
Surface Science 464 (2000) 183–192
www.elsevier.nl/locate/susc

Investigation of the surface chemistry of crown ethers: the
adsorption and reaction of 1,4-dioxane on palladium (111)
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Abstract

1,4-Dioxane adsorbs on Pd(111) at 80 K to form an overlayer saturating at an exposure of ~4 L
(1 L=1×10−6 Torr s) and desorbs with a peak centered at ~268 K in temperature-programmed desorption. Multilayer
growth commences for exposures >2 L suggesting that they form before the monolayer is completed. The multilayers
desorb at ~160 K. Reflection–absorption infrared spectroscopy of both normal and perdeuterated dioxane suggests
that it converts from its usual chair conformation in the gas phase into a boat conformation in the monolayer,
allowing the lone pairs on both oxygen atoms to interact with the surface. A portion of the adsorbed dioxane
thermally decomposes at or below ~300 K to desorb ethylene and hydrogen and to deposit CO onto the surface.
The adsorbed CO thermally desorbs at ~460 K. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Chemisorption; Ethers; Infrared absorption spectroscopy; Palladium; Surface chemical reaction; Thermal desorption
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1. Introduction are trapped on the spindles of dumbbell-shaped
molecules [18–25]. Variants of these molecules,

The notion of ‘self-assembly’ has been applied pseudorotaxanes, have been fabricated in which the
over the past few years both to the construction of spindle is not locked in place by the presence of
large molecular assemblies and supramolecular large terminal groups but is merely threaded
arrays [1]. Ordered ‘self-assembled’ monolayers through the center of the cyclic molecule [26,27].
have been grown on surfaces where self-assembly Many of the synthetic strategies for these types
into ordered arrays is driven by the intermolecular of molecule have exploited template-directing
van der Waals interactions between the long, interactions, such as van der Waals forces (as in
anchored chains [2–12]. Large assemblies of organic the case of self-assembled monolayers above),
molecules have been synthesized that comprise hydrogen or donor–acceptor bonds. Crown ethers
interlocking molecules. Examples of these include provide a classical example of such interactions.
catananes, which consist of interlocking ring mole- These were discovered in the 1960s [28] and com-
cules that form chains in which the cyclic molecules prise polycyclic molecules with the general formula
form the links [13–17], and rotaxanes, where rings (CH2OCH2)n and are named 3n-crown-n, where

each of the n oxygen atoms is bound between two
carbon atoms arranged in a ring consisting of 3n* Corresponding author. Fax: +1-414-229-5036.

E-mail address: wtt@csd.uwm.edu ( W.T. Tysoe) (either oxygen or carbon) atoms. An important
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characteristic of their chemistry is the complex- base pressures of 1×10−10 Torr following bakeout
ation by the ether oxygen atoms of various ionic and which have been described in detail elsewhere
species; this furnishes a simple example of ‘host– [34,35]. Infrared data were collected from a palla-
guest’ chemistry and is used as a simple model for dium single crystal sample mounted in a modified
analogous biological interactions, where the crown 2.75◊ six-way cross equipped with infrared-
ether acts as the host and cationic species as the transparent KBr windows. The sample could be
guest [29–31]. This chemistry also has the potential resistively heated to 1200 K or cooled to 80 K
to provide a strategy for selectively removing cat- using liquid nitrogen. Light from a Midac model
ionic species from water. Crown ethers have M2000 infrared spectrometer passes through a
recently been reacted with dialkyl ammonium ions polarizer and is focused onto the sample at an
to synthesize pseudorotaxanes [23]. incidence angle of ~80° and the reflected light

In order to attempt to exploit such host–guest steered onto the detector of a liquid-nitrogen-
chemistry in the heterogeneous phase, we have cooled, mercury cadmium telluride detector. The
embarked on an investigation of the chemistry of complete light path is enclosed and purged with
crown ethers on surfaces. One goal, ultimately, is dry, CO2-free air. The spectrometer is controlled
to synthesize self-assembling systems using using SpectraCalc software typically operated at
adsorbed crown ethers of various sizes to form 4 cm−1 resolution and data were typically collected
surface rotaxanes where adsorbate molecules penet- for 1000 scans.
rate the orifice of the crown ether ring to form an In the second chamber, the sample was mounted
ordered system. Varying the radius of the crown to a carousel-geometry manipulator and could
ether ring also might provide a method of restricting similarly be resistively heated to 1200 K and cooled
the size of ensembles of metal atoms available at to 80 K by thermal contact to a liquid-nitrogen-
the surface and provide a strategy for modifying filled reservoir. Temperature-programmed desorp-
the sites available for a surface (catalytic) reaction. tion data were collected using a heating rate of

