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We investigated the molecular adsorption and dissociation of n-butane on a PdO(1 0 1) thin film using
temperature-programmed reaction spectroscopy (TPRS) experiments and density functional theory (DFT)
calculations. At low coverage, n-butane adsorbs on PdO(1 0 1) in a molecular state that is more strongly
bound than n-butane physisorbed on Pd(1 1 1). This molecularly adsorbed state of n-butane on PdO(1 0 1)
corresponds to a �-complex that forms on the rows of coordinatively unsaturated (cus) Pd atoms of the
oxide surface. TPRS results show that a fraction of the n-butane layer undergoes C–H bond cleavage below
∼215 K and that the resulting fragments are completely oxidized by the surface upon continued heating.
The evolution of product yields with the n-butane coverage as well as site blocking experiments provide
strong evidence that the n-butane �-complex serves as the precursor to initial C–H bond cleavage of
n-butane on PdO(1 0 1). DFT calculations confirm the formation of an n-butane �-complex on PdO(1 0 1).
In the preferred bonding geometry, the n-butane molecule aligns parallel to a cus-Pd row and adopts

1
a so-called � (2H) configuration with two coordinate H–Pd bonds per molecule. Our DFT calculations
also show that �-complex formation weakens C–H bonds, causing bond elongation and vibrational mode
softening. For methane, we predict that coordination with a cus-Pd atom lowers the barrier for C–H bond
cleavage on PdO(1 0 1) by more than 100 kJ/mol. These results demonstrate that dative bonding between
alkane molecules and cus-Pd atoms serves to electronically activate C–H bonds on PdO(1 0 1) and suggest
that adsorbed �-complexes play a general role as precursors in alkane activation on transition metal oxide

surfaces.

. Introduction

Alkane activation by transition metals has attracted significant
nterest due to the desire to more effectively utilize alkanes in
ower generation applications and to develop improved strate-
ies for transforming alkanes to chemicals of greater value. Indeed,
eveloping catalysts that can efficiently convert methane to higher
lkanes or organic oxygenates could have a profound impact on
he commercial utilization of natural gas. The adsorption of alka-
es on solid surfaces has been investigated extensively, with most
tudies focusing on clean transition metal (TM) surfaces [1]. While
his prior work has greatly advanced the fundamental understand-

ng of alkane activation on metallic surfaces, there is a significant
eed to characterize the elementary interactions between alkanes
nd TM oxide surfaces as well. A key reason is that several applica-
ions of oxidation catalysis occur under conditions that cause TM
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surfaces to oxidize, often resulting in dramatic changes in catalytic
properties.

Of particular relevance to the present study is the catalytic com-
bustion of CH4 in lean gas turbines. Prior studies show that Pd
catalysts perform exceptionally well in this application because
the catalysts oxidize to a PdO phase which has a high activity for
methane oxidation [2–13]. These findings certainly provide strong
motivation for investigating the surface chemistry of PdO in detail.
In the present study, we investigated the adsorption and oxidation
of n-butane on a PdO(1 0 1) thin film, focusing particularly on the
role of adsorbed �-complexes as precursors for initial C–H bond
activation.

Previous investigations show that the initial dissociation of
alkanes on transition metal surfaces can occur by two general
mechanisms, namely, a direct mechanism and a precursor-
mediated mechanism. In the direct mechanism, the alkane
molecule dissociates in a single gas-surface collision without ther-

mally accommodating to the surface. The probability for direct
dissociation generally increases with increasing gas kinetic energy
since energetic molecules can more readily surmount activation
barriers for dissociation during a single collision. The precursor-
mediated mechanism is fundamentally different from the direct

dx.doi.org/10.1016/j.cattod.2010.06.012
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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echanism. In the precursor-mediated mechanism, alkanes first
dsorb into a molecular state and then dissociate. In this process,
he molecularly adsorbed species acts as a precursor to dissociation,
nd a kinetic competition between desorption and dissociation
etermines the net probability for dissociation. Since the molec-
lar adsorption of alkanes is non-activated, precursor-mediated
issociation becomes increasingly more probable as the gas kinetic
nergy decreases and should thus be dominant under typical reac-
ion conditions.

Key characteristics of alkane dissociation by the precursor-
ediated mechanism are known from investigations with metal

urfaces. Compared with a single gas-surface collision, adsorb-
ng into the molecular state affords an alkane with a greater
pportunity to explore the reactive potential energy surface and
issociate by a low energy pathway(s). However, since the alkane
olecule dissipates its energy during adsorption, dissociation by

he precursor-mediated mechanism requires the existence of low
nergy pathways for C–H bond cleavage. While the dissociative
hemisorption of alkanes is typically activated with respect to the
as-phase zero, facile dissociation has been reported for a few
etal surfaces, including the reconstructed Ir(1 1 0) [14–17] and

t(1 1 0) [18] surfaces and also defect sites of Ir(1 1 1) [19] and
t(1 1 1) [20]. Dissociation is termed as facile for these systems
ecause the activation energies for dissociation are lower than
hose for desorption. A trend that emerges from these prior stud-
es is that low-coordination sites on metallic Pt and Ir surfaces are

ore reactive than close-packed terraces toward the activation of
olecularly adsorbed alkanes. This higher reactivity appears to be a

onsequence of lower energy barriers for C–H bond cleavage, rather
han resulting from longer lifetimes of alkane molecules at the
ow-coordination sites. An interesting possibility is that alkane dis-
ociation barriers are strongly dependent on the local coordinative
nvironment on non-metallic surfaces as well. Establishing such a
elationship could aid in advancing a more general understanding
f the factors which facilitate alkane activation.

We have recently found that propane undergoes facile C–H
ond cleavage on the PdO(1 0 1) surface with dissociation occur-
ing below 200 K in UHV [21]. The initial C–H bond cleavage
ccurs by a precursor-mediated mechanism in which a strongly-
ound molecular state serves as the precursor to dissociation. Using
emperature-programmed desorption (TPD) and density functional
heory (DFT) calculations, we have shown that small alkanes bind
trongly on PdO(1 0 1) by forming �-complexes on coordinatively
nsaturated (cus) Pd atoms of the surface [22]. The bonding of
he alkane �-complexes is analogous to that in organometallic
omplexes [23–25] and involves both electron donation from and
ackdonation to the alkane molecule and Pd d-states. In addition to
nhancing the alkane binding strengths on PdO(1 0 1), �-complex
ormation also weakens the coordinated C–H bonds as evidenced
y bond elongation and softening of vibrational modes [22]. Thus,
he formation of strongly-bound alkane �-complexes on PdO(1 0 1)
ppears to electronically activate C–H bonds in addition to pro-
onging the surface lifetimes of the molecular precursors. We have
ecently shown that H2 also forms a �-complex on PdO(1 0 1) that
cts as precursor to dissociation [26]. Taken together, these results
oint toward a general role of adsorbed �-complexes as precursors

n the activation of saturated molecules on PdO(1 0 1) and possibly
ther late TM oxides. The ability of the cus-Pd sites of PdO(1 0 1)
o activate alkane C–H bonds bears a striking similarity to the high
eactivity of under-coordinated sites of metallic surfaces reported
n early studies of alkane activation [1].
In this paper, we extend our investigations of alkane adsorp-
ion and activation on PdO(1 0 1) to n-butane and further explore
he properties of adsorbed alkane �-complexes and their role as
recursors for C–H bond activation on PdO(1 0 1). Similar to the
maller alkanes, we find that n-butane forms a relatively strongly-
ay 160 (2011) 213–227

bound �-complex on PdO(1 0 1) and present evidence that this
species serves as the precursor for initial C–H bond cleavage of n-
butane on the oxide. Our DFT calculations reveal that coordination
to cus-Pd atoms on PdO(1 0 1) electronically activates C–H bonds
of adsorbed alkane �-complexes, thereby lowering energy barriers
for C–H bond cleavage.

2. Experimental details

Previous studies [27,28] provide details of the three-level UHV
chamber utilized for the present experiments. The Pd(1 1 1) crystal
employed in this study is a circular disk (8 mm × ∼1 mm) spot-
welded to W wires and attached to a copper sample holder that
is held in thermal contact with a liquid nitrogen cooled reser-
voir. A type K thermocouple spot-welded to the backside of the
crystal allows sample temperature measurements. Resistive heat-
ing, controlled using a PID controller that varies the output of a
programmable DC power supply, supports maintaining or linearly
ramping the sample temperature from 81 to 1250 K. Initially, sam-
ple cleaning consisted of sputtering with 600 eV Ar+ ions at a surface
temperature of 900 K, followed by annealing at 1100 K for sev-
eral minutes. Subsequent cleaning involved routinely exposing the
sample held at 856 K to an atomic oxygen beam for several min-
utes, followed by flashing the sample to 923 K to desorb oxygen
and carbon oxides. As discussed previously [29], we limited the
sample temperature to 923 K to maintain oxygen saturation in the
subsurface reservoir and thereby ensure reproducibility in prepar-
ing the PdO(1 0 1) thin films used in this study. We considered the
Pd(1 1 1) sample to be clean when we could no longer detect con-
taminants with X-ray photoelectron spectroscopy (XPS), obtained
sharp low energy electron diffraction (LEED) patterns consistent
with the Pd(1 1 1) surface, and did not detect CO production during
flash desorption after oxygen adsorption.

