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Polar- and Azimuth-Angle-Dependent Rotational and Vibrational Excitation
of Desorbing Product CO, in CO Oxidation on Palladium Surfaces
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Clear polar and azimuth angle dependencies were found in rotational and vibrational energies of
product CO, in CO oxidation on Pd surfaces. On Pd(110)-(1 X 1), with increases in polar angle, both
energies decreased in the [001] direction but remained constant in [110]. On the Pd(110) with missing
rows, both energies increased in [001] but decreased in [110], indicating that the transition state changes
with the geometry of the substrate. On Pd(111), the rotational energy greatly increased, but the vibrational
energy decreased. Such angular dependence of internal energy provides new dimensions in surface

reaction dynamics.
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Elucidation of energy transfer dynamics, transition
states (TSs), and their correlation to microscopic structures
of substrates is essential to understand surface reactions at
the atomic level [1-12], which is required to develop
superior catalysts, electrodes, fuel cells, and material
growth processes. Angle-resolved (AR) studies on product
desorption in surface reactions and on surface scattering
processes have provided indispensable information on the
dynamics [6—12]. However, compared with information on
dynamics in gas-phase reactions, information on dynamics
in surface reactions has been limited due to the fast energy
relaxation of nascent products [13] and also due to the lack
of AR measurements of the internal energy of products,
which are necessary to obtain structural information on
multidimensional dynamics and TS. In the gas-phase reac-
tion, detailed shapes of the potential energy surface have
been evaluated from internal energy since measurements
are conducted in AR forms (although angles are usually
defined relative to directions of molecular beams) [14]. On
the other hand, in the surface reaction, there have been only
a few works in which AR measurements of internal (only
rotational) energy in photo- and electron-induced desorp-
tion were carried out [15-17], and no significant angular
dependence was found. For surface thermal reactions, AR
measurements of rotational and vibrational energies are
still lacking. In this Letter, we describe clear polar and
azimuth angle dependencies of vibrational and rotational
energies of desorbing product CO, characteristic to surface
structures in thermal CO oxidation on Pd(110) and Pd(111)
surfaces, and we show a new approach to TS structures.

CO oxidation on noble metals has long attracted the
attention of chemists, physicists, and also mathematicians
due to its practical importance and rich behaviors [1,6,18—
26]. It proceeds through adsorption of CO and dissociative
adsorption of O,, diffusion of CO towards an O adatom,
formation of a TS (O-CO-metal complex), and then repul-
sive desorption of CO,. Recently, structures and energies
during formation processes of the TS have been studied in
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detail by ab initio calculations [23—25]. During desorption,
the excess energy is partitioned into translational, vibra-
tional, and rotational modes of CO,. Because of strong
repulsion from the surface, desorption of CO, is sharply
collimated in the direction normal to the CO, formation
site. As a result, the translational temperature of CO, is
much higher than the surface temperature (7,;), showing
a maximum at the collimation angle [6]. Results of non-AR
measurements of infrared emission and absorption showed
that rotational and vibrational energies of product CO,
were also highly excited [18—-22].

The design of a new apparatus for analysis of extremely
weak infrared emission from AR CO, has recently been
described in detail [27]. Infrared light emitted in the re-
laxation of the antisymmetric stretch mode of product CO,
after passing through two slits for angle selection,
(ny, ny, n3) — (ny, ny, n3 — 1), where ny, n,, and nj are
the quantum numbers of the symmetric stretch, bending,
and antisymmetric stretch modes, respectively, is analyzed
by a Fourier-transform infrared spectrometer. The reaction
zone at around 1 X 1073 Torr of the reactants is enclosed
in a cylindrical chamber, and the distance from the surface
to the first slit is minimized to 4 mm. This pressure was
measured by a capacitance manometer at an upper position
away from the sample in this reaction chamber. The sub-
sequent path to the second slit at 40 mm from the surface
and the emission collector chamber is rapidly evacuated
below 107> and 1077 Torr.

