surface was found
to affect the reactivity of cis- and trans-2-butene and their selectiv-
ity toward cis-trans isomerization and hydrogenation in signifi-
cantly different ways. Possible molecular-level explanations for
these phenomena based on the kinetic data are discussed.
Fig. 1. Scanning tunnelling microscopy (STM) image (100 nm � 100 nm, inset:
20 nm � 20 nm) of the Pd/Fe3O4/Pt(111)-supported model catalyst used in the
experiments. The Pd particles exhibit mostly (111) facets (the top and three of side
facets) and smaller fraction of the (100) facets (three side facets).

Fig. 2. RAIR spectra for the Pd/Fe3O4/Pt(111) catalyst after sequentially dosing
280 L of deuterium and 0.85 L of cis- (black traces) and trans-2-butene (gray traces)
at 100 K.
2. Experimental

All molecular beam (MB), TPD, and RAIRS experiments were
performed at the Fritz–Haber-Institut (Berlin) in a UHV apparatus
described in detail previously [31]. Briefly, two molecular beams,
of D2 and either cis- or trans-2-butene, were crossed on the sample
surface. An effusive doubly differentially pumped multi-channel
array source was used to supply the D2, modulated using re-
mote-controlled shutters and valves. Beam intensities for D2 of
3.2 � 1015 molecules cm�2 s�1 were used in these experiments.
The source was operated at room temperature, and the beam diam-
eter was chosen such that it exceeded the sample diameter. A super-
sonic beam, generated by a triply differentially pumped source and
modulated by a solenoid valve and a remote-controlled shutter,
was used to dose the cis and trans-2-butenes (Aldrich, >99%) at
an intensity of 5.6 � 1012 molecules cm�2 s�1 (typical backing
pressure: 1.15 bar). The diameter of this beam was chosen to be
smaller than that of the sample for the experiments discussed here.
An automated quadrupole mass spectrometer (QMS) system (ABB
Extrel) was employed for the continuous and simultaneous moni-
toring of the partial pressures of the reactants (2-butene, followed
by the signal of the C3Hþ5 fragment at 41 a.m.u. because of experi-
mental reasons) and products (2-butene-d1, C3H4D+ fragment at
42 a.m.u.; 2-butene-d2, C3H3Dþ2 fragment at 43 a.m.u.; butane-d2,
C3H5Dþ2 fragment at 45 a.m.u., and butane-d3, C3H4Dþ3 fragment
at 46 a.m.u.). All QMS data have been corrected to account for
the natural abundance of 13C in the hydrocarbons. TPD experi-
ments were carried out in the same vacuum system and by using
the same QMS instrumentation. Linear heating ramps for the sam-
ple were set to a value of 3.5 K s�1. RAIRS data were acquired by
using a vacuum Fourier-Transform Infrared (FT-IR) spectrometer
(Bruker IFS 66v/S) with a spectral resolution of 2 cm�1 and using
a mid-infrared (MIR) polarizer and p-polarized IR light.

The Pd/Fe3O4 model catalyst was prepared as follows: the thin
(�100 Å) Fe3O4 film was grown on a Pt(111) single crystal surface
by repeated cycles of Fe (>99.99%, Goodfellow) physical vapor
deposition and subsequent oxidation (see [35–38] for details).
The cleanliness and quality of the oxide film were checked by
RAIRS of adsorbed CO and by LEED. Pd particles (>99.9%, Goodfel-
low) were then grown on this film by physical vapor deposition
using a commercial evaporator (Focus, EFM 3, flux calibrated by
a quartz microbalance) while keeping the sample temperature
fixed at 115 K. During Pd evaporation, the sample was biased in or-
der to avoid the creation of defects by metal ions. The final Pd cov-
erage used in these experiments was 2.7 � 1015 atoms cm�2.
Finally, the resulting surfaces were annealed to 600 K, and
stabilized via a few cycles of oxygen (8 � 10�7 mbar for 1000 s)
and CO (8 � 10�7 mbar for 3000 s) exposures at 500 K before use
[38]. An STM image of the model surface resulting from this prep-
aration is shown in Fig. 1. This surface displays Pd particles with an
average diameter of 7 nm containing approximately 3000 atoms
each, and covering the support uniformly with an island density
of about 8.3 � 1011 islands cm�2 [38]. The majority of the particles
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are well-shaped crystallites grown in the (111) orientation, and
are predominantly terminated by (111) facets (�80%), but a small
fraction of (100) facets (�20%) is also exposed.