Palladium was selected as an appropriate sub-
~7 K/s and desorbing species detected using astrate for these investigations for various reasons.
Dichor quadrupole mass spectrometer interfacedFirst, it is sufficiently reactive that crown ethers
to a PC allowing five masses to be monitoredare likely to adsorb without undergoing facile
sequentially during the same desorption sweep. Inthermal decomposition. Second, palladium cata-
this case the sample was dosed via a tube, whichlyzes an array of reactions with different ensemble
minimized background contamination and dosingrequirements in ultrahigh vacuum, from acetylene
of the supports. This gave a pressure enhancementcyclotrimerization on the one hand, which requires
compared with the background pressure of ~58.a relatively large ensemble of palladium atoms to
In order to minimize spurious signals further, theproceed [32], to ethylene or acetylene hydrogena-
mass spectrometer is enclosed in a shroud with ation, on the other hand, with only modest ensemble
1 cm diameter hole in the front.requirements [33]. This investigation has been

The sample is cleaned using a standard pro-initiated by studying conceptually the simplest
cedure, which consists of heating at 1000 K incrown ether, 1,4-dioxane, which, using the nomen-
~4×10−8 Torr of oxygen and annealing at 1200 Kclature described above, is 6-crown-2. Although
in vacuo to remove any remaining oxygen. Sincethis is not conventionally thought of as a crown
the carbon KLL Auger feature is effectivelyether, it is the smallest member of the homologous
obscured by a strong palladium peak, Augerseries and, as such, is likely to be the simplest to
spectroscopy is not particularly sensitive to theunderstand.
presence of small amounts of carbon on the sur-
face. It was found that a more sensitive gauge of
carbon coverage was to saturate the surface with2. Experimental
oxygen and to perform a temperature-programmed
desorption experiment. The presence of surfaceThe experiments were carried out in two stain-

less-steel, ultrahigh vacuum chambers operating at carbon is manifested by the desorption of CO. As
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the surface becomes depleted of carbon, the CO peak centered at 268 K corresponding to desorp-
tion of dioxane adsorbed in the first layer. Thisyield decreases and the yield of oxygen increases

correspondingly. The complete absence of carbon peak is somewhat asymmetric, with a tail that
extends to ~450 K. As the exposure increases tois indicated by the desorption of only O2.

The 1,4-dioxane (Aldrich, 99+%) and d8- 1.16 L (1 L=1×10−6 Torr s), a peak appears at
~144 K that moves to slightly higher temperaturesdioxane (Aldrich, 99 at.%) used for these experi-

ments were transferred to glass vials and further as the exposure increases, and so appears at 158 K
at an exposure to 4.64 L. Note that exposures arepurified by repeated freeze–pump–thaw cycles and

their cleanliness monitored mass spectroscopically. not corrected for ionization gauge sensitivities. The
268 K peak grows with increasing exposure and
the peak temperature remains constant at 268 K,
although the tail to higher temperature becomes3. Results
more evident. Fig. 2 shows a plot of the peak area
for each of these desorption states as a functionTemperature-programmed desorption spectra

taken monitoring 88 amu, which is uniquely due of exposure. This reveals that the 158 K peak ($)
starts to grow before the 268 K feature (&) hasto the desorption of dioxane from the surface, are

displayed in Fig. 1 as a function of exposure. At saturated in intensity. The 158 K peak continues
to grow with increasing exposure and is thereforelower exposures, the spectrum exhibits a single
assigned to adsorption into second and subsequent
layers. This temperature is in good agreement with
that found for multilayers of 1,4-dioxane desorbing

Fig. 1. The 88 amu (dioxane) temperature-programmed desorp-
tion spectra following adsorption of dioxane on Pd(111) at
80 K as a function of exposures. The exposures are marked

Fig. 2. Plot of the yield from the 268 and 158 K desorptionadjacent to each spectrum and are uncorrected for ionization
gauge sensitivity. states as a function of exposure.
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from Ag(110) [36 ] and Ru(001) [37]. In contrast,
the intensity of the 268 K feature saturates at an
exposure of ~4 L and is therefore assigned to
desorption from the first monolayer. The results
in Fig. 2 also indicate that the second layer forms
before the completion of the first.

