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Rotational and vibrational energies of product CO, in CO oxidation on Pd(110) surfaces were
measured as functions of desorption angles. The antisymmetric vibrational temperature (T,) was
separately determined from the other vibrational modes from the normalized chemiluminescence
intensity. The rotational temperature (T,) and vibrational temperature averaged over the symmetric
and bending modes (Ty,) were then determined by the position and width of spectra by comparison

with simulated spectra. On Pd(110)-(1x1), with increases in desorption angle, T,, Ty, and Ty
decreased in the [001] direction but remained constant in [110]. However, such anisotropy

disappeared when the ratio of exposure of O, to that of CO decreased, resulting in a gradual

decrease of the three temperatures with increases in the desorption angle. On Pd(110) with
missing-rows, the three temperatures increased in [001] but decreased in [110], indicating that the

transition state changes with the geometry of the substrate. On Pd(110) with missing-rows, T, was
significantly lower than Ty, although T, was close to or higher than Ty, on Pd(110)-(1x1). However,

there was no significant difference in angular dependence between T,, Ty, and T,



1. Introduction

It is important to elucidate energy transfer dynamics and structures of transition states (TSs)
for a full understanding of surface reaction."® The dynamics and TS structures strongly depend on
microscopic structures of substrates. Such an understanding at the atomic level is required to
develop superior catalysts, electrodes, and material growth processes.

Dynamics and TS structures have been studied by measurements of translational and internal
(rotational and vibrational) energies of desorbing products in surface scattering and reaction
processes.”” However, angle-resolved (AR) measurements®'? of internal energies have long been
lacking in thermal surface reactions because of the difficulty in conducting such experiments,'
although such measurements are required in order to obtain detailed structural information. In this
paper, results of measurements of internal energies of AR product CO, in CO oxidation on Pd(110)
are presented.

CO oxidation on noble metals is one of the most extensively studied prototypical surface
reactions. Because of its practical importance and various phenomena, this reaction has long

attracted attention of chemists and physicists."*'*%*

This reaction proceeds through (i) adsorption of
CO and dissociative adsorption of O, (ii) diffusion of CO towards an O adatom to form a TS
(O-CO-metal complex), and then (iii) repulsive desorption of CO,. Details of structures and
energies during formation processes of the TS have been studied by ab initio calculations.''
During desorption of CO,, the excess energy is distributed into translational, vibrational and
rotational modes of CO,, although some parts of the excess energy flow into substrates. Since
nascent CO; receives strong repulsion from the surface, desorption of CO; is sharply collimated in
the direction normal to the CO, formation site. The translational temperature of CO; (Tians) 1s much
higher than the surface temperature of the sample (Tsampie). In addition, Tirans shows a maximum at
the collimation angle.6 Thus, angular dependence of flux and Ty.s of desorbing CO, involves

structures of TS and substrate. It is expected that energy partition into internal modes also changes

with changes in desorption angle.



Non-AR measurements of internal energies of product CO, have been extensively conducted

B1317 and infrared absorption by CO,.'® However,

by analysis of chemiluminescence from CO,
until recently the angular dependence of T, and Ty, has not been studied because the intensity of
chemiluminescence is lowered by three orders in AR measurements.”® Such measurements of

18,23 . . .
d. ™~ However, information obtained from

internal energies of AR-CO; have recently been reporte
these measurements is still limited. That is, while CO, has three vibrational modes (symmetric
stretch (S), bending (B), and antisymmetric stretch (A) modes), in the above AR study only
rotational temperature (T,,r) and vibrational temperature (Ti,) averaged over the three modes were
determined assuming Tyi, = Ts = Ty, = T, (temperatures of S, B, and A modes).

In this paper, results of mode-resolved AR measurements of vibrational energies of product
CO; on Pd(110) are presented. The intensity of chemiluminescence from AR product CO, was
analyzed in comparison with that from high-temperature reference CO, from a molecular beam

source, and T, was separately determined. The temperature averaged over the symmetric stretch and

bending modes (Ty,) was also estimated as functions of the desorption angles.