The thin lines in Figs. 1(a)-1(d) show IR emission
spectra obtained for Pd(110) at O,/CO (the ratio of expo-
sure of O, to that of CO) = 1/2 and Ty, = 600 K at
different desorption polar angles (@) in the [001] azimuth
direction (@ in the x-z plane in the illustration in Fig. 1) at
different total reactant pressures (P). In each spectrum, a
single broad peak is seen in the range 2400-2200 cm ™!,
which consists of the contributions from a large number of
transition lines corresponding to various initial rovibra-
tional states. According to previous measurements [18—
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FIG. 1. Chemiluminescence measurements on Pd(110). (a)—
(d) Infrared emission spectra at O,/CO = 1/2 and T, =
600 K. The resolution of the wave number is 4 cm™!.
Intensities were normalized so that the maxima of peaks become
unity. The thin lines show the emission spectra from AR product
CO, at # = 0° and P = 5.5 X 1072 Torr (a), & = 40° in [001]
and P=5.5X10"2Torr (b), § =0° and P =3.7 X 1073 Torr (c),
and 6 = 40° in [001] and P = 3.7 X 103 Torr (d). The thick
solid lines show the best results of simulation. These were ob-
tained with T,,; = 700 K and T,;, = 1400 K (a), T,,; = 700 K
and T, = 1450 K (b), T, = 950 K and T, = 1500 K (c),
and T, = 550 K and T3 = 1200 K (d). For comparison, the
best simulation at 0° and P = 3.7 X 1073 Torr is shown by the
broken line in (d). (e),(f) Comparison of experimental spectrum
(smoothed) and some simulated curves. (g) Dependence on the
reactant pressure on Pd(110): T,;, at 8 = 0° (open circles), Ty,
at # =40° ([001]) (closed circles), T, at § = 0° (open squares),
and T, at 8 =40° ([001]) (closed squares). Total exposure indi-
cates the sum of O, exposure and CO exposure and is propor-
tional to P. Schematic illustration of Pd(110), polar angle 6, and
azimuthal directions is shown at the bottom of the left side.

22], the populations of vibrational and rotational states of
product CO, are known to be well expressed by the rota-
tional and vibrational temperatures 7T, and T;,, respec-
tively, with corresponding Boltzmann distributions. For the
present low-resolution spectra, the position of the broad
peak shifts toward lower wave numbers as 7., increases
(redshift), whereas the broad spectrum becomes wide at
higher T, values. At P = 5.5 X 1072 Torr, no meaningful
6 dependence was observed, whereas at P = 3.7 X
1073 Torr, the peak shifted to a higher wave number and
the width was reduced as 6 increased, indicating lowered
Tvib and Trol-

The values of T, and T;, were determined by the curve
fitting of the experimentally obtained spectra with simu-
lated ones [18,27]. In our simulation, the line positions
presented in the Hitran database [28] were used, and they
were linearly extended for transitions from higher rovibra-
tional states. Here, 1487 vibrational bands, each of which
contains the transitions from initial rotational states from
J = 0toJ = 270, were taken into account. In the observed
spectral window of 2400-2200 cm ™!, the contributions of
mode 1 (symmetric stretch) and mode 2 (bending) to the
redshift are suppressed compared to the contribution of
mode 3 (antisymmetric stretch) because mode 3 can con-
tribute through its én; = —1 transitions, while the én, =
—1 transitions of mode 2 lie outside of the spectral window
and the 6n; = —1 transitions are inactive for infrared
emission. Therefore, from the observed spectrum the tem-
peratures of modes 1 and 2 could not be determined; for
this reason it was assumed that all 3 modes have a common
temperature 7.;,, which was then determined as shown in
Figs. 1(e) and 1(f). In Fig. 1(e), the width of the simulated
curve for T, = 1200 K and T,, = 450 K (650 K) is
narrower (wider) than experimental results, and in
Fig. 1(f), the position of the simulated curve for T;, =