Fig. 3 displays a corresponding series of temper-
ature-programmed desorption data as a function
of dioxane exposure monitoring 28 amu. This is a
fragment of dioxane and shows the low-temper-
ature feature at between 145 and 158 K as well as
the broad 268 K peak, both seen in Fig. 1. Also
evident as a shoulder on the 268 K peak is a
feature at 312 K and a peak that grows with
increasing exposure at 460 K. In order to establish
the desorbing molecules producing these features,
temperature-programmed desorption data were
collected at 15, 26, 27 and 28 amu for a dioxane

Fig. 4. Temperature-programmed desorption spectra taken
after a 1.04 L exposure of dioxane to Pd(111) at 80 K measured
at 28, 27, 26 and 15 amu. Exposures are uncorrected for ioniza-
tion gauge sensitivity.

exposure of 1.04 L (Fig. 4). The 460 K state has
intensity only at 28 amu, with no signal appearing
in these spectra at 15, 26 or 27 amu. This indicates
that the 460 K feature is due to CO desorption.
The intensities of the sharp, low-temperature
(~150 K) peak, as well as the 268 K feature at
these masses, agree well with the mass spectrometer
ionizer fragmentation pattern of dioxane, thus
confirming that these features are due to dioxane
desorption. The feature at 312 K is more clearly
evident in these spectra and has intensity at 26
and 27 amu but none at 15 amu, indicating that
this peak is not due to dioxane desorption. The
fragmentation pattern agrees well with that for
ethylene and is assigned to some desorption of

Fig. 3. The 28 amu (dioxane, CO and ethylene; see text) temper- ethylene from the surface. Similar spectra collected
ature-programmed desorption spectra following adsorption of

with other dioxane exposures confirm this conclu-dioxane on Pd(111) at 80 K as a function of exposures. The
sion. Finally, Fig. 5 shows the 2 and 4 amu spectraexposures are marked adjacent to each spectrum and are uncor-

rected for ionization gauge sensitivity. following adsorption of d8-dioxane (1.16 L) onto
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Fig. 6. Reflection–absorption infrared spectra of a multilayerFig. 5. The 2 and 4 amu (D2) temperature-programmed desorp-
of dioxane adsorbed on Pd(111) at 80 K and annealed to vari-tion spectra following a 1.16 L exposure of d8-dioxane to
ous temperatures. The annealing temperatures are marked adja-Pd(111) at 80 K. Exposures are uncorrected for ionization
cent to the corresponding spectrum and the absorbance scale isgauge sensitivity.
marked as a vertical line on the figure.

the surface corresponding to the desorption of
deuterium at 355 K. Perdeutero-dioxane was used much better resolved so that, for example, the

CD2 stretching modes that appear as a single peakfor this experiment to eliminate signals due to any
hydrogen desorption due to background adsorp- at 80 K are well resolved into two features at 2098

and 2083 cm−1 after heating to 140 K. This maytion to ensure that the hydrogen arose only from
dioxane. No other desorbing species was detected. be indicative of some degree of order in the second

and subsequent layers caused by annealing theThe infrared spectra are shown in Fig. 6 (for
d0-dioxane) and Fig. 7 (for d8-dioxane) after con- sample. In addition to features that correspond

well to gas-phase dioxane, extra relatively weakdensing dioxane multilayers on the surface in each
case. Both of these multilayer spectra agree very peaks are seen at 1300, 1120, 1043, 870 and

820 cm−1 following the adsorption of d0-dioxanewell with the corresponding gas-phase frequencies
[38] and the assignments are summarized in Tables and at 1140, 1082, 1030, 890, 757 and 740 cm−1

in the case of d8-dioxane adsorption. These are1 and 2. Shoulders are also evident at slightly
higher frequencies on the 1105 and 1038 cm−1 relatively close to, but distinctly different from, the

peaks due to the condensed layer. The spectrapeaks, and these will be discussed in greater detail
below. The spectra that appear after heating to change drastically on heating to 200 K [corre-

sponding to completion of the low-temperature140 K are shown also in Figs. 6 and 7. These
exhibit features that are in good agreement with (~150 K) desorption state] but close to the onset

of the 268 K desorption state (Figs. 1, 3 and 4).the condensed multilayer, except that they are
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Table 2
Frequencies and assignments of the RAIRS spectrum collected
by dosing Pd(111) with d8-dioxane at 80 K (see Fig. 7) [38]

