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In the repulsive desorption of hyperthermal products, rotation
and translation are simultaneously excited by a common repul-
sion, resulting in mode coupling (MC). This review highlights
the MC in repulsive desorption since it plays a key role in both
the energy partitioning (EP) of the products to each mode and
the structural sensitivity of desorption dynamics. It has long been
overlooked due to non-angle-resolved (AR) energy analysis that
ignores the desorption-angle dependence of the rotational and
translational energies. The non-AR flux or energy analysis has
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prevented the desorption dynamics from being structure-sensitive since the structural information of desorption sites (symmetry,
slope, and transition state orientation) can be extracted from the anisotropy of the product flux and energy distributions. Typical
examples of the EP due to MC between translation and rotation include the combinative D, desorption on Cu(111), and the N,
desorption from the decomposition of adsorbed N,O on Pd(110)(1x1). For the former, the released energy is largely conserved in
desorbed D, and the anti-correlation between the rotational and translational energies is clear. For the latter, the anti-correlation is
weak due to the intense energy dissipation before desorption. An explanation is given for the misuse of the detailed balance

principle in non-equilibrium desorption.

Mode coupling; Energy partitioning, Desorption anisotropy; Desorption dynamics, Detailed balance principle

Through angle-resolved (AR) product desorption analysis,
structure-sensitive desorption dynamics (SSDD) can provide
structural information of the product emission site, such as
symmetry, slope, and transition state (TS) orientation [1-3].
This is a unique method that obtains structural information of
the surface active site directly from the reaction itself, as
opposed to indirect information obtained from non-reacting
objects, such as surface vibration spectroscopy and scanning
microscopy. SSDD is based on the anisotropic distribution of
the flux and energy of hyperthermal products. For further
developments of SSDD, this review highlights the mode
coupling (MC) between translation and rotation in repulsive
desorption, since this coupling is induced by their simulta-
neous excitation due to a common repulsion [4-6] and plays
an essential role in both the energy partitioning (EP) of the
product into each mode and the structure sensitivity of
desorption dynamics. This MC has long been overlooked

in the current non-AR resonance-enhanced multiphoton ion-
ization (REMPI) combined with time-of-flight (TOF) tech-
nique, which ignores the desorption-angle dependence of
both rotational and translational energies, neglecting the
desorption anisotropy [7, 8]. In this combination, state-se-
lected product ions are collected by a single ion collector
with a fixed acceptance angle in a time-resolved manner. In
order to evaluate the EP due to the MC, the performance of
AR-REMPI-TOF (state-selected ions are time-resolved and
collected by a screen with imaging) is required to measure
both energies in simultaneous, state-selective, and AR-TOF
fashions since their energies are more or less anti-correlated,
varying in opposite directions with an increasing desorption-
angle shift from the collimation position.

Non-AR measurements of both energies were already
reported for combinative D, (or H,) desorption on Cu(111)
[9, 10] and have recently been reported for N, released from
the decomposition of N,O(a) [(a) denotes an adsorption state]
on Pd(110)(1x1) [11] by means of time-slice velocity-map
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ion imaging (TSVMII) combined with REMPI. Although
there are few reports that analyze both energies in simulta-
neous and AR fashions, this new report allows us for the first
time to roughly compare the anti-correlations arising from
two typical MCs. In this review, we discuss the limited
confirmation of MC in repulsive desorption, since desorption
of D, and N, exemplify quite different EPs [10, 11]. For the
former D, on Cu(111), the anti-correlation between both
energies is clear and will be quantitatively evaluated by the
upcoming AR-REMPI-TOF, as shown in Section III. For the
latter N, in the decomposition of N,O(a), the anti-correlation
is not easily confirmed due to large energy dissipation during
the peculiar swing desorption of nascent Nj(a) [11, 12], as
described in Sections IV and V.

The above confusion in repulsive desorption dynamics is
also due to the misuse of the detailed balance principle
(DBP) in non-equilibrium desorption, in addition to the over-
sight of MC in repulsive desorption. This misuse of DBP
started with Willigen’s desorption model [7, 8, 13]. Willigen
misapplied DBP to non-equilibrium H, desorption when he
found a sharp angular distribution of the flux of hydrogen
desorbed on a metal surface and proposed that the acceler-
ation of translational energy in desorption is due to repulsion
caused by the activation energy barrier responsible for H,
dissociative adsorption, i.e., the incidence angle dependence
of H, dissociation (maximum dissociation at normal inci-
dence) was replaced by the desorption angle dependence of
hyperthermal molecules desorbing beyond the energy barrier
within the DBP framework. This substitution of energy walls
is the misuse of DBP since DBP comes from the second law
of thermodynamics and is therefore only valid at equilibrium.
The balance is on the forward and reverse reaction rates (and
energy flow) on each elementary step, not on the height of
the energy wall that governs the reaction rate [2].