2. Experimental

The difficulty in measurements of internal energies of AR-CO, and design of an apparatus for
analysis of extremely weak infrared emission from AR-CO, have recently been described in
detail." Infrared chemiluminescence during relaxation of the antisymmetric stretch mode of CO,
after passing through two slits for angle selection, (ns, Np, Na)—(Ns, Ny, Na-1), where ng, Ny and n, are
the quantum numbers of S, B and A modes, respectively, was analyzed by an FT-IR spectrometer.
The apparatus consists of three parts separated by two slits, and each of the three parts was
evacuated independently. The azimuthal direction of a clean Pd(110) surface was determined by
LEED observation by using another ultra-high-vacuum apparatus, although LEED patterns of
Pd(110) surfaces adsorbed by oxygen or CO were not observed. In the reaction chamber of the

present apparatus, the Pd(111) surface of 10 mm in diameter was cleaned by Ar sputtering and
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heating in an oxygen atmosphere. Then the surface was set in front of the first slit. O, and CO were
sprayed from four dosers on the surface kept at desired temperatures (Tsampie) for CO oxidation to
proceed. The desorption angle was changed by rotating the sample and dosers together.

In the present study, first T, was determined by careful analysis of chemiluminescence
intensity and then Ty, and T,, were determined by curve fitting. To compare the intensity from AR
product CO, with that from reference high-temperature CO,, a diffusive molecular beam source was
newly developed. Either a Pd(111) surface or diffusive beam source (1400 K) of reference CO, was
set before the first slit, and chemiluminescence from product CO; and reference CO, was detected,
as shown in Fig. la. Before analysis of chemiluminescence intensities, the intensities were
normalized by the amount of CO, measured by a quadrapole mass spectrometer placed after the
second slit.

An outline of the beam source is shown in Fig. 1b. After the CO, beam passed through two
slits, the chemiluminescence from the CO, beam was detected in the same way as that for product
CO,. CO;, was introduced into a Mo tube kept at 1400 K. The temperature of the Mo tube was
monitored with a thermo-couple attached at the middle point of the tube. The tube was covered by
Ta double shields and copper double shields cooled by water. CO, introduced into the tube was
emitted from a capillary hole of 0.5 mm in diameter and 4 mm in length. Then the CO, beam was
laterally directed by the final nozzle, which is a Mo plate of 1 mm in thickness and 10 mm in
diameter with seven holes that are each 1 mm in diameter. It was calculated that each hole of which
the length and diameter are equal yields an angular distribution of CO, close to a cos’® form.** This
distribution is close to that of product CO, in CO oxidation on a Pd single crystal of 10 mm in
diameter. Thus, the CO; from the beam source penetrates two slits in a similar way to that of
product CO; in CO oxidation on Pd(110) surfaces of 10 mm in diameter, and all conditions of
chemiluminescence measurements are invariant for product CO, and reference CO,. The position of
the beam source was optimized by checking images of the beam source reflected by two mirrors

under the beam source (view 1) and in the emission collector chamber (view 2).
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Fig. 1c shows a chemiluminescence spectrum from reference CO,. The resolution of
wavenumbers was 4 cm™'. At this resolution, chemiluminescence spectra show a single broad peak
from 2400 to 2200 cm™ as shown in Fig. 1c. This peak consists of a large number of transition lines
from various rovibrational states. In previous works the populations of rotational and vibrational

13-18,23,25-27 . .
- These expressions using

states were expressed by rotational and vibrational temperatures.
temperatures may not be valid because previous works were conducted at high reactant pressures
and population of rovibrational states of CO, after being scattered with reactants were studied. In
order to obtain accurate populations of rovibrational states, state-resolved measurements should be
conducted at low reactant pressures. Although the effect of collision was sufficiently suppressed in
the present measurements, state-resolved measurements are not possible due to extremely weak
chemiluminescence signals. Therefore, in the present study, the rovibrational population was
expressed by using temperatures as in previous works.

13,17,23,25 o
722" The spectrum is wide

First, Ty, and T, were determined by a curve fitting procedure.
when T,y is high, while the spectrum is more red-shifted when T, T, and T, are high. In the
simulation, the ratio of redshift with increases in T, T, and T, was about 1:2:1.3. It is not possible
to separately determine T, Ty, and T, only from the degree of redshift, and therefore T,;, averaged
over the three modes (i.e., assuming T\i,=Ta= Ts= Tp) and T, were determined.'*!"*> The thick
curve in Fig. 3c shows the best simulated result yielding Tyip, =1200 K and T,;=1150 K. These
values are lower than 1400 K probably because the temperature around the final nozzle is lower
than the middle point of the Mo tube. Since the two values are close, the internal modes are almost

in equilibrium, i.e., T, = 1200 K. The total chemiluminescence intensity changes with T, in the

following form as shown by the solid curve in Fig. 1d:

Itotal = ZRV2 eXp(_Ena /kTa)/ zexp(_Ena /kTa) (1)
na=1 na=0

where R,” is Frank-Condon factors, and Ey, is the energy of antisymmetric vibration. In Fig.