Frequency/cm−1 Symmetry Assignment

Gas phase Condensed layer

732 – bu CH2 rock
761 761 au Ring stretch
896 890 bu Ring stretch
1030 1038 au CH2 scissor
1118 1105 au Ring stretch
1153 1145 bu CH2 wag
1191 1184 au CH2 wag
2086 2086 au CH2 stretch
2098 2092 bu CH2 stretch

This confirms that the low-temperature (~150 K )
state is due to the desorption of a condensed
multilayer, since features assigned to the multilayer
have disappeared completely to leave only those
additional features referred to above, although
with somewhat diminished intensity. The spectra
now only exhibit those features present at lower
temperatures as shoulders on the main peaks.
These peak positions are summarized in Table 3.

Fig. 7. Reflection–absorption infrared spectra of a multilayer Further heating to 250 K causes a further diminu-of d8-dioxane adsorbed on Pd(111) at 80 K and annealed to
tion in intensity of these peaks, thus confirmingvarious temperatures. The annealing temperatures are marked
that the surface species that gives rise to theseadjacent to the corresponding spectrum and the absorbance

scale is marked as a vertical line on the figure. features desorb in the state centered at 268 K. This
is further confirmed by their complete removal on

Table 3
Assignment of species formed by heating a condensed layer ofTable 1
d0- or d8-dioxane on Pd(111) to 200 KFrequencies and assignments of the reflection–absorption infra-

red spectroscopy (RAIRS) spectrum collected by dosing
Mode Assignment Frequency/cm−1Pd(111) with d0-dioxane at 80 K (see Fig. 6) [38]

d0-Dioxane d8-DioxaneFrequency/cm−1 Symmetry Assignment

Gas phase Condensed layer Gas Surface Gas Surface
phase phase

881 876 au Ring stretch [38] [38]
889 889 bu CH2 rock

1052 1050 bu Ring stretch n3 CH(D)2 scissor 1444 1447 1225 1140
n4 CH(D)2 wag 1397 – 1108 10821086 1084 au CH2 rock

1136 1123 au Ring stretch n5 CH(D)2 twist 1305 1300 1008 1030
n6 CH(D)2 rock 1128 1126 832 8901256 1258 au CH2 twist

1291 1293 bu CH2 twist n7 C–C stretch 1015 1043 808
n8 CO stretch 837 870 752 7571369 1367 au CH2 wag

1449 1444 au CH2 scissor n9 OCC deformation 435 – 490 –
820 7401457 1453 bu CH2 scissor
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heating to 300 K, corresponding to the completion the presence of intact dioxane on the surface. The
activation energy for the first-order desorption ofof the 268 K state. A feature that appears at

~1830 cm−1 after annealing to 300 K is assigned dioxane can be estimated from the Redhead equa-
tion using the experimental heating rate (7 K/s),to the presence of adsorbed CO [39]. This continues

to grow slightly on annealing to 350 K, presumably assuming a pre-exponential factor of 1×1013 s−1,
as 16 kcal/mol [42]. This is assigned to the activa-due to the final decomposition of a small amount

of remaining adsorbed dioxane present at coverages tion energy of desorption from a dioxane overlayer
adsorbed onto the surface, since the desorptionbelow the detection limit of our spectrometer.

Further heating to ~500 K leads to a featureless yield of the 268 K peak saturates at an exposure
of ~4 L (Fig. 2). This species then gives rise tospectrum (not shown), corresponding to the desorp-

tion of the CO detected in the temperature-pro- infrared features that initially appear at ~140 K
and are uniquely present at 200 K (Figs. 6 and 7).grammed desorption data in Figs. 3 and 4.
As noted above, these features are close to the
gas-phase frequencies, and this shift may be due
to interaction of the adsorbate with the surface.4. Discussion
Note, however, that the relative intensities of the
peaks evident at 200 K are completely differentMultilayers of dioxane adsorb on Pd(111) at