A two-stage differentially-pumped chamber attached to the
UHV chamber houses the inductively coupled RF plasma source
(Oxford Scientific Instruments) utilized to generate beams contain-
ing oxygen atoms for this study. We refer the reader to prior work
for details of the beam system [27,28]. To produce a PdO(1 0 1) thin
film, we expose a Pd(1 1 1) sample held at 500 K to an ∼12 ML dose
of gaseous oxygen atoms supplied in a beam, where we define 1 ML
as equal to the Pd(1 1 1) surface atom density of 1.53 × 1015 cm−2.
This procedure generates a high-quality PdO(1 0 1) film that has
a stoichiometric surface termination, contains ∼3.0 ML of oxygen
atoms and is ∼12 Å thick [30,31]. The structure of the PdO(1 0 1) sur-
face is discussed in detail below. We note that the Pd(1 1 1) sample
is positioned ∼50 mm from the final collimating aperture and ori-
ented at a 45◦ angle from the axis of the atomic oxygen beam during
PdO film preparation. For these dosing conditions, we observe neg-
ligible gradients in the oxygen concentration across the oxidized
Pd(1 1 1) sample, which suggests that the PdO films are uniformly
thick across the substrate. For example, we find that the (1 0 1) LEED
pattern persists as the incident electron beam is moved across the
sample and observe only an abrupt disappearance of the LEED pat-
tern as the electron beam passes the edge of the sample. We also
observe negligible differences in TPRS data obtained after adsorb-
ing molecules on PdO films grown at 45◦ versus highly glancing
angles (>60◦) relative to the atomic oxygen beam [26].

We delivered n-C4H10 (Airgas 99.99%) to the sample surface
using a calibrated beam doser with the sample located ∼50 mm
from the end of the doser to ensure uniform impingement of the

gases across the surface. Due to the large sample-doser separation,
the direct flux was only ∼2.5 times higher than the background
flux. After the n-butane exposures, we collected TPRS spectra by
positioning the sample in front of a shielded mass spectrometer
at a distance of ∼10 mm and then heating at a constant rate of
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K s−1 until the sample temperature reached 923 K. Because the
dO film decomposes when heated to 923 K, it was necessary to
repare a fresh PdO thin film for each adsorption/reaction exper-

ment. Although the total oxygen content varies slightly (<10%)
mong the PdO films studied, we find that TPRS results obtained
rom n-butane and other molecules are highly reproducible. To pre-
are well-developed, conformal PdO(1 0 1) films, we use an atomic
xygen exposure that brings the oxygen coverage well within the
lateau region of the uptake curve [31]. As a result, small variations

n the total oxygen content have a negligible effect on the surface
tructure and hence the chemical properties of the PdO films.

We estimate n-C4H10 coverages by scaling integrated desorp-
ion spectra with TPD spectra obtained from a physically adsorbed

onolayer of n-butane prepared on Pd(1 1 1) at 155 K and assum-
ng a coverage of 0.14 ML for the n-butane layer on Pd(1 1 1).
rior studies using calibrated molecular beams show that a disor-
ered monolayer of n-butane saturates on Pt(1 1 1) at a coverage of
.14 ML [32,33] and that adsorption at ∼150 K avoids the formation
f more weakly-bound states at higher coverage. Given the similar-
ties in n-butane TPD spectra between Pt(1 1 1) [32] and Pd(1 1 1)
vide infra), it is reasonable to assume that the n-butane monolayer
aturates at the same coverage on both surfaces. To estimate atomic
xygen coverages, we scale O2 TPD spectra with desorption spec-
ra obtained from Pd(1 1 1) covered with 0.25 ML of atomic oxygen
repared by exposing the surface to O2 at 300 K [29]. A fraction of
he n-butane layer reacts with the PdO(1 0 1) surface during TPRS
xperiments to produce CO2 and H2O. In prior work, we calibrated
O2 desorption yields by monitoring the production of CO2 dur-

ng CO oxidation on oxygen-covered Pd(1 1 1) and using a limiting
mount of adsorbed atomic oxygen such that the CO2 yield is equal
o the initial atomic oxygen coverage. To estimate CO2 yields in the
resent study, we assume that the ratio of CO2 to O2 scaling factors
etermined in previous work is applicable under the current exper-

mental conditions. We have previously found that this assumption
s reasonable.

. Computational details

All the DFT calculations in this paper were performed using the
ienna ab initio simulation package (VASP) [34–37]. The calculation
etails for this study are similar to our earlier studies of the adsorp-
ion of H2O, H2, and alkanes on PdO(1 0 1) [22,26,38]. We use the
rojector augmented wave (PAW) [39,40] pseudopotentials pro-
ided in the VASP database. Calculations have been done using the
erdew–Burke–Ernzerhof (PBE) exchange-correlation functional
41]. An experimental band gap of ∼1 eV has been reported for poly-
rystalline PdO [42], but standard GGA-DFT shows no band gap. We
ave previously tested the effect of using GGA+U to correct for the
and gap, and while the adsorption energies are modified, the gen-
ral conclusions about the relative stability of species on the surface
re not affected. Furthermore, our earlier studies of adsorbed H2O,
2, and alkanes show better quantitative agreement between TPD-
erived adsorption energies and barriers of elementary processes
e.g., dissociation and association of H2O and H2) using GGA-DFT
alues without the +U implementation. Since our primary inter-
st is to determine the adsorption energies and surface reaction
arriers, all calculations reported in this paper are done with stan-
ard GGA-DFT. A plane wave expansion with a cutoff of 400 eV
as used, and the total energy calculations are done using the

onjugate-gradient method for electronic relaxations, accelerated

sing Fermi-level smearing with a Gaussian width of 0.1 eV. In the

nitial search for relevant minima for the alkanes, the positions of
he atoms are relaxed until the forces on all unconstrained atoms
re less than 0.03 eV/Å, but we have further refined the most stable
inima with a force criterion of 0.01 eV/Å. This stricter criterion is
ay 160 (2011) 213–227 215

important for accurately evaluating the very low frequency modes
(∼50 cm−1) of the alkanes on the surface. These modes mainly
involve rotation of the molecule around the cus-Pd site, and with-
out proper accuracy of the forces, these low frequency modes can
appear as imaginary modes because of the flat potential energy
surface at the cus-Pd site. The stricter force criterion changes the
adsorption energy of the alkanes by ∼1 kJ/mol. We identified sev-
eral minima with �1(H,H) interactions with cus-Pd atoms that lie
within this range, and though there is some crossover in the favored
configurations after relaxing the positions of the atoms to forces of
less than 0.01 eV/Å, these changes are minor and do not affect the
conclusions of this paper. The only minimum that shows a more
noticeable difference in the nature of the bonding is the favored
�2 propane configuration which will be discussed in more detail
later. In considering the adsorption energies reported in this paper,
it is important to note that the DFT calculations do not capture the
dispersion interactions. Dispersion can be included in the future
[43,44] and may help to resolve differences between configurations
with similar adsorption energies.

The structure of the PdO(1 0 1) film is modeled in the same man-
ner as our earlier work. We represent the PdO(1 0 1) film with four
layers (see Fig. 1), which corresponds to a thickness of ∼9 Å. The
bottom layer is fixed, but all other atoms in the oxide film and the
adsorbates are allowed to relax. We use a vacuum spacing of 20 Å,
which is sufficient to minimize any spurious periodic interactions
in the surface normal direction. The PdO(1 0 1) film is obtained
from the relaxed PdO bulk structure (a = 3.103 Å, c = 5.440 Å), but
the film is strained (a = 3.057 Å, b = 6.352 Å) to match the reported
experimental structure [30]. While experimentally the PdO(1 0 1)
film is grown on the Pd(1 1 1) surface, the oxide film is sufficiently
thick (∼12 Å) that we assume the Pd(1 1 1) substrate may be ignored
in our DFT calculations. Inclusion of the Pd(1 1 1) substrate would
require large supercells due to the lattice mismatch between the
oxide film and the Pd(1 1 1) surface. We use a 1 × 4 (2 × 2) sur-
face supercell for alkanes adsorbed parallel (perpendicular) to the
cus-Pd rows. Our choice of the lateral dimensions ensures that the
adsorbed alkane has negligible intermolecular interactions with
periodic images. A 4 × 2 × 1 (2 × 4 × 1) k-point mesh was used for
the 1 × 4 (2 × 2) surface supercell. We have performed tests to
ensure that additional slab thickness and finer k-point meshes do
not impact the results of the calculations.

We use the climbing nudged elastic band (NEB) method [45–47]
to find minimum energy pathways (MEP) and identify transition
states (TS) for C–H cleavage to methane on the PdO(1 0 1) surface.
A normal mode analysis is performed on the TS to ensure that only
one imaginary mode exists. The vibrational modes reported in this
paper are obtained by fixing the substrate and allowing motion
of only the alkane molecule. We use the finite difference method
implemented within VASP to determine the Hessian and vibra-
tional modes. Displacements of 0.02 Å are optimal to ensure that
very low frequency modes (∼50 cm−1) found for alkanes adsorbed
on the surface were accurately evaluated. We have performed tests
of adsorbed methane that includes the motion of the cus-Pd atoms
involved in the bonding and observe differences of only ∼5 cm−1

in the vibrational frequencies. These differences are not sufficient
to modify any of the conclusions reported in this paper.