1d, the theoretical curve is normalized so that Iy at T,=1200 K (T, of reference CO,) becomes



unity. T, of product CO, can be determined by comparison of chemiluminescence intensities
normalized by CO, amount between product CO; and reference CO,, by plotting total intensities
normalized to CO; mass signals on the curve in Fig. 1c. For example, T, of product CO, at
0,/CO=1/2 (0,/CO being the ratio of exposure of O, to that of CO) and 6=0° is determined to be
1400 K, and T, decreased to 1050 K at 6=40°. After T, is determined, Ty, and T, of product CO,

- . 13,18,23,25-27
can be determined by curve fitting.” ™ ™"

The spectra are more red-shifted when Ty, is higher,
and the width of spectra is larger when T, is higher. Ts and Ty, cannot be separately obtained only
from the degree of redshift and therefore Ty=T=T, was assumed in the simulation. The
contribution of the B mode to Ty, is twice that of the S mode since CO, has two kinds of B modes of
which vibrational directions are perpendicular to each other. Figure 2 shows typical
chemiluminescence spectra from product CO; at two different desorption angles at O,/CO=1/2 and
the total exposure of 4.5x 10" molecules/cm?s. The values of Ta, Tsp, and T were 1400 K, 1530 K
and 950 K (0%), and 1050 K, 1250 K and 550 K (40° in [001]), respectively.

In previous works, T, of product CO, in CO oxidation on Pd surfaces was estimated by

e - . 2527
chemiluminescence intensity.

The basic idea is the same as the present method, but there are
some different points. That is, in the previous works (i) the intensity is assumed to be proportional

to exp(-Ena/kT,), and (ii) Ty, was estimated from values of Tyi, and T, by using a formula, Ty, = ( T,

+3 Ty)/4.

3. Results
3.1 CO, formation rate

Figure 3 shows the rate of CO, formation as a function of Tsampie for various O,/CO ratios
at a fixed total exposure of 4.5x 10" molecules/cm?s. At each ratio, with increasing Tsample, the CO,
formation becomes noticeable above 500 K and shows a maximum at around 550-750 K (Tmax).
Below Tnax, the oxygen dissociation is rate-determining in the CO oxidation, and the surface is
highly covered by CO, that is, CO(a)>>O(a). The O, dissociation increases at higher Tgmpie by
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increasing vacant sites through enhanced CO desorption. On the other hand, above Tpax, the
coverage of CO is reduced, resulting in a decrease in CO, formation. Tnyax shifted to higher values as
the O,/CO ratio decreased because of the higher temperature required to yield vacant sites at high
CcO pressulres.l’6’25 AR measurements were performed at Tgampie = 600 K and O,/CO = 2, 1/2, and

1/8 as shown below.

3.2 Angular dependence of T, Ts, and Tt

Figures 4a shows angular dependence of T,, Ty, and T,y in [110] and [001] directions at
0,/CO = 2. T,, Ty and T,y at 0° are 1000 K, 1450 K and 800 K, respectively. All of these
temperatures decreased with increases in the desorption angle in [110]. In contrast, these
temperatures increased in [001].

When O,/CO decreased to 1/2, T, significantly increased to 1400 K at 0° T,y also

increased to 950 K at 0°, as shown in Fig. 4b. At this O,/CO ratio, the anisotropy was reversed. That
is, all temperatures remained constant when the desorption angle changed in [110], while these

temperatures decreased in [001].
When O,/CO further decreased to 1/8, T, further increased and became higher than Tg,. At
this O,/CO ratio, the anisotropy almost disappeared. That is, T, was almost constant in both

azimuthal directions, and Ty, and T, decreased in both azimuthal directions, as shown in Fig. 4c.