1100 K (1300 K) and T, = 550 K lies at higher (lower)
wave numbers. Thus, error bars of T;, and 7, are close to

100 K. The thick solid lines in Figs. 1(a)-1(d) show
simulated curves for the optimum values of T, and Ty,
ie., Ty, = 1400 Kand T, = 700 K (§ = 0°, P = 5.5 X
1072 Torr), 1450 and 700 K (40°, 5.5 X 10~2 Torr), 1500
and 950 K (0°, 3.7 X 1073 Torr), and 1200 and 550 K
(40°, 3.7 X 1073 Torr). Below 7 X 1073 Torr, # depen-
dence of T}, and T;, became independent of P [Fig. 1(g)].
Above this pressure, T, at § = 0° and 40° and T;, at 8 =
0° approach the environmental temperature (600 K) due to
scattering with reactants, but 7.y, at § = 40° goes away
from 600 K approaching 7T;, at # = 0°, indicating slow
vibrational relaxation. Both T}, and 7.y, values became
independent of #. With this apparatus, AR measurements
can be performed below 7 X 1073 Torr, where the mean
free path of CO, estimated as A = kT/ 2mo?P =
20 mm (o is the diameter of CO, molecule, T = 600 K)
is sufficiently longer than the distance between the sample
and the first slit (4 mm).
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0 dependence of T, and T4, at O,/CO = 1/2 in the x-7
plane and the plane in [110] (y-z plane) is summarized in
Fig. 2(a). As 6 increased, T, and T;, clearly decreased in
the x-z plane, whereas the values remained constant in the
y-z plane. On the other hand, at O,/CO = 2, the anisot-
ropy was reversed [Fig. 2(b)]. As 6 increased in the y-z
plane, the emission spectra shifted to higher wave num-
bers, and the width of spectra decreased, indicating low-
ering of T, and T;,. In addition, in the x-z plane, the
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FIG. 2. Angle dependence of the rotational and vibrational
temperatures on Pd(110) and Pd(111). (a) Pd(110) at O,/CO =
1/2, Tgws =600 K, and P =3.7 X 1073 Torr. Ty, in [110]
(open circles), T,y in [001] (closed circles), T, in [110]
(open squares), and T, in [001] (closed squares). (b) Pd(110)
at 0,/CO =2, Tye = 600 K, and P = 3.7 X 1073 Torr. Ty, in
[110] (open circles), T.;, in [001] (closed circles), T, in [110]
(open squares), and T, in [001] (closed squares). (c) Results on
Pd(111) at 0,/CO=1/2, T¢s=700K, and P=
3.7 X 1073 Torr. The open circles and squares show T.;, and
T, (d) Structures of the Pd(110)-(1 X 1) surface and a proposed
TS at O,/CO = 1/2. (e) Structures of Pd(110) with missing
rows and a proposed TS at O,/CO = 2. An important point is
that TSs are inclined in y-z and x-z planes on Pd(110)-(1 X 1)
and Pd(110) with missing rows, respectively. (f) Three O-C-O
TSs with different inclination angles on a flat surface. These are
simplified to be linear.

emission spectra shifted to lower wave numbers and the
width increased, indicating increased T,, and T,;,. For
comparison, 6 dependence of T,, and T,; on a flat
Pd(111) at O,/CO =1/2, P=3.7X 1073 and Ty, =
700 K is shown in Fig. 2(c). As 6 increases, T, increases
and T;, decreases. T, at @ = 0° (350 K) is far below T¢.

The above results show clear dependence of T, and T,
of product CO, on polar and azimuth angles. Results for
Pd(110) at O,/CO = 1/2 (CO, yields were the highest)
and at O,/CO = 2 (CO, yields were reduced to 27%) are
quite different. Above 360 K, the (1 X 1) structure of clean
Pd(110) [Fig. 2(d)] is reconstructed into a missing-row
structure [i.e., c(2 X 4)-O [Fig. 2(e)]] when the oxygen
coverage is high [29,30]. Therefore, the surface structures
of Pd(110) at T, = 600 K are thought to be (1 X 1) and
missing-row structures at O,/CO = 1/2 and at O,/CO =
2, respectively. Observed angular dependence of T.;, and
T, contains information on structures of surfaces and TS
structures on them.