4. Experimental results

4.1. Structure of the PdO(1 0 1) thin film on Pd(1 1 1)
Fig. 1 depicts the structure of the stoichiometric PdO(1 0 1) sur-
face that we examined in this study. Bulk crystalline PdO has a
tetragonal unit cell and consists of square planar units of Pd atoms
fourfold-coordinated with oxygen atoms. The bulk-terminated
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PdO(1 0 1) exhibit a reaction-limited feature near 430 K in addi-
tion to desorption-limited water [26]. This observation led us to
conclude that the oxidation of H2 on PdO(1 0 1) occurs by multiple
pathways; a low energy pathway(s) produces H2O below ∼300 K,
ig. 1. (a) Top and (b) side view of the PdO(1̄ 0 1) thin film structure. The red and gr
nd O atoms are indicated. The a and b directions correspond to the [0 1 0] and [1 0

dO(1 0 1) surface is defined by a rectangular unit cell of dimensions
= 3.04 Å and b = 6.14 Å, where the a and b lattice vectors coincide
ith the [0 1 0] and [1̄ 0 1] directions of the PdO crystal, respec-

ively. The PdO(1 0 1)–PdO surface consists of alternating rows of
hreefold- or fourfold-coordinated Pd or O atoms that run parallel
o the a direction shown in Fig. 1. Thus, half of the surface O and Pd
toms are coordinatively unsaturated (cus) and likely to be more
ctive than the fourfold-coordinated atoms for binding adsorbed
olecules. The areal density of each type of coordinatively-distinct

tom of the PdO(1 0 1) surface is equal to 35% of the atomic den-
ity of the Pd(1 1 1) surface. Hence, the coverage of cus-Pd atoms
s equal to 0.35 ML (monolayer), and each PdO(1 0 1) layer contains
.7 ML of Pd atoms and 0.7 ML of O atoms. Given that the film con-
ains ∼3.0 ML of oxygen atoms, we estimate that the PdO(1 0 1)
lm on Pd(1 1 1) consists of between four and five layers and has
total thickness of ∼12 Å. In a prior study [30], we found that the
dO(1 0 1) structure aligns with the close-packed directions of the
d(1 1 1) substrate and would expand by 0.46% and 3.4% in the a
nd b directions, respectively, to achieve commensurability with
he metal substrate, which corresponds to unit cell dimensions of
= 3.06 Å and b = 6.35 Å.

.2. TPRS of n-butane adsorbed on PdO(1 0 1) at 85 K

Fig. 2 shows representative TPRS spectra obtained after adsorb-
ng n-butane on a PdO(1 0 1) film at 85 K. In this experiment, the
rst layer of n-butane is saturated, and the total n-butane coverage

s initially 0.21 ML (60% of the cus-Pd site density). The n-butane
PD spectrum exhibits several features below ∼250 K. Desorption
rom the n-butane multilayer produces the sharp peak at 117 K,
hile desorption from the first layer produces the features at higher

emperatures. The region over which n-butane desorbs from the
rst layer exhibits two main features (�2 and �1) with maxima
t ∼138 and 218 K, which is qualitatively similar to the TPD spec-
ra of smaller alkanes on PdO(1 0 1) [21,22]. However, as discussed
n more detail below, the n-butane TPD spectra exhibit additional
eatures that do not appear in TPD spectra of the smaller alkanes.
he �1 TPD peak is consistent with an n-butane �-complex(es) that
orms on the cus-Pd rows.

The evolution of CO2 and H2O during the TPRS experiments
emonstrates that the PdO(1 0 1) surface is active for the complete
xidation of n-butane under the conditions examined. The behavior

hat we observe here is very similar to that of propane on PdO(1 0 1)
21]. A maximum CO2 yield of 0.21 ML evolves during TPRS when
he n-butane first layer is initially saturated and is equivalent to
.60 C atoms per cus-Pd atom. Since the complete oxidation of one
-butane molecule consumes 13 oxygen atoms, we estimate that
ms represent O and Pd atoms, respectively. Rows of threefold-coordinated (cus) Pd
stallographic directions of PdO.

0.68 ML of the surface oxygen atoms incorporate into the oxidation
products, which is slightly less than the total O-atom density of
0.70 ML in the surface layer. As seen in Fig. 2, CO2 desorbs predom-
inantly in a single peak centered at 475 K, while the H2O desorption
trace exhibits a small peak at 337 K as well as a more intense fea-
ture at 475 K and a shoulder at 430 K. The small peaks at ∼118 and
218 K seen in the 44 amu TPRS trace originate mainly from n-butane
fragmentation in the ionizer, though a portion of the 218 K peak is
consistent with CO2 that adsorbed from the background or was
produced by the oxidation of background CO. Based on prior inves-
tigations of H2 and H2O adsorption, we attribute the H2O TPD peak
at 337 K to desorption-limited water [26,38]. This feature accounts
for about 14% of the H2O that evolves. The higher temperature H2O
features must therefore arise from reaction-limited processes.

The concurrent desorption of H2O and CO2 at 475 K is character-
istic of the reaction-limited oxidation of hydrocarbon fragments.
The feature at ∼430 K in the H2O desorption trace also arises
from a reaction-limited process, but an analogous feature is absent
from the CO trace. Water TPRS spectra obtained from H -exposed
Fig. 2. TPRS spectra of n-butane (m/z = 29), CO2 (m/z = 44), and H2O (m/z = 18)
obtained from a PdO(1 0 1) thin film after adsorbing ∼0.21 ML of n-butane at 85 K.
The traces show that CO2 and H2O evolve in a reaction-limited peak centered at
∼475 K. A heating rate of 1 K s−1 was used in this experiment.
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Fig. 3. TPD spectra of n-butane obtained after generating various n-butane cover-
J.F. Weaver et al. / Cataly

nd a higher energy pathway(s) produces the reaction-limited H2O.
hus, the oxidation of adsorbed hydrogen atoms may be responsi-
le for the H2O desorption features at both 337 and 430 K seen in
PRS spectra obtained from n-butane-exposed PdO(1 0 1) (Fig. 2).

We estimate that about 50% of the total H2O desorbs in the
eaction-limited feature at 475 K, which we associate with the
xidation of hydrocarbon fragments. If the remainder of the H2O
rises from the oxidation of adsorbed hydrogen atoms, then we
ould conclude that each n-butane molecule releases a maximum

f five hydrogen atoms below the temperature at which the car-
on backbone undergoes rapid oxidation. However, this estimate
epresents an upper bound for the extent of n-butane dehydro-
enation prior to carbon oxidation since H2 adsorption from the
ackground can contribute to the peaks at 337 and 430 K. In fact,
relatively small quantity of background H2 can have a signifi-

ant effect on the relative yields of H2O. For example, if ∼0.11 ML
f the total H2O originates from background H2 adsorption, then
he reaction-limited feature at 475 K would account for 90% of the
2O that originates from n-butane oxidation. This would mean

hat n-butane initially dissociates by single C–H bond cleavage and
hat the resulting butyl groups undergo negligible dehydrogenation
efore rapidly oxidizing near 475 K.

Overall, the TPRS results demonstrate that a fraction of the
-butane molecules exposed to PdO(1 0 1) undergo dissociative
hemisorption and that the resulting fragments are completely oxi-
ized by the surface above ∼450 K during TPRS. As with propane
21], we are unable to detect partial oxidation products and thus
onclude that the complete oxidation of n-butane is strongly
avored on PdO(1 0 1). Considering prior studies of alkane adsorp-
ion [1], we expect that the initial activation of n-butane on
dO(1 0 1) occurs by cleavage of a single C–H bond. Partial dehy-
rogenation of the alkyl (or alkoxy) groups may also occur prior
o the desorption of H2O and CO2. The present data shows that
he dissociated n-butane releases no more than half, and probably

uch less (vide infra), of its hydrogen atoms prior to completely
xidizing. For the remainder of this paper, we focus on the mech-
nism for initial n-butane activation and present evidence that an
dsorbed �-complex acts as a necessary precursor to initial C–H
ond cleavage of n-butane on PdO(1 0 1).

.3. TPD of n-butane physisorbed on Pd(1 1 1)

Fig. 3a shows n-butane TPD spectra obtained after generating
arious coverages of n-butane on Pd(1 1 1) at 85 K. At low coverage,
-butane desorbs from Pd(1 1 1) in a single peak centered at 195 K.
istinct peaks at 115 and 137 K emerge after the n-butane coverage

urpasses 0.07 ML, while the peak at 195 K continues to intensify.
his behavior agrees well with a previous report of the growth of
-butane layers on Pt(1 1 1) [32]. In that study, n-butane molecules
ere found to physisorb into a disordered layer up to a coverage

f 0.14 ML and adopt a flat-lying geometry that allows each CHn

roup to reside within the attractive region of the molecule–surface
otential.