Auerbach et al. extended the Willigen model to each en-
ergy mode when they succeeded in simultaneously measur-
ing the vibrational, rotational, and translational energies of
D, produced on Cu(111) using the non-AR-REMPI-TOF [9].
They found the anti-correlation between the rotational and
translational energies in each vibrational state of D, at
J (rotational quantum number) > 6. This anti-correlation
was explained by the energy required for dissociation of
the incident D, within the DBP framework, by referring to
their results of D, dissociation on Cu(111) by means of
seeded molecular beams. That is, when the vibration is
excited, the energy required for dissociation decreases ac-
cordingly, and the remaining energy is overcome by the
cooperation of the translational and rotational energies, lead-
ing to dissociation. The required translational energy is
smaller in high rotational energy states. Each observed en-
ergy in desorption was separately used to simulate the dis-
sociation rate to justify the use of DBP in desorption dynam-
ics. Thus, the energy distribution of desorbed D, has long
been explained based on the adsorption dynamics, and the
MC in repulsive desorption was overlooked. This scheme
was certainly driven by the translational energy maximum
around j = 5 (which disappeared as an error in the reanalysis
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21 years later [10]). It takes more time to revise the energy
flow in repulsive D, desorption since quantitative confirma-
tion of the EP requires the future AR-REMPI-TOF. More
details are summarized in Section VII.

With the development of picosecond lasers, the vibrational
energy relaxation of ad-molecules on metal surfaces was
confirmed on the order of picoseconds in the 1990s [14].
Before the energy relaxation, for example, CO(a) on Pt(111)
can vibrate more than 100 times [15]. Molecules combina-
tively formed on the surface are likely to be vibrationally
excited by the release of bond energy immediately after
formation, so the resultant product may react or desorb
before relaxing. In fact, hyperthermal products are often
found in combinative desorption or associated with combi-
native processes [3, 8]. The concept of EP into each mode is
indispensable in product desorption dynamics dealing with
the flow of energy [4].

The EP into translational and rotational modes is well
known in the decomposition of triatomic molecules in the
gas phase since Pauli repulsion is induced between the
bonded atoms during decomposition, and the released energy
is stored in the products [16]. The resulting repulsive force
excites both rotation and translation of the molecular product.
Here, the anti-correlation is found between the rotational and
translational energies of the product. Similar EP occurs for
the translation and rotation of hyperthermal products in
repulsive desorption on metal surfaces. Such repulsive de-
sorption takes place when a nascent product is born on a
repulsive part of the potential energy surface; for example, a
bulky product is formed near the surface. The resultant
repulsive force is originated from the Pauli repulsion as seen
at the bond rupture. It excites not only the torque leading to
the rotation of the product but also the translation (Figure 1).
Their modes are coupled with each other since those are
excited by a common repulsion [5, 6]. As this desorption is
completed much faster (about 100 fs [17]) than the relaxation
of vibrationally excited ad-molecules, anti-correlation is
likely between both energies even if some energy leaks into
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: Repulsive and combinative desorption excites both rota-
tion and translation by a common repulsion, as sketched for
2D(a) — D»(g) [(g) denotes a gaseous state].
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: Observed translational and derived rotational energies of
D; on Cu(111) vs. the energy of rotational states. EP largely shifts to
translation. Energy is supplied by vibrational transitions [1]. [J: Old
translational energy in 1993 [9]. B: Reanalyzed translational energy
in 2014 [10]. %: Derived rotational energy at each j (%).

other modes. Other energy dissipations, such as chemi-cur-
rents and electron-hole pair excitation, are minor [18, 19].