4. Discussion
4.1 Angular dependence of T,, Ty and Tyo, and TS structures

In the present study, in situ LEED observations of Pd(110) surfaces under CO oxidation to
elucidate surface structures were not been conducted because LEED observation under reactant
pressures as high as 10° Torr is difficult. However, it is known that the (1x1) structure of clean

Pd(110) (Fig. 5a) is reconstructed into a missing-row structure (i.e., c(2x4)-O (Fig. 5b)) above 360



K when the oxygen coverage is high.zg’29 Therefore, the surface structures of Pd(110) at Tsample =
600 K are assumed to be (1x1) and missing-row structures at O,/CO<1/2 and at O,/CO=2,
respectively. The above results show clear dependence of T,, Ty, and T, of product CO; on polar
and azimuth angles. Since results for Pd(110) at O,/CO = 1/2 and at O,/CO = 2 are quite different,
the observed angular dependence of T,, Ty, and T,y contains information on structures of surfaces
and TS structures on them.

At O/CO = 1/2 (Pd(110)-(1x1)), Ta, Ts, and Ty in the y-z plane (see the illustration in Fig.
5a) were all almost constant, while these temperatures decreased with increases in 0 in the x-z plane,
as shown in Fig. 4b. This suggests 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. It was proposed that CO approaches an
oxygen atom at the bottom of the atomic trough to react on this surface.**® The present results
suggest that the TS is oriented in the y-z plane and that it receives repulsion along the z-axis,
resulting in rotational motion in the y-z plane. In this case, 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, gradually decrease in the y-z plane and
decrease rapidly in the x-z plane,®*° consistent with restricted motions of CO, within the y-z plane.

At Oo/CO = 1/8, the surface is covered by CO. The anisotropy of Tg, T, and Ty
disappeared, and all temperatures decreased with increases in desorption angle in both azimuthal
directions. This is probably because the energy of CO; is lost through scattering with neighboring
adsorbed CO when CO; is desorbed in inclined directions. The decrease of T, at high desorption
angles is less significant, suggesting that the energy relaxation of the antisymmetric mode through
scattering between nascent CO, and CO is a slow process.

On Pd(110) with missing-rows, T,, Tg and T, increased with increases in 6 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 0 in the x-z plane. Since oxygen atoms form zigzag chains
along the y-axis near protruding rows of the Ist Pd layer (Fig. 5b)*’ and the oxygen at the end of the
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chain shows high reactivity with CO,*' CO oxidation is thought to occur near the protruded rows. In
this case, the TS can be oriented in the x-z plane and rotational motion in the x-z plane is easy as
shown in Fig. 5b. 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. Thus, desorption of CO, with high rotational energy at large 0 in
the x-z plane is promoted. A TS oriented in the plane perpendicular to the atomic rows was
predicted by ab initio calculations for CO oxidation on Pt(110) with missing-rows, which is similar
to the present Pd(110) with missing-rows,** consistent with the prediction in the present work.

More detailed pictures are considered as follows. In CO oxidation, CO approaches O to
form a TS since diffusion of CO is much faster than that of O.® The TS has Pd-O, Pd-C, and new
O-C bonds."”?" When CO, forms, it receives strong repulsion from the substrate. This is Pauli
repulsion,® which is operative between electrons of CO, and those of the Pd substrate when Pd-O
and Pd-C bonds become antibonding. In many desorption processes, the product receives repulsion
along the direction of the bond that breaks. In many CO, formation processes, CO; is desorbed in
the direction normal to the CO, formation site.® The sum of repulsions along Pd-O and Pd-C bonds
may result in a repulsion of which the direction is close to normal to the formation site, although the
direction of each bond may not be normal to the formation site.

In the TS, bonds of Pd-O, Pd-CO, and O-CO compete with each other.”*! When the Pd-O
bond is strong and the Pd-CO bond is weak (TS(a) in Fig. 5c), the distance between O and Pd is
short, while that between C and Pd is long. Nascent CO; receives repulsion mainly at the O end far
from the center-of-mass at the moment of breaking of the Pd-O bond. Since nascent CO, appears on
the inclined (111) facet, the direction of repulsion is inclined toward the (111) facet normal. This
results in desorption of CO, with high T, in inclined directions.