Above 0.14 ML, the n-butane molecules arrange into ordered
hases on Pt(1 1 1), denoted as the low coverage (LC) and high
overage (HC) phases, and simultaneously start to populate the
ultilayer. The LC phase consists of flat-lying molecules in an

rdered arrangement that saturates at 0.20 ML [32,33]. n-Butane
olecules in the HC phase tilt away from the surface to allow a

igher packing density, resulting in a saturation coverage of 0.35 ML
or this phase. Desorption from the ordered phases is responsible

or the TPD peak at 137 K as well as the broad region of desorption
eading to the main peak at 195 K. Desorption from the multi-
ayer produces the sharp peak at 115 K. On Pt(1 1 1), the ordered
hases and the multilayer populate concurrently as the n-butane
overage initially increases above 0.14 ML at low temperature [32].
ages at 85 K on (a) Pd(1 1 1) and (b) PdO(1 0 1). The initial n-butane coverages are
listed in each figure. For PdO(1 0 1), the total coverage is the sum of the total n-
butane desorption yield plus the CO2 desorption yield divided by four. A heating
rate of 1 K s−1 was used in each experiment.

Similar behavior is evident in the n-butane TPD spectra obtained
from Pd(1 1 1) in the present study (Fig. 3a). We note, however,
that the more weakly-bound states begin to populate at 85 K before
the disordered monolayer phase reaches its saturation coverage of
0.14 ML on Pd(1 1 1). This behavior demonstrates that the n-butane
molecules are not mobile enough at 85 K to avoid the formation of
metastable arrangements prior to saturating the disordered mono-
layer phase.

4.4. TPD of n-butane adsorbed on PdO(1 0 1)

Fig. 3b shows n-butane TPD spectra obtained after preparing
various coverages of n-butane on a PdO(1 0 1) thin film at 85 K.
Fig. 3b lists the total n-butane coverages, which are defined as the
amount of n-butane that desorbs plus that which oxidizes to CO2
and H2O during the TPRS experiment. The n-butane TPD spectra

are more complex than those obtained with smaller alkanes on
PdO(1 0 1) [21,22]. As seen in Fig. 3b, n-butane initially desorbs in
a broad peak (�1) centered at 220 K that intensifies with increas-
ing n-butane coverage above ∼0.03 ML. Once the total coverage
reaches 0.08 ML, the �1 peak starts to saturate and more weakly-
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Fig. 4. Desorption (adsorption) energy versus chain length of linear C1 to C4 alkanes
physically adsorbed on Pd(1 1 1) and adsorbed as �-complexes on PdO(1 0 1). The
18 J.F. Weaver et al. / Cataly

ound states develop. Increasing the coverage to 0.08 ML causes a
road tail to emerge on the trailing edge of the �1 peak, and distinct
eatures at about 160 and 175 K become evident.

Further increasing the n-butane coverage causes desorption fea-
ures to grow nearly sequentially at decreasing temperatures. The
eak at 175 K effectively saturates when the total coverage reaches
.11 ML, while the peak at 160 K continues to intensify and appears
o shift to ∼152 K as the coverage increases. A peak at ∼137 K
lso develops above 0.11 ML and eventually becomes larger than
he 150 K peak. The peak at 137 K resembles the feature that is
ssociated with desorption from the LC and HC ordered phases on
d(1 1 1). As mentioned in Section 2, various measurements show
hat the PdO(1 0 1) film uniformly covers the Pd(1 1 1) sample, so
e are confident that the 137 K peak originates from n-butane des-

rbing from the oxide rather than metallic regions located at the
erimeter of the sample. For both the oxide and the metal, the
eak near 137 K develops only when the multilayer starts to form.
he multilayer peak at 115 K first appears at a total coverage of
.14 ML on PdO(1 0 1) and grows sharply as the coverage increases
o 0.21 ML.

A comparison of the n-butane TPD spectra obtained from
d(1 1 1) and PdO(1 0 1) provides insights into the nature of the
-butane adsorbed states on the oxide surface. Prior to multilayer
ormation, the TPD traces obtained from PdO(1 0 1) are very broad
nd exhibit several distinct peaks between ∼130 and 250 K. In
ontrast, n-butane desorbs in only a single peak at comparable
overages on Pd(1 1 1). The TPD data thus shows that n-butane
olecules adsorbed in the monolayer encounter a wider range of

inding environments on PdO(1 0 1) compared with Pd(1 1 1). This
iversity must be a consequence of the structural and composi-
ional heterogeneity of the oxide surface. Despite this difference,
he monolayer coverages on Pd(1 1 1) and PdO(1 0 1) appear to
e similar. For example, n-butane TPD spectra obtained at a total
overage of ∼0.18 ML exhibit multilayer peaks of nearly the same
agnitude on both surfaces (Fig. 3). Integrating these traces above

he multilayer peak, starting at 125 K, gives a coverage of ∼0.14 ML
or n-butane adsorbed in the monolayers on Pd(1 1 1) as well as
dO(1 0 1) for a total coverage of ∼0.18 ML prepared at 85 K. This
imilarity may indicate that intermolecular interactions play a
ore important role than the molecule–surface interactions in

etermining the maximum coverages that are attained in the first
ayer.

The similar coverages also suggest that n-butane molecules
dopt flat-lying configurations on PdO(1 0 1) at low coverage. An
ssue to consider further is the extent to which the LC and HC
rdered phases develop on PdO(1 0 1). Compared with the dilute
onolayer on Pd(1 1 1), n-butane molecules are more strongly

ound in the �1 state on PdO(1 0 1) and may offer greater resis-
ance to ordering since the ordering is likely to disrupt their binding
ith the surface. On the other hand, nearly half of the first layer
olecules on PdO(1 0 1) are more weakly bound than molecules

n the �1 state and may readily rearrange into ordered phases.
dditional experiments are needed to examine these possibili-

ies.
Another important difference between the TPD spectra obtained

rom the metal versus the oxide is that the �1 peak appears at a
igher temperature (220 K) than the TPD peak originating from
-butane physisorbed on Pd(1 1 1) at low coverage (195 K). We
ave reported similar behavior for methane, ethane, and propane
21,22], and have presented evidence that the �1 states of these

olecules correspond to alkane �-complexes that form on cus-

d sites of the PdO surface. The stronger binding of n-butane in
he �1 state on PdO(1 0 1) compared with n-butane physisorbed on
d(1 1 1) is analogous to our previous findings with smaller alkanes
nd indeed supports the conclusion that the �1 state of n-butane
orresponds to an adsorbed �-complex(es).
desorption pre-factors for Pd(1 1 1) were taken from Ref. [48], and those for alkanes
on PdO(1 0 1) represent maximum values determined from transition state theory
[48].

4.5. Comparison of alkane binding energies on Pd(1 1 1) and
PdO(1 0 1)

Analysis of the TPD data shows that the binding energy of the n-
butane �-complex closely follows the energy versus chain length (E
versus N) trends that we reported recently for the �-complexes of
smaller alkanes on PdO(1 0 1) [22]. As seen in Fig. 4, the relationship
between the binding energy and the chain length is well repre-
sented by a linear function for the C1 to C4 n-alkanes adsorbed on
both Pd(1 1 1) and PdO(1 0 1). In a recent study [22], we attributed
the non-zero intercept observed for C1 to C3 n-alkanes to a nearly
constant contribution made by �-complex formation on PdO(1 0 1).
This interpretation implies that the molecule–surface dispersion
interaction is the dominant cause of the linear increase in bind-
ing energy with increasing chain length of alkanes adsorbed on
the oxide. This result is intriguing since one might expect that
increasing the chain length would allow alkanes to form multi-
ple dative bonds with the PdO surface and thereby experience a
greater enhancement in binding on PdO(1 0 1) versus Pd(1 1 1) com-
pared with smaller alkanes. While this possibility certainly exists,
n-butane does not appear to be long enough to experience such
additional enhancements in binding on PdO(1 0 1). The DFT results
presented later support this interpretation.

We emphasize that the E versus N line shown in Fig. 4 repre-
sents an upper bound to the binding energies of alkanes adsorbed
in the �1 state on PdO(1 0 1). The reason is that we computed
these binding energies using the Redhead equation and by taking
maximum values of the desorption pre-factors appropriate for the
�1 peak temperatures. We estimated the desorption pre-factors
using formulas derived from transition state theory for immobile
alkane adsorbates as reported by Tait et al. [48]. As discussed in
more detail in a previous report [22], the maximum desorption
pre-factors appear to be more reasonable than the minimum val-
ues for describing the desorption of alkane �-complexes from the
PdO(1 0 1) surface. Using the Redhead equation, we estimate min-
imum and maximum values of 67.2 and 87.2 kJ/mol, respectively,

for the n-butane �-complex on PdO(1 0 1) and a binding energy
of 56.6 kJ/mol for n-butane physisorbed on Pd(1 1 1). The TPD data
thus suggest enhancements between about 10 and 30 kJ/mol for
n-butane adsorbed on PdO(1 0 1) versus Pd(1 1 1). We expect that
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Fig. 5. Product yields obtained from PdO(1 0 1) as a function of the n-butane expo-
sure time. The yields are estimated from TPRS traces obtained after n-butane
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n-butane versus H2 adsorption. For example, even though 18O2 ini-
dsorption on PdO(1 0 1) at 85 K. The plot shows the yield of n-butane that desorbs
n the �1 peak, the yield of n-butane that dissociates and subsequently oxidizes, and
he total yield of n-butane, which is a sum of the desorption and dissociation yields.

he actual enhancement in binding is closer to the maximum value
or reasons discussed above. Notably, the dative bond strengths
hat we estimate agree well with typical values (∼20–60 kJ/mol)
eported for mononuclear alkane �-complexes [23].