In fact, the anti-correlation has already been noticed be-
tween rotational and translational energies in the combinative
desorption of D, on Cu(l11) (see Figure 2); unfortunately,
the results have long been explained by adsorption dynamics,
invoking the DBP as mentioned above [7-10]. The anti-
correlation between both energies is useful for SSDD. How-
ever, due to the lack of AR-REMPI-TOF, the EP into trans-
lational and rotational modes on metal surfaces has not yet
been quantitatively evaluated. To evaluate this EP, the anti-
correlation between both energies needs to be examined from
their desorption-angle dependence. In order to establish the
standard anti-correlation in repulsive desorption, some suit-
able model systems with the following characteristics should
be selected: (i) The energy released in each desorption is
nearly constant. (ii) AR-REMPI-TOF analysis is possible for
hyperthermal products to evaluate both translational and
rotational energies simultaneously. Of course, the EP takes
place in repulsive desorption even if the energy dissipation is
significant.

The combinative desorption of H, (or D) on Cu(111) is
one of the suitable model systems since it shows an isotropic
flux distribution around the normally directed axis [20] and is
likely to be close to an elastic collision (no energy loss) due
to the large mass ratio of mc,/my, where m is the atomic or
molecular weight. On the other hand, N, desorption from
N,O(a) decomposition on Pd(110)(1x1) is expected to sig-
nificantly lose energy before desorption. This is because it
proceeds through the peculiar swing motion relatively slowly
as compared with electronic structure changes due to desorp-
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tion [11, 12] and the mass ratio of mpg/my; is much smaller
than that of mcy/my;. These facts may increase the inelastic
effects, making it hard to clearly see the anti-correlation, as
detailed in Sections IV and V. Non-AR-REMPI-TOF data
from other desorption systems such as H, on Ni(111) [21]
and Ag(111) [22] and N, on Cu(111) [23] and Ru(0001) [24],
cannot be used for comparison with the anti-correlation due
to insufficient data, as described in more detail in Section VI
[8].

The general trend of the anti-correlative energy change of
the EP is already seen for the product CO; in CO oxidation
on Pd(111), where the rotational temperature increases with
increasing desorption angles [25]. Such angular dependence
of the rotational temperature was examined with AR infrared
emission analysis only for product CO, in CO oxidation on
Pd(111) and Pd(110). However, it is not a state-selective
measurement, since CO, is not state-selectively ionized by
REMPI. The decrease in translational energy at large desorp-
tion angles is more or less observed for hyperthermal prod-
ucts such as CO,, N,, and H, (or D;) on metal surfaces [26,
27].

Prior to the REMPI work of desorbed H, [28], the EP due
to the coupling of rotational and translational modes of
hyperthermal products received little attention in desorption
dynamics since their energies were separately analyzed in
non-state-selective or non-AR manners [25-27, 29, 30].
Even after the non-AR-REMPI-TOF work of H, (or D)
desorption on Cu(111) [7-9], the observed energies have
been separately explained by adsorption dynamics within
the DBP framework, as described in the introduction and
detailed in Section VII. To examine the EP in repulsive
desorption, it is important to simultaneously evaluate both
energies in an AR fashion. Actually, the energy carried by the
product molecules in repulsive desorption is not constant,
due to the energy loss before desorption and dissipation due
to inelastic collisions in the final desorption. In practice, two
extreme cases of EP are recognized in repulsive desorption.

For the combinative desorption of D, (or H) on Cu(111),
the anti-correlation is already noticed between the rotational
and translational energies (Figure 2) [7, 10]. The plots were
created by reading the quantities from Figures 9 and 13
in Ref. 10 and Figure 7 in Ref. 9. The derived rotational
energies are expressed as a percentage of the total rotational
energy. The rotational energy released is greatest around j = 7
and decreases rapidly with increasing j values as the number
of high rotational energy D, decreases. In this non-AR-
REMPI-TOF work, the sum of the translational energy
(E'rans) and rotational state energy at each j (E state) InCreases
linearly with increasing rotational state energy. This increase
in the energy sum is largely due to an overestimation of the
translational energy as ions of fixed rotational states are
analyzed in the TOF format. It is caused by shortcomings
in the experimental setup, as reported elsewhere [2]. Non-
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AR-REMPI-TOF leads to an overestimation of the transla-
tional energy of high rotational energy states due to ignoring
the signals at large off-normal angles, i.e., only ions within a
fixed acceptance angle near the normal axis are collected by
the ion collector, although the spatial distribution becomes
broader with an increasing j value. The true energy sum is
close to the energy value for j = 0. This D, desorption seems
to be close to the limiting case of the EP where the energy
released in repulsive desorption is nearly constant. To con-
firm this simple case, both the rotational and translational
energies need to be examined by AR and state-resolved TOF
analysis. However, such an analysis of both energies has not
yet been performed. This is the main reason why the concept
of MC has not yet been established in repulsive desorption.
The blue dash-dotted line with a slope of —1 (Figure 2)
shows the ideal case where D, desorbs without energy loss.
The actual relationship should lie between this line and the
observed line.