In another case, CO may bond with Pd atoms in the 1* layer to form a TS and O may be
somewhat repelled by CO (TS(B) in Fig. 5d) since ab initio calculations of CO oxidation often show
that the competition between CO and O to bind the same Pd atom leads to breaking of the O-Pd

9



1921 Nascent CO, receives repulsion mainly at the

bond and repelling of O by CO to an adjacent site.
C end close to the center-of-mass, resulting in desorption of CO; with low T,y Since CO, appears
near a protruding row of Pd atoms, this CO, receives repulsion in the direction close to the surface
normal direction. Thus, T, is low at the surface normal direction. Also, a TS that is similar to TS(p)
may be formed near the protruding row of Pd atoms when CO approaches O at the opposite side of
the zigzag chain (TS(y) in Fig. 5e). This TS would also result in desorption of CO, with low T at
the surface normal direction. In these cases, the geometry of TS can be more linear and closer to
that of gas-phase CO; since the substrate structure at the protruded atomic row is widely opened. In
this case, the bending and shrinking/stretching of TS or nascent CO, forced by the substrate
structure should be less, resulting in lower T, and Ty, at the surface normal direction.

For the TS geometries proposed above, motions of symmetric stretch, bending, and
antisymmetric stretch modes are in the y-z plane on Pd(110)(1x1) and in the x-z plane on Pd(110)
with missing-rows. The present results indicate that desorption of CO, with high vibrational energy
is concentrated in the y-z plane on Pd(110)(1x1) (Fig. 4b) and in the x-z plane on Pd(110) with
missing-rows (Fig. 4a). During the desorption process, the bent TS'?' becomes linear and the C-O
bond lengths approach that of gas-phase CO,, resulting in vibrational excitation, during which
translational excitation also occurs. These structural changes from TS to linear CO, may also induce
an impulse accelerating the translational motion in the same plane as that of vibration. Since
motions of antisymmetric mode and bending mode are perpendicular to each other in a single CO,
molecule, it is expected that T, and T, are enhanced at different desorption angles. Nevertheless,
such a difference was not observed in the present study. This is probably because TS is oriented at

various angles in the y-z plane on Pd(110)(1%1) and in the x-z plane on Pd(110) with missing-rows.

4.2 Coverage dependence of each temperature
In the present study, chemiluminescence intensity normalized by CO, mass signals increased
by about 4 times when O,/CO decreased from 2 to 1/8. By plotting the normalized intensities in Fig.
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lc, it was found that T, is strongly dependent on O,/CO. At O,/CO = 2, T, is about 1000 K and it
increased to about 1400 K at O,/CO = 1/2. At O,/CO = 1/8 T, 1s about 1600 K and this value
exceeds that of Ty (about 1400 K). On the other hand, Ty, is always 1400 to 1500 K and less
dependent on the O,/CO ratio, although it gradually decreased with decreases in O,/CO. Such
increment of T, and decrease in Ty, were previously reported by Kunimori’s group.” Their results
showed that chemiluminescence intensity normalized by CO, mass signals at O,/CO = 1/8 is about
4-times higher than that at O,/CO = 2, which is consistent with the present results. The general
trends of their results and the present results are similar, but the values of T, in the present study are
lower than their results (T,=1500 K (0,/CO=2) and 2800 K (0,/CO=1/8)). The inconsistency in T,
values between the previous and present results may be partly because the formula used to estimate
Ta (eq. (1)) is different from that used in the previous s‘[udy.25

In the present study, the increment of T, was significant when O,/CO decreased from 2 to 1/2
but less significant when O,/CO decreased from 1/2 to 1/8. The anisotropy in angular dependence
of T,, Ts, and T, was reversed when O,/CO decreased from 2 to 1/2, and surface reconstruction is
thought to have occurred from missing-row to 1x1 structures, resulting in change in orientation of
TSs from the x-z plane to y-z plane. This suggests that increase in T, is related to this change in TS
structure. In the previous work,” it was proposed that increased T, is due to the TS structure in
which the distance between O and CO is compressed due to increased CO coverage. This

mechanism does not seem to be inconsistent with the present results.