.6. Yields of desorbing versus oxidized n-butane

The evolution of product yields with the n-butane exposure pro-
ides evidence that the �1 state serves as the precursor to the initial
–H bond cleavage of n-butane on PdO(1 0 1). Similar behavior
bserved in the dissociation of propane on PdO(1 0 1) [21] suggests
more general conclusion, namely, that the formation of adsorbed
-complexes is a necessary first step in the activation of alkanes on

he PdO(1 0 1) surface. Fig. 5 shows various product yields, as deter-
ined from TPRS data, as a function of the exposure time used to

dsorb n-butane on PdO(1 0 1) at 85 K. The figure shows estimates
f the yield of n-butane desorbing in the �1 peak, the yield of n-
utane that oxidizes, and the total n-butane yield. The total yield
epresents the total n-butane desorption yield plus the yield of n-
utane that oxidizes, which is determined by dividing the CO2 yield
y four. We estimate the yield of n-butane desorbing in the �1 peak
y setting the lower limit of integration to 190 K in our analysis of
he TPD traces.

Fig. 5 demonstrates that the oxidized yield and the �1 desorbed
ield evolve with the n-butane exposure in a similar manner, which
mplies a relationship between these products. Both yields increase
nitially with the n-butane exposure, but the rates of increase
bruptly slow down at an exposure time of 120 s, and thereafter
he oxidized and �1 desorbed yields increase only marginally with
xposure. In contrast, the total n-butane yield continues to increase
apidly with the n-butane exposure time well beyond 120 s. The
orrelation between the oxidized yield and the �1 desorbed yield
uggests that the �1 state acts as a precursor to initial n-butane
ctivation such that a fraction of the molecules adsorbed in the �1
tate undergo C–H bond cleavage rather than desorbing and are

hen oxidized completely by the surface at higher temperatures.

kinetic competition between desorption and dissociation of the
recursor determines the fraction of molecules that dissociate by
his mechanism.
ay 160 (2011) 213–227 219

The data gives maximum yields of ∼0.03 and 0.05 ML for n-
butane that desorbs in the �1 peak and n-butane that oxidizes,
respectively. Assuming that the n-butane which oxidizes originates
from the �1 state, we estimate a maximum coverage of 0.083 ML
for n-butane molecules initially adsorbed in the �1 state, which is
equivalent to 0.94 C atoms per cus-Pd atom. Based on the geometric
structures, an n-butane molecule aligned along a cus-Pd row would
occupy no more than three Pd sites. Thus, at a coverage of ∼0.08 ML,
all of the n-butane �-complexes could conceivably lie along the cus-
Pd rows without experiencing strong crowding. However, we find
that the dissociated fraction is a function of the coverage in the �1
state. Initially, the dissociated fraction is about 95% of the total yield
but decreases to 64% at saturation of the �1 state. This behavior
suggests that the n-butane dissociation probability depends on the
coverage in the �1 state, perhaps due to steric repulsion between
neighboring molecules or butyl fragments at high coverage. While
further study is needed to clarify this issue, intermolecular interac-
tions could have different influences on n-butane adsorption versus
dissociation on PdO(1 0 1).

4.7. Site blocking by 18O2

To further characterize the nature of the n-butane �-complex,
we examined the influence of pre-adsorbed 18O2 on the adsorption
and dissociation of n-butane on the PdO(1 0 1) film. We have pre-
viously reported that O2 chemisorbs molecularly on PdO(1 0 1) and
dissociates to a negligible extent during TPD [49]. The molecularly
chemisorbed O2 saturates at a coverage of 0.28 ML (O-atom basis)
at 85 K and desorbs in TPD peaks centered at 120 and 230 K. DFT
calculations predict that O2 binds on cus-Pd sites of the PdO(1 0 1)
surface and could thus block the adsorption of n-butane onto these
sites.

Fig. 6a and b show n-butane and CO2 TPRS traces obtained
after adsorbing ∼0.30 ML of n-butane onto clean versus 18O2 pre-
saturated PdO(1 0 1) at 85 K. Fig. 6 also shows TPRS traces obtained
in separate experiments that are discussed below. The TPRS data
reveals that pre-adsorbing 18O2 causes both the CO2 and �1 des-
orbed yields to decrease from the values obtained after adsorbing
the same quantity of n-butane on clean PdO(1 0 1). Specifically, pre-
saturating with 18O2 causes the �1 desorbed and CO2 yields to
decrease by ∼35% and ∼10%, respectively. This behavior provides
additional evidence that the �1 n-butane state acts as the precursor
to initial C–H bond activation and that this state corresponds to n-
butane molecules adsorbed on cus-Pd sites. The smaller decrease
in the CO2 yield compared with the �1 desorbed yield indicates
that the n-butane dissociation probability is higher on the 18O2-
covered surface than on clean PdO(1 0 1) for the conditions studied.
Most likely, the apparent increase in the dissociation probability
is a consequence of the lower n-butane coverage that is obtained
on the 18O2-covered surface. Finally, the n-butane peak near 137 K
is more intense in the TPD spectrum obtained from the 18O2 pre-
covered surface relative to clean PdO(1 0 1). This difference reveals
that the 18O2 molecules do not completely block n-butane adsorp-
tion into the first layer but rather shift the population of n-butane
states toward more weakly-bound configurations. A possibility is
that the n-butane molecules continue to adsorb along the cus-Pd
rows without accessing the �1 state on the O2-covered surface.

We have recently reported that the dissociation of H2 on
PdO(1 0 1) is also mediated by an adsorbed �-complex and that
blocking cus-Pd sites with O2 suppresses H2 dissociation [26]. How-
ever, pre-adsorbed O2 is less effective at blocking cus-Pd sites for
tially blocks about 80% of the cus-Pd sites, we estimate that the
�1 n-butane coverage reaches more than 65% of the �1 satura-
tion coverage (∼0.05 versus 0.08 ML) obtained on an initially clean
PdO(1 0 1) surface. In contrast, pre-saturating with O2 causes the
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Fig. 6. TPRS traces of n-butane (top) and CO2 (bottom) obtained after adsorb-
ing n-butane at 85 K on clean PdO(1 0 1), 18O2 pre-saturated PdO(1 0 1), and after
one repeated adsorption–desorption cycle to generate butyl-covered PdO(1 0 1),
as described in the text. The initial n-butane coverage is ∼0.30 ML in the experi-
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by n-butane dissociation is given by [R] = S [RH] + (1–S )[R] ,
ents with clean and O2 pre-saturated PdO(1 0 1) and ∼0.25 ML for the repeated
dsorption–desorption experiment. The plot showing n-butane TPD traces omits
he multilayer peak to accentuate the changes in the �1 peak near 215 K. A heating
ate of 1 K s−1 was used in each experiment.

2 dissociation yield to decrease to only 20% of its maximum value.
he reason for this difference appears to be that n-butane molecules
ind more strongly than H2, and can thus displace O2 from more
eakly-bound states, and may also move to cus-Pd sites as 18O2
esorbs during the TPRS experiment.

Support for this interpretation comes firstly from observa-
ions of 18O2 desorbing as n-butane adsorbs onto 18O2-covered
dO(1 0 1) at 85 K. Also, we find that the 18O2 TPD yield is about
0% of the 18O2 coverage prepared prior to n-butane adsorption
0.21 versus 0.29 ML) and that less than 0.01 ML of 18O desorbs
n other products, such as H2

18O and C16O18O. Notably, we do
ot observe organic oxygenates during TPRS from the mixed n-
utane/18O layer. Rather, all of the dissociated n-butane appears
2
o completely oxidize to carbon dioxide and water. Despite the par-
ial displacement of 18O2 that occurs, these measurements show
hat pre-adsorbed O2 partially suppresses both the desorption of
-butane in the �1 peak and the oxidation of n-butane to CO2 and
ay 160 (2011) 213–227

H2O. As such, the results provide further support for concluding
that the �1 state corresponds to n-butane �-complexes on cus-Pd
sites and that the �-complex is a necessary precursor to n-butane
activation on PdO(1 0 1).

4.8. n-Butane adsorption–desorption cycles

We investigated the possibility of increasing the total n-butane
dissociation yield on PdO(1 0 1) by repeating cycles of n-butane
adsorption and desorption. In these experiments, we adsorbed
∼0.25 ML of n-butane at 85 K and then heated to 270 K to com-
pletely evolve the desorbing fraction of the n-butane layer. We
repeated this procedure multiple times before finally heating to
923 K and monitoring the desorption of products using TPRS. We
limited the surface temperature to 270 K in an attempt to preserve
the butyl groups produced in each heating step and also prevent
surface reduction. Our rationale is that evolving the desorbing
fraction should create vacant cus-Pd sites for additional n-butane
adsorption and thus allow increasing the butyl coverage through a
stepwise approach.