For carbon deposition, 0.85 Langmuir (1 L = 10�6 Torr s) of 2-bu-
tene was adsorbed on the Pd clusters pre-exposed to 280 L of D2 at
100 K and decomposed by heating to 485 K (see [32] for details).

3. Results and discussion

3.1. cis- and trans-2-butene adsorption on Pd/Fe3O4: RAIRS

First, the adsorption of cis- and trans-2-butenes on the sup-
ported Pd nanoparticles was investigated and compared by RAIRS.
Fig. 2 shows the RAIRS data obtained after sequential exposures of
the Pd/Fe3O4 surface to 280 L of D2 and 0.85 L exposures of either
cis- or trans-2-butene at 100 K; these exposures were chosen to as-
sure near saturation of the surface with deuterium and molecular
butene. Four main absorption bands are seen in the spectrum of
trans-2-butene: two at 1445 and 2907 cm�1, corresponding to
the fundamental and first overtone mode of the asymmetric defor-
mation of the terminal methyl moieties (das(CH3)), also visible in
the data for the cis isomer [32], and two distinctly resolved vibra-
tional bands at 2937 and 2956 cm�1 associated with asymmetric
C–H stretching modes (mas(CH3)) [39–41]. The frequencies of all
these modes are quite close to those seen for trans-2-butene in
the gas phase, implying minimal molecular distortion upon
adsorption (most likely via p bonding), but the fact that the latter
Fig. 3. TPD traces from our Pd/Fe3O4 model catalyst after sequential dosing of 280 L of D2

for (a) molecular desorption of the starting reactant; (b) H2 desorption from butene deh
butene, respectively; and (d) butane-d2 from deuteration of both starting reactants are
two C–H asymmetric stretching modes are not seen in the RAIRS
spectra of the cis-2-butene suggests a different adsorption geome-
try for the two isomers. Also worth noting is the absence of any sig-
nal for the vibrational band at around 1660 cm�1 corresponding to
the C@C stretching mode, m(C@C), which, based on the selection
rule that applies to infrared absorptions on metal surfaces
[42,43], hints at an adsorption with the C@C double bond parallel
to the surface. Note that the applicability of the metal surface
selection rule is ensured by the presence of both the planar ex-
tended Pt(111) substrate underlying the oxide film and the metal
nanoparticles. It should be noted that p bonding, as seen here, is
known to dominate on hydrogen (or deuterium)-predosed plati-
num surfaces [44], even if some rehybridization is still seen on
the clean surface of that metal [16].

3.2. cis- and trans-2-butene conversion on Pd/Fe3O4 in the presence of
coadsorbed deuterium: TPD

The surface chemistry of both cis and trans 2-butene on the Pd
particles pre-saturated with deuterium was investigated next.
Fig. 3 displays the TPD spectra obtained after dosing 0.85 L of
either alkene on the Pd particles pretreated with 280 L of molecu-
lar deuterium at 100 K. Both cis- and trans-2-butene show a multi-
layer molecular desorption peak at about 145 K and a monolayer
desorption feature at 185 and 173 K for the cis and trans isomers,
respectively. The difference in peak temperature between
the two isomers in the latter feature indicates slightly stronger
and 0.85 L of cis- (black traces) and trans-2-butene (gray traces) at 100 K. The traces
ydrogenation; (c) trans- and cis-2-butene-d1 from isomerization of cis- and trans-2-
shown.
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adsorption of the cis conformer: the adsorption energies are esti-
mated (by using Redhead’s equation [45] and a preexponential fac-
tor of 1015 s�1) at 47 and 44 kJ mol�1, respectively. Higher
adsorption stability for the cis isomer was previously observed by
TPD both on pristine (that is, not hydrogen- or deuterium-pre-
treated) Pd particles [32,46] and on Pt(111) [15,16]. It was ex-
plained by its ability to reduce any steric repulsion between the
methyl-groups and the surface via tilting of the molecular plane,
hence minimizing the degree of surface reconstruction required
[23,24]. On the other hand, molecular adsorption of either isomer
is considerably weaker on the deuterium-precovered vs. pristine
Pd/Fe3O4, and the absolute molecular desorption yield is about
70% larger, pointing to a lower extent of decomposition.