80 K, as evidenced by temperature-programmed from those for the condensed layer. If it is assumed
that the condensed layer is relatively randomlydesorption spectroscopy. They desorb in a rela-

tively sharp state between 147 and 158 K, depend- oriented, the enhancements in intensities of indivi-
dual features can, in principle, be exploited toing on exposure, and the state continues to grow

in intensity with increasing exposure without satu- determine the adsorption geometry of surface
adsorbates using the surface selection rules [43].rating (Fig. 1–3). The infrared spectra confirm the

presence of molecular dioxane (Figs. 6 and 7, The most prominent feature in the spectrum of
d0-dioxane after annealing to 200 K is the peak atTables 1 and 2). Dioxane can, in principle, adopt

two configurations: boat and chair [40]. There 870 cm−1 (Fig. 7). Comparison with the con-
densed-layer spectrum of Fig. 7 following adsorp-appear to be no data for the enthalpy of tautomeri-

zation of 1,4-dioxane, but the value for cyclohex- tion at 80 K suggests that this corresponds to the
867 cm−1 feature in the condensed layer (seeane is 5–6 kcal/mol [41]. The corresponding

enthalpy for 1,4-dioxane is likely to be close to, Table 1). This is due to a ring stretching mode of
au symmetry (Table 1). Since modes of au symme-and perhaps somewhat greater than, this value.

The correspondence between the gas-phase and try transform as the z vector in the C2h point
group of the chair configuration of dioxane, thiscondensed-layer infrared spectra (Tables 1 and 2)

suggests that the chair conformation is maintained suggests that the dioxane adsorbs with its z-axis
relatively normal to the surface and implies ain the condensed layer. The multilayer is essentially

completely removed by heating to 200 K, as evi- rather unphysical adsorption geometry with the
C4 plane of the dioxane oriented perpendicularlydenced by the temperature-programmed desorp-

tion data (Figs. 1 and 3) and the infrared spectra to the surface with the vector connecting the
epoxide oxygen atoms oriented horizontally. In(Figs. 6 and 7), which show a large decrease in

spectral intensity when the sample is annealed to addition, other intense modes of au symmetry in
the condensed layer, e.g. the 1123 cm−1 mode200 K. The resulting spectrum formed by annea-

ling to 200 K gives rise to peaks at 1300, 1120 (Fig. 6, Table 1), which correlates with the
1120 cm−1 mode for the multilayer, is relatively1043, 870 and 820 cm−1 following the adsorption

of d0-dioxane, and at 1140, 1082, 1030, 890, 757 weak. These observations suggest that dioxane no
longer maintains its chair conformation in theand 740 cm−1 in the case of d8-dioxane. Since

these features decrease in intensity corresponding adsorbed layer. Dioxane adsorption has been pre-
viously studied on Ag(110) and Ru(001) [36,37],to the desorption of dioxane in the state centered

at 268 K (Fig. 1, 3 and 4), they are assigned to where it was proposed to bond to the surface via
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the lone pairs on the oxygen atoms. Such a geome-
try would lead to the z-axis of the molecule being
oriented parallel or almost parallel to the Pd(111)
surface and leading to symmetry-forbidden au
modes; this is contrary to what is observed experi-
mentally, where at least one vibration assigned to
an au mode (that at 870 cm−1) is very intense. An
alternative possibility is that the bonding of the
oxygen lone pairs to the surface is sufficiently
strong that the dioxane isomerizes to the boat
configuration to allow bonding of both oxygen
atoms to the surface as:

where now the z-axis of the molecule is oriented
perpendicularly to the surface and the adsorbed

Fig. 8. Comparison of the symmetry-adapted normal modes
dioxane in the boat conformation has C2v symme- derived from CMO stretches for dioxane in the boat and chair
try. Note that a desorption state between 247 and configurations.
255 K on Ru(001) (designated the a1 state) was
proposed to be due to dioxane adsorbed with chair configuration (C2h symmetry) it decomposes
multiple O–metal bonding [37]. These values are into Ag+Au+Bg+Bu, so that the total representa-
lower than, but in the same range as, the 268 K tion contains all possible irreducible representa-
desorption temperature found for dioxane desorp- tions in each case. The symmetry-adapted CMO
tion from Pd(111) (Fig. 1, 3 and 4), consistent modes for each of these irreducible representations
with the geometry depicted above for dioxane on for both the chair and boat conformations are
palladium. displayed in Fig. 8. Comparison of the normal