Fig. 6 shows n-butane and CO2 TPRS traces obtained after con-
ducting one adsorption–desorption cycle and then heating to 923 K
after a second adsorption step at 85 K. The �1 peak is very small in
the n-butane TPD spectrum while the CO2 peak is about 40% larger
than that obtained after adsorbing n-butane on clean PdO(1 0 1).
In fact, the increase in CO2 yield after one cycle agrees quanti-
tatively with the decrease in �1 yield (∼0.018 ML). This behavior
demonstrates that n-butane molecules can adsorb onto the (nom-
inally) butyl-covered surface and undergo C–H bond cleavage to
generate higher butyl coverages than are attained in one adsorption
step. We also collected TPRS spectra after performing up to three
adsorption–desorption cycles to determine how the CO2 and �1 n-
butane peaks evolve. The CO2 yield changes marginally after the
first cycle, and the �1 peak further diminishes and is nearly absent
after the third cycle. This trend suggests that n-butane molecules
continue to adsorb in decreasingly smaller quantities after each
step until reaching a saturation condition.

A simple model of the precursor-mediated activation of n-
butane on PdO(1 0 1) can account for the changes in product yields
that we observe after repeated adsorption–desorption cycles. In
this model, a kinetic competition between desorption and dis-
sociation of the adsorbed precursor determines the branching
probability for dissociation, denoted as So = kr/(kr + kd), where kr

and kd represent rate coefficients for dissociation (“reaction”) and
desorption, respectively. In the present analysis, we assume that n-
butane dissociation occurs by single C–H bond cleavage to produce
an adsorbed butyl group and a hydrogen atom. We further assume
that only butyl groups remain on the cus-Pd rows. The dissocia-
tion probability is typically a strong function of the temperature
and can also vary with adsorbate coverage. Using the precursor-
mediated model, one may estimate the dissociation yield obtained
during TPRS by integrating the butyl mole balance equation, but
knowledge of the temperature dependence and possible coverage
dependence of the dissociation probability is needed to perform
the integration.

To simplify the analysis, we treat So as a constant and obtain
an analytical equation that approximates the dissociation yield.
Neglecting the temperature dependence of So can be reason-
able if the desorption and dissociation of the n-butane precursor
occur over a relatively narrow range of temperatures during TPRS.
According to the model, the coverage of butyl groups produced
o max o o

where [R]o and [RH]max represent the initial butyl coverage and the
maximum coverage of n-butane in the �1 state obtained on clean
PdO(1 0 1), respectively. Within the context of this model, the disso-
ciation probability So is equal to the dissociation yield, [R]/[RH]max,
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btained after a single adsorption–desorption experiment and is
stimated as So = 0.64 from the data shown in Fig. 5. Again, we
mphasize that So in this model represents an effective dissocia-
ion probability that we apply to describe n-butane dissociation
uring TPRS.

The presence of butyl groups on the cus-Pd rows would
ower the concentration of vacant cus-Pd sites available for n-
utane adsorption. Assuming that n-butane molecules saturate
hese available sites, the n-butane coverage obtained on a sur-
ace initially covered with butyl groups at coverage [R] is given
y [RH] = [RH]max − [R]. This equation assumes that a butyl group
nd an n-butane molecule occupy the same number of surface
ites. Applying these equations to repeated adsorption–desorption
ycles gives the following equation for the butyl coverage gener-
ted after the ith n-butane exposure: [R]i = Si[RH]max, where Si =

i
k=0S0(1 − S0)k. Using So = 0.64, as estimated from the experimen-

al data, the model predicts that Si = 0.88, 0.96, and 0.98 for i = 1–3.
hese values differ by less than 3% from the total dissociation yields
stimated from our experimental data.

The good agreement between the model and the experimen-
al data suggests that the model captures essential features of
he kinetics underlying n-butane activation on PdO(1 0 1). In the
recursor-mediated model, a kinetic branching between desorp-
ion and dissociation determines the probability that a single
-butane molecule will dissociate. The present model assumes that
his dissociation probability is independent of the n-butane cov-
rage. We note, however, that our analysis uses the value of the
issociation probability determined for a saturated n-butane layer
nd that the yield data (Fig. 5) shows that the dissociation probabil-
ty decreases from ∼95% to 64% with increasing coverage in the �1
tate. We thus conclude that the coverage of adsorbed butyl groups
nd n-butane molecules have a similar effect on the n-butane disso-
iation probability when the combined coverage of these species is
nough to saturate the cus-Pd sites. Indeed, the agreement between
he predicted and the experimentally-determined yields supports
he conclusion that butyl groups remain adsorbed on the cus-Pd
ows under the conditions examined.

The increase in dissociation yield upon repeating
dsorption–desorption cycles further suggests that butyl groups
ehydrogenate to a limited extent during heating to 270 K. If the
utyl groups did dehydrogenate, then the resulting H atoms would

ikely hinder the dissociation of n-butane molecules added to the
urface in subsequent steps, in which case the CO2 yield would not
ncrease by the amount observed. Thus, the results also provide
vidence that the butyl groups produced by n-butane activation
emain stable up to at least 270 K. This stability could afford oppor-
unities to steer the chemistry of alkyl groups on PdO(1 0 1) toward
artial oxidation rather than complete oxidation to CO2 and H2O.

. Computational results

.1. Alkane �-complexes

We used DFT to explore the bonding of n-butane �-complexes
n PdO(1 0 1) and to generally clarify how the nature of the alkane-
d dative interaction influences C–H bond activation. In our earlier
FT study, we reported the formation of adsorbed �-complexes

or methane, ethane, and propane on PdO(1 0 1), where the alkanes
oordinate with a cus-Pd atom(s) [22]. Charge density difference
lots of methane adsorbed on cus-Pd atoms clearly show the

onation–backdonation features, which are indicative of dative
onding. The adsorption energies from DFT, while not capturing the
ubstantial dispersion interactions, show that alkane bonding on
he PdO(1 0 1) surface is much stronger than corresponding adsorp-
ion on Pd(1 1 1). The C–H bonds involved in the coordinate interac-
ay 160 (2011) 213–227 221

tion(s) are stretched from their gas-phase values. We also observe
redshifts in vibrational modes associated with these bonds. These
effects suggest that the dative bonding weakens the coordinated
C–H bonds, making them easier to cleave. This model of alkane
bonding on the PdO(1 0 1) surface can help to explain our exper-
imental observations that the adsorbed �-complexes of propane
and n-butane serve as precursors to initial C–H bond cleavage.

In this paper, we extend our DFT results to the adsorption of
n-butane on the PdO(1 0 1) surface. In our earlier study, we iden-
tified multiple �1 and �2 configurations for methane, ethane, and
propane. In the present study, these minima were used as guesses
to generate viable initial n-butane configurations that we sub-
sequently relaxed. Fig. 7a and b shows the most stable �1 and
�2 configurations of n-butane identified using DFT. n-Butane in
the �1(2H) configuration has two H atoms interacting with cus-
Pd atoms on the surface and is favored over the single �2(H,H)
four-center bonding configuration by nearly 20 kJ/mol. We found
a similar preference for �1(2H) versus a single �2(H,H) interaction
for propane but with only a 3.3 kJ/mol difference [22]. This smaller
difference between the �1 and �2 configurations of propane arises
because the propane molecule can adopt an �2(H,H) configuration
involving the secondary carbon atom. We have also identified an
�2(C,H) configuration of propane (Fig. 8d) that is slightly favored
by 1 kJ/mol over the �2(H,H) configuration (not shown). In both of
these configurations, the propane molecule avoids steric repulsion
from the adjacent surface atoms and can thus adopt an optimal
geometry for the �2 interaction. A similar �2 configuration is not
possible for n-butane since it would bring non-bonded methyl
groups too close to the PdO(1 0 1) surface. These steric interactions
originate from the strong corrugation of the surface perpendicular
to the cus-Pd row and occur when the long-chain alkanes align in
that direction.

A clearer picture of the sensitivity of the four-center �2(H,H)
interaction to small geometric perturbations can be observed by
comparing similar �2 configurations for methane, ethane, propane,
and n-butane. Fig. 8a–c shows the same �2 configuration for
methane, ethane, and propane as the one depicted for n-butane in
Fig. 7b. The adsorption energies for these three configurations are
16.2, 21.9, and 13.9 kJ/mol, respectively. In methane and ethane,
the �2 configuration maintains the strong coordinate bond in addi-
tion to attractive non-bonded interactions between the methyl
group and the cus-O atom, but the propane molecule experiences a
sharp decrease in adsorption energy. This sharp decrease is main-
tained for the n-butane molecule, which has an adsorption energy
of 12.3 kJ/mol. In summary, a comparison of the �2 configurations
involving the CH3 group shows a sudden decrease in adsorption
energy from ethane to propane. A visual inspection of Figs. 7a–c
does not show much difference in the molecule–surface interac-
tion of the methyl group, so the origin of the sudden decrease in
adsorption energy is not obvious.