Hydrogen desorption from butene decomposition shows nearly
identical behavior for both cis and trans isomers, and occurs in sev-
eral stages peaking at 285 and 385 K (Fig. 3b). Since recombinative
desorption of hydrogen atoms on the Pd particles occurs between
200 and 370 K [47], the broad feature at 285 K might be attributed
either to the commencement of alkene decomposition or to the on-
set of recombinative desorption of the hydrogen atoms formed
during butene dehydrogenation at lower temperatures. The second
TPD peak at 385 K is undoubtedly limited by the rate of alkene
decomposition. The nearly identical H2 TPD traces obtained with
both cis- and trans-2-butene isomers suggest dehydrogenation
through the same surface intermediates. Furthermore, the general
agreement between our data and reported TPD traces obtained on
single crystals suggests that those intermediates are most likely di-
r bonded 2-butyne at room temperature and highly dehydrogenat-
ed carbonaceous deposits (presumably C4H2) above 400 K
[15–17,48–53] (for more detailed discussion see [32]).
Fig. 4. Kinetics of cis-trans isomerization obtained in isothermal molecular beam experi
using the pulse scheme described in the text. The reaction rates are displayed for cis- ((a)
butene shows pronouncedly higher reactivity in the temperature range 195–210 K tha
between both the isomers nearly vanish.
Thermal activation of 2-butenes co-adsorbed with deuterium
on the supported Pd particles also leads to extensive cis-trans isom-
erization (Fig. 3c) and hydrogenation (deuteration) (Fig. 3d). Inter-
estingly, whereas the TPD traces for the first reaction are
significantly different for the cis- vs. trans-2-butene isomers, those
for the butane-d2 deuteration product are nearly identical with
both isomers. Specifically, the production of monodeuterated
trans-2-butene-d1 from cis-2-butene peaks at 195 K and displays
a small shoulder at 250 K, whereas the desorption of cis-2-bu-
tene-d1 from the trans isomer peaks at 205 K and has a shoulder
at 250 K. Also, the intensity of the first TPD desorption with the
trans isomer is approximately a factor of 1.5 lower than that with
cis-2-butene. Production of some doubly exchanged/doubly isom-
erized 2-butenes-d2 was detected at approximately the same tem-
peratures with both compounds, but no further H–D exchanged
alkenes were seen. In terms of the deuteration reaction, the result-
ing butane-d2 desorbs in a main peak at 205 K and a shoulder at
245 K with both reactants, and show nearly the same total yields
in both cases.

These TPD results highlight the fact that while olefin hydroge-
nation displays similar kinetics with both cis and trans isomers
on the Pd particles, there are some pronounced differences be-
tween the two in terms of cis-trans isomerization. Interestingly,
the higher cis-trans isomerization yields observed here for the cis
isomer are in sharp contrast to the results previously obtained in
studies with both Pt(111) single crystals [15] and supported Pt
tetrahedral particles [24], where the opposite trend – an easier
isomerization with trans-2-butene – was found. The faster isomer-
ization rate of the trans isomer on Pt(111) was ascribed to a higher
stability of the adsorbed product (cis-2-butene), but a higher
ments carried out between 195 and 260 K on an initially clean Pd/Fe3O4 catalyst by
product trans-2-butene-d1) and trans-2-butene ((b) product cis-2-butene-d1). cis-2-
n the trans isomer, at temperatures above 250 K the differences in the reactivity
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stability of the cis-2-butene isomer was observed in our TPD data
on Pd particles as well. Therefore, this factor alone cannot account
for the observed trend on the Pd particles.

3.3. cis- and trans-2-butene conversion with deuterium on Pd/Fe3O4:
isothermal molecular beam experiments

Isothermal molecular beam (MB) experiments were performed
on the Pd/Fe3O4 model catalyst with both the isomers. In these
experiments, the sample, which was kept at a constant temperature,
was exposed continuously to a D2 beam while a second 2-butene
beam was switched on and off, starting after 90 s from the beginning
of the D2 dosing, to discriminate between reactions on the surface
and signals from the background. A typical MB sequence consisted
of 50 short butene pulses (4 s on, 4 s off time) followed by 30 longer
pulses (20 s on, 10 s off time). Fig. 4 shows the results of the
experiments carried out with each cis (left panel) and trans
(right panel) isomer on an initially clean Pd sample at different
temperatures in the range between 195 and 260 K.