V. Conclusions

Rotational and vibrational energies of product CO, in CO oxidation on Pd(110) surfaces
were studied as functions of polar and azimuth angles at three O,/CO ratios, 2, 1/2 and 1/8. The
surface is thought to be a (1x1) structure at O,/CO = 1/2 and 1/8 and to be a missing-row structure

at O/CO = 2. The antisymmetric vibrational temperature (T,) was separately determined from the
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vibrational temperature averaged over the symmetric and bending modes (Tg,) from the normalized
chemiluminescence intensity. The results are summarized as follows.

(1) On Pd(110)-(1x1) at O,/CO = 1/2, T,ot, Ta and Ty, decreased in the [001] direction but remained
constant in [110] with increases in desorption angle.

(i1) The above anisotropy disappeared when O,/CO decreased to 1/8, resulting in gradual decrease
of Trot, Ta and Ty, with increases in desorption angle in both azimuthal directions.

(ii1) On Pd(110) with missing-rows at O,/CO = 2, all temperatures increased in [001] but decreased
in [110], indicating that the transition state changes with geometry of the substrate.

(iv) On Pd(110) with missing-rows, T, was significantly lower than Tg,, although T, increased to
exceed Ty, when O,/CO decreased and the surface structure became a (1x1) structure.

(V) There was no significant difference in angular dependence between Ty, T, and Tgp.
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Figure Captions

Fig. 1 Method for determination of T,. (a) Chemiluminescence intensities are normalized by CO,
mass signals. Then normalized intensities of chemiluminescence from product CO, and reference
high-temperature CO, from a molecular beam source are compared. (b) Details of structure and
setup of the CO2 beam source. (c) Thin lines and thick curves show the chemiluminescence
spectrum from reference CO; and optimum simulated results, respectively. (d) Determination of T,
by plotting chemiluminescence intensity normalized by CO, mass signals. The curve indicates

theoretical calculation (see text).

Fig. 2 Curve fitting to determine T, and T, Assuming T, values obtained by the method shown in
Fig. 1, chemiluminescence spectra from product CO; (thin lines) are fitted by simulated curves. The
thick curves are the optimum simulated curves. The dashed curve in (b) is the optimum simulated
curve obtained for the spectrum in (a). The ratio of exposure of O, to that of CO was 1/2
(O,/CO=1/2) and the total exposure was 4.5 x10'” molecules/cm’s. The values of Ta, Tep, and Tro

were 1400 K, 1530 K and 950 K (0°), and 1050 K, 1250 K and 550 K (40° in [001]), respectively.

Fig. 3 Rate of CO, formation on Pd(110) as a function of sample temperature, Tsample- Rate of total

exposure of CO and O, was 4.5 x 10" molecules/cm’s. The ratio of exposure, O,/CO, was changed.

Fig. 4 Angular dependence of T, (squares), Ty, (triangles) and T,y (circles). Opened and closed
symbols are results in [110] and [001] directions, respectively. (a), (b) and (c) show results at

0,/CO =2, 1/2 and 1/8, respectively.

Fig. 5 Models of TS structures. (a) Pd(110)(1x1) (O/CO = 1/2 and 1/8). (b) Pd(110) with
missing-rows (0,/CO = 2). (c)-(e) Detailed pictures of TS and desorption dynamics on Pd(110)

with missing-rows (O,/CO = 2).
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Graphical contents entry

Rotational and vibrational energies of product CO, in CO oxidation on Pd(110) surfaces were
measured as functions of desorption angles. The antisymmetric vibrational temperature (T,) was
separately determined from the other vibrational modes from the normalized chemiluminescence
intensity. The rotational temperature (T,) and vibrational temperature averaged over the symmetric
and bending modes (Ty,) were then determined by the position and width of spectra by comparison

with simulated spectra. On Pd(110)-(1x1), with increases in desorption angle, T,, Ty, and Ty
decreased in the [001] direction but remained constant in [110]. However, such anisotropy

disappeared when the ratio of exposure of O, to that of CO decreased, resulting in a gradual

decrease of the three temperatures with increases in the desorption angle. On Pd(110) with
missing-rows, the three temperatures increased in [001] but decreased in [110], indicating that the

transition state changes with the geometry of the substrate. On Pd(110) with missing-rows, T, was
significantly lower than Ty, although T, was close to or higher than Ty, on Pd(110)-(1x1). However,

there was no significant difference in angular dependence between T,, Ty, and T,

Pd(110)-(1x 1) COzT rot. .
{ VI

Transition
tat
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