We initially examined the distortion cost of the molecule
adsorbed on the surface. The distortion cost, or energy, can be
obtained by evaluating the energy of the molecule in the adsorbed
configuration with the surface removed and subtracting it from the
energy of the gas-phase molecule. By this definition, a more neg-
ative value would indicate a greater strain or distortion energy,
suggesting that intramolecular interactions are affected by adsorp-
tion on the surface. Our analysis shows that propane and n-butane
have lower distortion energies than ethane, thus demonstrating
that molecular strain due to the surface is not responsible for the
unfavorability of the �2 configuration for the longer-chain alkanes.
To separate the �2 bonding interactions from other contri-
butions from adjacent methyl groups, we took the adsorption
configuration for propane shown in Fig. 7c and replaced the spec-
tator methyl group with an H atom. The molecule and surface
were then fixed, and only the new H atom was allowed to relax
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onfiguration involves two �1 bonding interactions, while the �2 configuration res

o obtain an optimal C–H bond length. This procedure results in
n ethane molecule bound to the surface in precisely the same
anner as the propane molecule. The adsorption energy for this

ew ethane configuration is 13.4 kJ/mol, which is very similar
o the propane and n-butane adsorption energies. Therefore, the
pectator methyl groups of propane and n-butane are sufficiently
epelled by the surface to prevent these molecules from achieving
ptimal bonding in the �2 configuration. A more detailed anal-
sis of the methyl group–cus-Pd interaction for ethane and the
odified ethane shows that the modified ethane has a 12◦ rota-

ion around the axis aligned along the cus-Pd rows. This rotation
isrupts the sensitive four-center interaction of the �2(H,H) config-
ration, resulting in a weaker bond. As noted earlier, this rotation

s forced on the propane and n-butane configurations shown in
igs. 8c and 7b by the surface corrugation perpendicular to the
us-Pd row. For propane, this perturbed �2 configuration can be
voided by moving the coordinate bond to the secondary carbon
tom (see Fig. 8d), which allows the molecule to sit on top of a cus-
d atom with the adjacent methyl groups pointing away from the
urface. Such a configuration is not an option for n-butane since
he additional methyl group would have to be oriented toward the
urface. As noted above, we identified both �2(H,H) and �2(C,H)
onfigurations for propane with very similar adsorption energies.
hese two configurations are related by a small rotation around
he axis aligned normal to the cus-Pd rows, which is distinct from
he unfavorable rotation around the axis aligned along the cus-Pd

ows that disrupts the �2 interaction for propane and n-butane
n Figs. 7b and 8c. n-Butane cannot adopt either the �2(H,H) or

2(C,H) configuration through its CH2 group because of the consid-
rable steric interactions with the PdO(1 0 1) surface, which forces
he weak bonding observed in Fig. 7b.
n the PdO(1 0 1) surface with Eads = 31.2 and 12.3 kJ/mol, respectively. The �1(2H)
one weakened �2 interaction.

The above analysis clearly reveals that the methyl �2 configura-
tion is highly sensitive to the local geometry since the configuration
involves a four-center interaction. This sensitivity prevents stable
minima of �2 configurations from forming along the cus-Pd rows.
As seen in the �2 configuration of methane (Fig. 8a), the downward-
oriented H atoms lie in the direction of the cus-Pd rows. Rotating
the methane molecule such that the downward-oriented H atoms
lie perpendicular to the cus-Pd rows results in a relaxed �1 config-
uration with only one H–Pd interaction. These results indicate that
the �2(H,H) bonding is also disrupted if the H atoms are brought
close to the adjacent cus-O atoms, which leaves the configuration in
Fig. 8a as the only stable �2 configuration for CH4. Clearly, longer-
chain alkanes that lie along the cus-Pd row will also be unable to
adopt such an �2 configuration. To confirm this idea, we prepared
initial �2 configurations of ethane, propane, and n-butane lying
parallel to the cus-Pd rows, and, as expected, each of these configu-
rations relaxes into �1 configurations such as that shown in Fig. 7a.
With alkanes able to form only one �2 bond, and such bonding
being weaker for the larger alkanes, it is clear that the �1 configu-
rations along the cus-Pd rows will be the overwhelmingly favored
adsorbed state of n-butane and longer straight-chain alkanes.

Propane holds a unique position in the transition from �2 to
�1 configurations because it can adopt an �2 configuration on its
secondary carbon, which results in �1 and �2 configurations that
are very similar in energy (∼3 kJ/mol). For n-butane and larger
straight-chain alkanes, DFT suggests that the component of the

adsorption energy due to dative bonding interactions will scale as
the number of �1 interactions formed. For propane and n-butane,
only two �1 bonds can form due to the registry of these molecules
on the PdO(1 0 1) surface. For propane, both of these bonds form
on the CH3 groups, while n-butane has one bond at a CH3 group
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onfiguration for propane involves �2 bonding with the secondary carbon as shown

nd the other at a CH2 group. The adsorption energies of propane
1
nd n-butane in the � (2H) configuration are 27.7 and 31.2 kJ/mol,

espectively. While these values may indicate subtle differences in
he strengths of �1 bonds involving primary versus secondary C–H
onds, the energy difference is slight and could arise solely from
on-bonding interactions. Future studies with longer alkanes that
red �2 configuration identified for n-butane on the PdO(1 0 1) surface (see Fig. 7b).
e, and n-butane are 16.6, 22.7, 13.9, and 12.3 kJ/mol, respectively. The favored �2

) with an adsorption energy of 25.7 kJ/mol.

form three or more bonds will help to clarify this issue. Calculations

that explicitly include the molecule–surface dispersion interaction
are also required to fully account for the non-bonding interactions.

We examined the adsorption of n-pentane on the PdO(1 0 1) sur-
face as well and find that the favored bonding geometry is the
�1(3H) configuration shown in Fig. 9. In this configuration, the
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Fig. 9. The favored �1(3H) configurations for n-pentane with three H–P

-pentane molecule forms three �1 bonds, one at each primary car-
on atom and one at the central CH2 group. The adsorption energies
f the �1 configurations of n-pentane are ∼40 kJ/mol. This value of
he adsorption energy is close to 3/2 that of the �1(2H) propane con-
guration, which matches the ratio of �1 bonds. This result suggests
hat the constant offset found in the experimentally-determined E
ersus N relationship for methane to n-butane (Fig. 4) should break
own and exhibit an abrupt increase at n-pentane if each of the �1

ond strengths is in fact similar. Subsequent n-alkanes might also
how a stepwise behavior in the offset, depending on the registry
etween the n-alkanes and the cus-Pd rows.

As shown in Fig. 9, n-pentane molecules adsorbed in the �1

onfiguration have freedom to rotate toward the neighboring
ourfold-coordinated Pd row while preserving the coordinate H–Pd
onds with the cus-Pd row. For example, the configurations shown

n Fig. 9a and b are related by a rotation around an axis parallel to the
us-Pd rows. Both of these configurations share the same coordi-
ate bonding, differing only in their non-bonding interactions with

he surrounding atoms. The difference in the adsorption energy of
hese two configurations is 0.5 kJ/mol. While not shown, we have
ound similar results for n-butane and can conclude that the �1

onfigurations have more rotational freedom since the two-center
d–H interaction is not as restrictive as the four-center interaction
ractions with adsorption energies of (a) 41.2 kJ/mol and (b) 40.7 kJ/mol.

of the �2 configuration. The rotational freedom of the �1 config-
urations may allow these alkane �-complexes to maximize their
dispersion interaction with the surface while maintaining rela-
tively strong dative bonding with the cus-Pd row. In effect, the
n-alkane �-complexes could adopt a flat-lying geometry relative
to the local facet and experience a linear increase in the strength
of the dispersion interaction with increasing chain length. Thus,
the experimentally-observed E versus N relation (Fig. 4) appears
to be consistent with propane and n-butane adsorbing in the �1

configuration. Additional work that accurately includes dispersion
interactions will be needed to test this idea.

In our earlier study of alkane �-complexes on PdO(1 0 1), we
reported lengthening (∼1.55%) of the two C–H bonds of CH4 that
coordinate with the cus-Pd atom. Furthermore, vibrational modes
involving the symmetric and asymmetric C–H stretch of the weak-
ened C–H bonds redshift from the corresponding gas-phase values
by ∼200 cm−1. The magnitude of these redshifts is much larger
than those observed for alkanes on metal surfaces [1,50] and can be

attributed to the dative bonding interaction on PdO(1 0 1). Table 1
shows the C–H bond stretching and mode softening of the sym-
metric and asymmetric stretch frequencies for the relevant minima
identified for the alkanes on PdO(1 0 1) along with the relevant
H–Pd bond distances for atoms involved in the coordinate bonding.
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Table 1
The C–H and Pd–H bond lengths, along with the associated mode softening of the C–H stretch frequencies, for the relevant minima of alkanes from methane to n-butane.
Similar values for n-pentane, except for the mode softening, are also included. The percent stretch of each C–H bond length with respect to the gas-phase value is provided
in brackets. The primary (CH3) and secondary (CH2) groups on the alkane are distinguished.