Qualitatively, the long-term kinetic behavior of the cis-trans
isomerization reaction was found to be similar for both the isomers
but to depend strongly on the reaction temperature. A detailed dis-
cussion of this temperature dependence for cis-2-butene can be
found in [32]. An important observation here is that although
non-zero initial cis-trans isomerization rates are observed with
both cis- and trans-2-butene over the whole temperature region
Fig. 5. Comparison of average reaction rates measured for cis-trans isomerization (upper
both initially clean and C-precovered Pd catalysts. Carbon deposition was performed a
calculated by averaging the steady-state reaction rates of the last 30 long pulses of the
investigated (195–260 K), sustained catalytic activity toward isom-
erization under the steady-state conditions occurs only at temper-
atures above 250 K. We attribute the suppression of catalytic
activity at low-temperatures in steady-state to a poisoning effect
by hydrocarbon (HC) species, possibly molecular butene and/or
partly dehydrogenated HCs, on the dissociative adsorption of
hydrogen (deuterium). Above 250 K, the overall surface concentra-
tion of HCs is likely to decrease, so dissociative deuterium adsorp-
tion can effectively proceed, and sustained catalytic activity is
possible.

In terms of the quantitative comparison of cis- vs. trans-2-butene
reactivity, which is the focus of this report, it can be seen that
cis-2-butene shows systematically higher cis-trans isomerization
rates in the low-temperature region (195–210 K) than the trans
counterpart. However, above 250 K those differences nearly vanish,
and very similar steady-state isomerization rates are reached with
both the isomers. Similar (although less prominent) differences
in initial reactivity are also observed for the hydrogenation
(deuteration) reaction (data not shown): the product yields are
somewhat lower for trans-2-butene in the low-temperature regime
(195–210 K), and are quite similar at higher-temperatures.
However, no persistent hydrogenation activity is observed on the
initially clean Pd particles at any reaction temperature [32–34].

It is important to point out that cis-trans isomerization turns to
the sustained regime and reaches its maximum reaction rates be-
tween 240 and 260 K [46]. Therefore, the observation of nearly
row) and hydrogenation (bottom row) for cis- (a) and trans-2-butene (b) at 260 K on
ccording to the procedure described in the experimental section. The rates were
experiment.
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vanishing differences in the cis- vs. trans-butene reactivity in this
temperature regime is an important result of this study for under-
standing the isomerization process under catalytically relevant
conditions.

3.4. cis- and trans-2-butene conversion with deuterium on Pd/Fe3O4:
role of pre-deposited carbon

Finally, the effect of co-adsorbed strongly dehydrogenated car-
bonaceous species on the reactivity of cis- vs. trans-2-butene was
investigated. These studies were motivated by our previous finding
with cis-2-butene that sub-monolayer coverages of such carbona-
ceous deposits help maintain sustained steady-state activity for
both hydrogenation and isomerization reactions with similar reac-
tion probabilities [32–34]. Fig. 5 contrasts the results of MB exper-
iments with cis- (left panel) and trans- (right panel) 2-butene at
260 K on initially clean (solid lines) vs. C-precovered (open sym-
bols) catalytic surfaces. Only the steady-state reaction rates are
shown, calculated by averaging the data recorded during the last
30 long pulses of the experiment.

The steady-state reaction rates for hydrogenation (deuteration)
on the carbon-modified Pd particles are very similar for both cis
and trans isomers. Also, as discussed above, the steady-state reac-
tion rates of the isomerization channel are nearly identical for the
cis and trans isomers on the initially clean Pd particles at 260 K.
On the other hand, while the steady-state cis-trans isomerization
rates are virtually the same on the initially clean and C-precov-
ered Pd particles for cis-2-butene (left panel, upper trace, trans-
2-butene-d1 product), they are reduced by approximately a factor
of two in the case of trans-2-butene (right panel, upper trace,
cis-2-butene-d1 product). This is so even though the amount of
carbon deposited on the surface in the TPD run with trans-2-bu-
tene is about the same as with cis-2-butene, as evidenced by both
the similar H2 TPD yields seen in Fig. 3b and CO RAIRS titration
experiments (data not shown). The effect of carbon deposition
on the isomerization rates of trans- vs. cis-2-butene is in a good
qualitative agreement with the TPD results obtained on the clean
and carbon-precovered Pd particles as described in Section 3.2, in
that the integrated intensity of the TPD peak on the carbon-
containing species is approximately factor of two lower with the
trans isomer.