On Pd(110)-(1 X 1), Ty, and T, in the y-z plane are
almost constant and decrease with increases in 6 in the x-z
plane, as shown in Fig. 2(a). These results indicate that
CO, with high rovibrational energy can easily move in the
y-z plane but that its motion in the x-z plane is hindered. On
this surface, CO approaches an oxygen atom at the bottom
of the atomic trough [6]. The TS is thought to be inclined in
the y-z plane [Fig. 2(d)] and it receives repulsion along the
Z axis, resulting in rotational motion in the y-z plane.
Nascent CO, can easily move in the y-z plane, but its
motion in the x-z plane is hindered by rows of the 1st Pd
layers. As 6 increases, the translational temperature and
desorption flux of CO, decrease gradually in the y-z plane
and decrease rapidly in the x-z plane [6], consistent with
restricted motions of CO, within the y-z plane. If the TS is
inclined in the x-z plane, it will receive repulsion in an
inclined direction in the x-z plane from both the 1st and
2nd Pd layers. Thus, the restriction of motions within the
y-z plane cannot be fully explained by the TS.

On Pd(110) with missing rows, T;, and T, increased
with increase in # in the x-z plane and decreased in the y-z
plane. These results indicate that desorption of CO, with
high rovibrational energy is promoted at large 6 in the x-z
plane. On this surface, oxygen atoms form zigzag chains
along the y axis near protruding rows of the 1st Pd layer
[Fig. 2(e)] [30], and the oxygen at the end of the chain
shows high reactivity with CO [31]. Rotational motion in
the x-z plane is easy if the TS is inclined in the x-z plane
near the protruding row as shown in Fig. 2(e). Also, the
motion of nascent CO, in the y-z plane may be hindered by
neighboring oxygen atoms, although this effect seems less
significant. Depending on the position and inclination of
the TS, the direction of repulsion from protruding rows
may shift from the surface normal in the x-z plane, and also
the torque operative to the TS may change. This effect
promotes desorption of CO, with high rotational energy at
large 6 in the x-z plane. For CO oxidation on Pt(110) with
missing rows, which is similar to the present Pd(110) with
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missing rows, a TS inclined in the plane perpendicular to
the atomic rows was predicted by ab initio calculations
[32], consistent with the prediction in this work.

For the TS geometries proposed above, motions of
symmetric stretch, bending, and antisymmetric stretch
modes are in the y-z plane on Pd(110)-(1 X 1) and in the
x-z plane on Pd(110) with missing rows. The present
results show that desorption of CO, with high vibrational
energy is concentrated in the y-z plane on Pd(110)-(1 X 1)
and in the x-z plane on Pd(110) with missing rows. When
TS leaves from the surface becoming CO,, the excess
energy is distributed to translational and vibrational modes.
In this process the bent TS [23-25,32] becomes linear and
the C-O bond lengths approach that of gas-phase CO,,
resulting in vibrational motions. These structural changes
from TS to linear CO, may also induce an impulse accel-
erating the translational motion in the same plane as that of
vibration.

Results on flat Pd(111) are different from those on
Pd(110)-(1 X 1) and Pd(110) with missing rows. The en-
hanced T, at the surface normal is reasonable because a
TS with high energy will receive strong repulsion along the
surface normal, inducing sharply collimated desorption of
CO, with high translational and vibrational energies. The
enhanced T, at large @ can be explained as follows. The
repulsion toward the surface normal will excite more trans-
lational and less rotational energies if the TS is upright or
parallel to the surface [Fig. 2(f)]. On the other hand, more
rotational and less translational energy will be excited if
the TS is inclined since the repulsion is directed to off-
center-of-mass of the TS. Thus, CO, with high (low) rota-
tional energy shows a broad (sharp) angular distribution
since the angular distribution of desorbing CO, with low
translational energy is broadened by thermal motions. This
effect results in enhanced T, at large 6. This is consistent
with decrease in translational temperature at large 8 [6]. It
should be noted that D, desorbing from Cu(110) with high
(low) rotational energy has low (high) translational energy
[3,4]. Also, CO, may receive repulsion in an off-normal
direction when the TS is inclined. This effect can also lead
to enhancement of T, at large 6.

The different angular dependence of internal energies
indicates that the orientation of the TS changes with the
geometry of substrates when the Pd(110) surface recon-
structs. In many reactions, it is difficult to experimentally
approach the structures of TSs. The present approach will
be applicable to other thermal reactions at a surface and
also in gas phase if AR measurements with respect to
molecular frame angles are performed using spatially ori-
ented molecules, stimulating further experimental and
theoretical works to unveil potential energy surface and
multidimensional dynamics.
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