Configuration C–H stretch (Å) [%] Pd–H (Å) Mode softening (cm−1)

CH3 CH2 CH3 CH2

�2 methane 1.114 [1.55] – 2.160 – 208, 169
�2 ethane 1.118, 1.123 [1.64, 2.09] – 2.186, 2.126 – 232, 222

2 [0.27

M
f
t
i
a
e
(
c
f
q
T
n
i
a
p
s
w
i

s
t
b
e
H
t
t
n
o
n
b
t
�
w
m
o
c
F
t
c
t

n
i
g
d
s
T
n
a
t
b
w
e

� propane – 1.106, 1.146
�1 propane 1.128 [2.23] –
�1 n-butane 1.127 [2.36] 1.138 [3.08]
�1 pentane 1.125, 1.122 [2.36, 1.99] 1.138 [2.89]

ethane also shows softening of a bending mode (not shown), but
or the other alkanes the dramatic softening (>50 cm−1) is restricted
o stretching frequencies dominated exclusively by the C–H bonds
nteracting with the cus-Pd atoms. The values for methane, ethane,
nd propane are slightly different than the values reported in our
arlier study [22] because we have used a force criterion of 0.01
0.03) eV/Å and atomic displacements for the normal mode cal-
ulations of 0.02 (0.05) Å in the present (earlier [22]) study. We
ound these changes to be necessary to properly refine the low fre-
uency modes involved in rotation of the molecule on the surface.
he change in the values reported in Table 1 are all minor and do
ot affect the conclusions from our earlier study, except for the

dentification of a new �2(C,H) propane configuration. As noted
bove, this configuration is very close in energy to the �2(H,H)
ropane configuration reported in our earlier study [22]. The inclu-
ion of dispersion may differentiate these two configurations, but
ith our current DFT values, we can expect both to be present and

ndistinguishable by TPD.
We predict small increases in the percentage of C–H bond

tretching with increasing alkane chain length independent of the
ype of bonding (�1 versus �2). Since hyperconjugation can sta-
ilize the weakening of a C–H bond, an ethane �-complex may
xperience slightly more elongation of the C–H bonds and shorter
–Pd bonds compared with methane. The DFT results confirm

his expectation (Table 1). Also, the mode softening scales with
he extent of C–H bond stretching and therefore is more pro-
ounced for longer alkanes. The alkane chain length dependence
f C–H bond stretching should become negligible with larger alka-
es, and in fact, we see very little difference in the C–H bond lengths
etween n-butane and n-pentane. Because of the lack of symme-
ry between the two downward-oriented C–H bonds within the
2(C,H) propane configuration, the mode softening is associated
ith only one of the C–H bonds and is quite large at 470 cm−1. This
agnitude of mode softening is the largest we have found among all

f the alkane configurations and suggests that �2(C,H) and �2(H,H)
onfigurations can be distinguished with vibrational spectroscopy.
urthermore, the dramatic difference in mode softening between
he two configurations may also result in differences in C–H bond
leavage, but future studies of the C–H bond scission will be needed
o confirm this hypothesis.

A pronounced effect is also observed in the �1 configuration of
-butane where the mode softening associated with the CH2 group

s greater by nearly 100 cm−1 over that associated with the CH3
roup. The percent change in the C–H bond lengths also reflects the
ifference in mode softening as the primary (secondary) C–H bond
tretches by 2.36 (3.08)% from the corresponding gas-phase values.
he difference between primary and secondary C–H bonds does
ot seem to be entirely attributable to differences in H–Pd inter-

ctions since those bond lengths differ only by ∼0.05 Å. In general,
he secondary C–H bonds are more easily cleaved than the primary
onds due to hyperconjugation (i.e., resonance stabilization), and
e believe that this effect is responsible for the greater mode soft-

ning of the secondary C–H bonds that we predict. Therefore, the
, 3.89] – 2.601, 1.937 470
2.008 – 284, 262
2.030 1.974 362, 264
2.017, 2.152 2.012 –

DFT calculations suggest that cleavage of the secondary C–H bonds
of n-butane will be more facile than the primary C–H bonds. Such a
hypothesis based on mode softening and bond stretching will have
to be confirmed with future studies of C–H activation barriers for
the alkanes.

5.2. Dissociation pathways for �2 methane

Understanding the mechanisms and barriers for C–H bond
cleavage of alkanes in different bonding configurations (�1 ver-
sus �2, primary versus secondary) will provide important insights
for understanding the factors which influence alkane activation
on the PdO(1 0 1) surface. This information can be subsequently
used to explore modifications of the surface to enhance activity
for alkane oxidation. Nevertheless, fully exploring all of the pos-
sible reaction pathways for methane to n-butane is beyond the
scope of this paper. Instead, we present results for C–H activation
of the �2 methane configuration shown in Fig. 8a. The adsorbed
CH4 molecule has two types of C–H bonds that are candidates for
cleavage. The first is the non-interacting, upward-oriented C–H
bond pointed toward the cus-O atom, and the second is one of the
two equivalent C–H bonds involved in the �2 interaction with the
cus-Pd atom. We have not considered the other upward-oriented
C–H bond since our recent DFT study of H2 on PdO(1 0 1) indi-
cates that the preferred binding site for an H atom is on top of a
cus-O atom [26]. Therefore, the first pathway we investigated is
a simple transfer of the upward-oriented H atom to the adjacent
cus-O site as shown in Fig. 10a. This pathway yields a large C–H
bond activation barrier of 167 kJ/mol, which suggests that C–H bond
cleavage involving the non-interacting H-atom occurs negligibly on
the PdO(1 0 1) surface.

In our recent study of H2 dissociation, we identified a facile dis-
sociation pathway that involves rotation of the H2 molecule lying
parallel to the cus-Pd row to yield a final dissociated state where
one of the H atoms is firmly bound on top of the cus-O site. We have
generated a similar pathway for cleavage of a downward-oriented
C–H bond of the adsorbed methane molecule. In this pathway
(shown in Fig. 10b), the CH4 molecule first undergoes a rotation
and subsequent elongation of the C–H bond and then dissociates to
a final state that is very similar to that found for the first pathway.
However, this second pathway results in a much lower barrier of
64.2 kJ/mol, indicating that the �2 interaction strongly facilitates
C–H bond cleavage. The only difference between the final states
in the two pathways is a small rotation of the methyl group, but
the energies are nearly degenerate. We have confirmed that the
final state(s) are indeed minima, but there are very low frequency
(∼50 cm−1) rotational modes involving the methyl species. While
the quantitative values of the barriers for methane activation deter-

mined with DFT should be taken with caution due to the lack of
dispersion interactions, our results clearly show that dative bond-
ing between the alkane molecule and the cus-Pd atom lowers the
C–H bond cleavage barrier by more than 100 kJ/mol for CH4. Future
studies will incorporate DFT-D implementations to more accurately
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ig. 10. The DFT-predicted pathway for initial C–H bond cleavage of methane on
our-center �2 interaction with a cus-Pd atom.

redict both the adsorption and activation energies for methane
nd other alkanes on the PdO(1 0 1) surface. Once more accurate
alues incorporating dispersion are known, we can estimate the
H4 dissociation rates at commercially relevant temperatures and
ressures using transition state theory. Finally, the mode soften-

ng shows strong dependence for the �1 interactions with primary
ersus secondary carbon groups on n-butane, so C–H activation
tudies of n-butane will be helpful in correlating mode softening
o preferential C–H bond activation.

. Summary

We investigated the molecular adsorption and dissociation of
-butane on a PdO(1 0 1) thin film using TPRS experiments and DFT
alculations. The TPD results reveal that n-butane molecules popu-
ate a low-coverage state on PdO(1 0 1) that is more strongly bound
han n-butane molecules physisorbed on Pd(1 1 1). This behavior
s similar to that seen with smaller alkanes and arises from the
ormation of an n-butane �-complex on PdO(1 0 1). The adsorption
nergy of the n-butane �-complex continues a linear trend reported
reviously for the adsorption energy versus chain length relation
f C1 to C3 n-alkane �-complexes on PdO(1 0 1). This E versus N
elationship demonstrates that dative bonding produces a similar

nhancement in alkane binding on PdO(1 0 1) versus Pd(1 1 1) with
ncreasing chain length up to n-butane. Our TPRS results also show
hat a fraction of the n-butane layer undergoes C–H bond cleav-
ge on PdO(1 0 1) under the conditions investigated and that the
esulting fragments are completely oxidized by the surface upon
0 1) through (a) the non-interacting H atom and (b) the H atom involved in the

continued heating. The evolution of product yields with increasing
n-butane coverage, as well as the results of site blocking experi-
ments, provide strong evidence that the n-butane �-complex acts
as the precursor to initial C–H bond cleavage on PdO(1 0 1).

DFT calculations confirm that n-butane molecules bind rela-
tively strongly on PdO(1 0 1) by forming �-complexes on the cus-Pd
rows. The calculations predict that the favored bonding geome-
try for n-butane is an �1(2H) configuration in which the n-butane
molecule lies parallel to the cus-Pd row and forms two H–Pd coordi-
nate bonds. Our calculations reveal that steric repulsions between
the terminal alkyl groups and the surface disrupt the bonding
achieved in the �2 configurations of n-butane, resulting in a strong
preference for n-butane to adopt the �1(2H) configuration along
the cus-Pd row. In general, this steric effect causes the preferred
bonding geometry of alkane �-complexes on PdO(1 0 1) to change
from �2 to �1 configurations with increasing chain length, with
the �1 configurations becoming preferred for molecules larger than
propane.

The DFT calculations also demonstrate that the formation of
alkane �-complexes on PdO(1 0 1) weakens the coordinated C–H
bonds, making them easier to cleave. We firstly predict that the
coordinated C–H bonds elongate and undergo significant vibra-
tional mode softening. The extent of C–H bond weakening caused

by the dative interaction generally correlates with the stability of
the alkyl radicals. Additionally, we find that coordination with the
Pd center lowers the energy barrier for C–H bond cleavage by more
than 100 kJ/mol for CH4 adsorbed in the �2 configuration. Given the
more pronounced C–H bond weakening seen for the larger alkanes,
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e anticipate that the dative bonding interaction will lower the
–H bond cleavage barriers for these molecules to an even greater
xtent than that predicted for methane. A key finding is that the
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