Additionally, it is important to note that both reactions – cis-trans
isomerization and hydrogenation – exhibit a different transient
behavior upon modulation of the olefin molecular beam. All traces
related to the cis-trans isomerization (both on the initially clean
and C-covered particles) exhibit a rectangular form, suggesting
that the reaction rates simply follow the time evolution of the
flow of reactant in the beam. In contrast, the steady-state hydro-
genation rates observed on the C-modified surfaces are high at the
beginning of the butene exposure but decrease considerably over
the duration of the pulse, indicating more complex kinetics. These
differences were observed with both cis and trans 2-butene
isomers.

3.5. Discussion

The isothermal molecular beam data discussed in the last two
sections demonstrate that the differences in reactivity between
cis and trans isomers of olefins on the surface of our Pd model cat-
alyst might be induced by changes in reaction conditions and/or
the chemical composition of the catalyst surface, in particular to
the presence of the carbonaceous deposits that usually form under
reaction conditions [3]. Specifically, here it was found that, when
starting with clean Pd particles, cis-2-butene is more reactive than
trans-2-butene toward both cis-trans isomerization and hydroge-
nation at low (195–210 K) temperatures, but that the difference
disappears above 250 K. On the other hand, upon the addition of
small amounts of carbon on the surface, the cis isomer exhibits a
higher steady-state reactivity than its trans counterpart even
above 250 K. It is key to note here that only the cis-trans isomeri-
zation reaction is affected by the co-adsorbed carbonaceous
deposits; the deuteration of both the isomers proceeds with similar
kinetics.

Several reasons can be invoked to explain the observed cis-trans
selectivity in the low-temperature region and its loss under the
high-temperature conditions. Starting with the low-temperature
kinetics, that is between 195 and 215 K, its main characteristics
are high initial rates for both cis-trans isomerization and hydroge-
nation reactions and a vanishing activity after prolonged olefin
exposures (Fig. 4). As already mentioned above, the latter observa-
tion is explained by poisoning of the dissociative adsorption of
deuterium molecules because of the accumulation of hydrocarbon
adsorbates on the catalysts surface. In terms of the initial rates,
both cis-trans isomerization and hydrogenation reactions are faster
with cis-2-butene than with the trans isomer, but the ratio of isom-
erization:hydrogenation initial rates is similar for both isomers
over the entire low-temperature region. This suggests that the dif-
ferences in activity may be explained by the buildup of a higher
surface concentration of the common reaction intermediate for
both reaction pathways – butyl species [54–56] – in the case of
the cis compared to the trans reactant, probably because of either
a higher uptake of the more stable cis-butene adsorbate or an eas-
ier butyl formation starting from the cis adsorbate. Since there are
no obvious limitations in availability for either reactant in the ini-
tial period of the reaction, if the higher reactivity of cis-2-butene
results from the easier butyl formation, that must be ascribed to
a higher probability of reaction between atomic deuterium and
cis-2-butene.

In terms of the reaction kinetics above 250 K, those show high
and sustained activity for the cis-trans isomerization, but with a
similar probability with both cis- and trans-2-butenes. We do not
have a completely satisfactory explanation for the loss of the cis-
trans selectivity seen at lower temperatures, but could argue that
it may involve a switch of rate-limiting step, which in this case
does not depend on the nature of the hydrocarbon. The most rea-
sonable hypothesis in our opinion is that isomerization at these
high temperatures is controlled by the availability of surface deu-
terium atoms required for the first half-hydrogenation of the ad-
sorbed olefin to the surface butyl intermediate. If that is the case,
the reaction probability of the rate-limiting step (first half hydro-
genation) would only weakly depend on the surface concentration
of the molecularly adsorbed butene, and would yield similar
isomerization rates for cis- and trans-2-butene despite the higher
formation rates of the molecularly adsorbed cis isomer. In this
high-temperature regime, deuterium-deficient conditions might
arise from the fast desorption rate of D2.