Since the C2v point group (for the boat configu- modes in each case allows the irreducible represen-
ration) is not a subgroup of the C2h point group tations in each symmetry to be related, and these
(of the chair configuration), it is not possible to are summarized in Table 4. The surface selection
use correlation tables to establish which irreducible rules for the proposed adsorption geometry of the
representations in one point group correlate with boat configuration shown above indicate that only
those in the other. An alternative approach was modes of A1 symmetry should be allowed in the
therefore taken in which symmetry-adapted reflection–adsorption infrared experiment, assum-
normal modes were compared for each configura- ing that the adsorbate maintains C2v symmetry
tion to establish which irreducible representations [43]. These correspond to Ag modes in the chair
in the C2v point group parallel those in C2h. This configuration that are symmetry forbidden in
is most easily illustrated for normal modes involv- infrared spectroscopy [38]. They are, however,
ing carbon–oxygen stretches: for the boat configu- Raman allowed, and the frequencies of the Ag
ration (C2v symmetry) the total representation modes for gas-phase dioxane in the chair confor-

mation obtained from the Raman spectrum aredecomposes into A1+A2+B1+B2, and for the
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Table 4 hydrogen desorption state a maximum at 355 K
Correlation between irreducible representations for dioxane in (Fig. 5). Ethylene adsorbed on Pd(111) desorbs
the boat configuration (C2v symmetry) with dioxane in the chair

at ~300 K at low coverages [44] and hydrogenconfiguration (C2h symmetry)
desorbs at 350 K from Pd(111) [45]. These temper-

Chair configuration, Boat configuration, atures are similar to those found for ethylene and
C2h symmetry C2v symmetry hydrogen desorption following dioxane adsorp-
irreducible representation irreducible representation tion. This suggests that a portion of the dioxane

is thermally decomposing at or below ~300 K.Ag A1
Bg A2 This notion is corroborated by the infrared data
Au B1 of Fig. 7, which confirm that adsorbed dioxane is
Bu B2 no longer detectable on the surface at 300 K. This

implies that the peak position in the dioxane
desorption spectrum (Figs. 1, 3 and 4) reflects not
only the desorption kinetics but also that theshown in Table 3 for C4H8O2 and C4D8O2. This

also describes the nature of each of these modes. decrease in desorption rate at above ~270 K may
also be due to dioxane decomposition on theThe vibrational frequencies for the normal modes

in the chair and boat configurations are likely to surface. Certainly, a first-order desorption process
should yield an asymmetric desorption state withbe affected by changes in the structures of these

conformers. However, the nature of the bonds and a relatively sharp drop for the trailing edge [42],
whereas the asymmetry in the experimental datathe local environments around each atom are

essentially identical in the two conformers, so that is exactly opposite to this: the spectrum shows a
slow decay at temperatures above 270 K. This maythe frequency differences between their corre-

sponding normal modes are likely to be relatively reflect the decomposition rather than the desorp-
tion kinetics. The thermal decomposition of diox-small. Also shown in Table 3 are the vibrational

frequencies found after annealing a condensed ane at or below ~300 K then yields hydrogen and
ethylene in the gas phase and deposits CO on thelayer of d0- and d8-dioxane to 200 K. The

agreement between the gas-phase and surface fre- surface, as indicated by the infrared data in Figs. 6
and 7. This finally desorbs at 460 K (Fig. 3).quencies is extremely good, particularly for the

CH2 and CD2 modes, which, in the proposed
bonding configuration, are likely to be relatively
unaffected by the presence of the surface. The CO 5. Conclusions
stretching modes, at least for C4H8O2, are per-
turbed by ~80 cm−1, which is consistent with Dioxane adsorbs on Pd(111) to form a multi-
bonding via the oxygen lone pairs. There remain layer that desorbs at ~160 K to leave an overlayer,
unassigned modes at 820 cm−1 for d0-dioxane and where it is proposed that dioxane adopts a boat
740 cm−1 for d8-dioxane. The frequency ratio of configuration adsorbing to the surface via the lone
the CO stretching modes (n8) for perhydrogenated pairs on the oxygen atoms. The dioxane desorbs
and perdeuterated dioxane is 1.15. The correspond- with an activation energy of ~16 kcal/mol and
ing ratio for the 820 and 740 cm−1 modes is 1.11, thermally decomposes at or below ~300 K to
suggesting that they also involve carbon–oxygen desorb ethylene and hydrogen and deposit CO on
stretches. the surface. The adsorbed CO thermally desorbs

This species desorbs from Pd(111) with a peak at 460 K.
centered at 268 K, which a Redhead analysis sug-
gests corresponds to a desorption activation energy
of 16 kcal/mol. However, the onset of hydrogen References
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