The other key observations from these experiments are the
fact that pre-modification of the catalyst surface with carbona-
ceous deposits leads to a sustained and identical hydrogenation
activity for both isomers but to significantly faster cis-trans isom-
erization with the cis isomer, since the isomerization rate with
the trans isomer decreases by a factor of two compared to that
on the initially clean surface. The nearly identical steady-state
hydrogenation rates observed with both cis and trans isomers
under the high-temperature conditions can be explained by a
limited availability of the deuterium species absorbed in the
near-surface region of the Pd particles, which were shown to be
necessary for this pathway [33,34]. As a consequence, a very
weak dependence of the hydrogenation rate on the surface
concentration of the molecularly adsorbed olefin is expected,
which results in very similar reaction rates for both cis and trans
isomers even though the formation rate of surface cis-2-butene is
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expected to always be faster due to its higher thermal stability.
This assumption is supported by the nearly zero-order depen-
dence of the hydrogenation rates on the pressure of 2-butene
measured at 260 K [46].

It is more difficult to understand the influence of the carbona-
ceous deposits on the cis-trans isomerization rates. What is clear
is that the presence of carbon on the surface shifts the behavior
back to a situation with different activities for the conversion of
the cis and trans isomers. One possible reason for this may be a
more pronounced destabilization of the trans isomer on the C-
modified surface, which could lead to a considerably faster olefin
desorption and hence a significantly lower total steady-state con-
centration of the trans-olefin species.
4. Conclusions

In the present report, a quantitative comparison of the catalytic
activity of cis- vs. trans-2-butene with deuterium on well-defined
model supported Pd/Fe3O4 catalyst is provided. The following key
conclusions were reached from this research:

1. cis-2-butene is more stable than the trans isomer on the clean
and deuterium-saturated Pd particles (66 vs. 57 kJ mol�1 and
47 vs. 44 kJ mol�1 for the clean and D-covered particles,
respectively).

2. Both types of 2-butene follow similar dehydrogenation reac-
tions, suggesting a similar decomposition mechanism.

3. In temperature-programmed desorption experiments,
cis-2-butene yields more reaction isomerization products on
the deuterium-precovered catalyst, whereas similar amounts
of butane are seen with both the isomers.

4. In the isothermal molecular beam experiments, both isomers of
2-butene display high initial reactivity toward both isomeriza-
tion and deuteration reactions below 215 K, but they all
approach zero after prolonged olefin exposures, presumably
because of the inhibition of dissociative deuterium adsorption
on the surface once it becomes covered with adsorbed
hydrocarbons. cis-2-butene exhibits higher initial rates for both
reactions, but approximately the same isomerization-to-
deuteration ratio as the trans isomer. Between 250 and 260 K,
persistent cis-trans isomerization activity is observed, suggest-
ing a sustained deuterium dissociation. Both cis and trans
isomers show very a similar reactivity under these conditions.

5. The presence of carbonaceous species on the surface changes
the catalytic behavior seen on the initially clean surface. In
the high temperature regime, in particular, not only isomeriza-
tion but also hydrogenation reactions can be maintained over
long periods of time, the latter at similar rates with both cis
and trans isomers.

6. The cis-trans isomerization rate with trans-2-butene decreases
by a factor of two upon the deposition of carbon residues on
the surface, whereas with cis-2-butene it remains as high as
on the initially clean Pd particles.

7. The molecular origin of the different reactivities of cis- and
trans-2-butene in the low-temperature region and the reasons
for the quenching of those differences at elevated temperatures
were discussed based on the qualitative kinetic analysis of the
isothermal data. We refer the higher activity of cis-2-butene
in the low-temperature (195–215 K) regime mainly to its
higher stability on the surface, which results in the lower
desorption rate, and hence higher formation rate of the molec-
ularly adsorbed alkene. The disappearance of the differences in
reactivity between the cis and trans isomers at elevated temper-
atures can be assigned to a temperature-induced change in the
rate-limiting step.
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