The dynamics of combinative desorption of hydrogen
from Cu(111) has long been explained in terms of adsorption
dynamics within the framework of DBP, where the EP step in
the desorption pathway is omitted. In opposition to the use of
DBP in desorption dynamics, and with reference to the
translational energy observed at j =0, we have proposed a
new partitioning of the released energy due to the vibrational
transitions of the nascent D,(a) to lower energy levels into
rotational and translational modes [1]. Comparing the
amount of released energy with the vibrational energy of
nascent D5(a), the vibrational levels in a narrow energy range
above v (vibrational quantum number) = 3 are likely to tran-
sition to lower energy levels. Such nascent D,(a) states have
not yet been predicted in theory.

The repulsive desorption of product N; in the decomposi-
tion of N>,O(a) on Pd(110)(1x1) is another extreme example
of EP, where the rotational and translational energies are
weakly anti-correlated. This decomposition proceeds with a
peculiar swing desorption of the nascent product N, [11, 12].
The energy dissipation before and during desorption is in-
tense, and the residual energies just before the final desorp-
tion appear to be different. If the energy of the nascent *N,(a)
(* denotes a nascent state) just before desorption is dispersed,
the anti-correlation cannot be easily confirmed.

This N, desorption takes place in the decomposition of
[001]-oriented N-N—O(a) with small N,O(a) coverage [31],
and the product *Nj(a) is bi-directionally emitted along the
[001] direction (Figure 3) [32]. It was first found in temper-
ature-programmed desorption (TPD) of N,O-covered
Pd(110). Four N, desorption peaks appear in the range of
110-140K, and three of them show similar bi-directional
collimation. The sharp distribution of product N, is colli-
mated around +50°—=+43° off-normal in an approximate
c0s?830(0 + 47) form on the normally directed plane along
the [001] direction, where 6 is the desorption (polar) angle.

©in [001]
-40° -20° 0° 20° 40°
N 1 T 7
05T @, ~=0.2
Bs M0
508 (0 £43) T
-60°%L & 460°
-80°F +80°

: Desorption angle dependence of the desorbed f3-N; peak
on the (001) plane during TPD of N,O-covered Pd(110). f3-N,
peaks at 123 K and B4-N; at 110 K. On,0; N,O coverage. The figure
is a reproduction of Figure 3(b) in Ref. 32 [H. Horino et al., Chem.
Phys. Lett. 341, 419 (2001)]. Copyright (2001) by Elsevier Science
B.V.

The distribution becomes somewhat broader with higher
coverage, and the collimation shifts to smaller off-normal
angles. This off-normal desorption is insensitive to surface
temperatures above 800K in the steady state N,O + CO (or
H,) reaction [3].

Similar bi-directional N, emission along the [001] direc-
tion has also been observed on Rh(110)(1x1) [33] and
Ir(110)(1x1) [34]. The collimation angle depends on the kind
of metal and the coverage of N,O(a). The collimation angle
with low N,O(a) coverage is approximately +65° on
Ir(110)(1x1) and £70° on Rh(110)(1x1), and it is insensitive
to the surface temperature. Furthermore, on Rh(100), four-
directional N, desorption is directed at approximately 70°
off-normal at low N,O(a) coverage [35]. N,O(a) decomposes
to hyperthermal N,(g) and O(a) on these surfaces even below
the desorption temperature of Nj(a) [36]. The energetic
product N, is released without being trapped on the surface.

From the density functional theory (DFT) with generalized
gradient approximation (GGA) calculations of the potential
energy surface of *Njy(a) on Pd(110), a swing desorption
model was first proposed by Kokalj in 2002 [37], elaborated
in 2015 [12], and reproduced by Wodtke’s group in 2023
[L1]. This is indeed a peculiar desorption pathway, as drawn
in Figure 4. N,O is a linear molecule, and on Pd(110), it is
bent (180° — 156°) due to the charge transfer from the metal
[Figure 4(i)]. It decomposes at surface temperatures of 90—
165K in TPD procedures [32, 38]. This wide range in the
decomposition temperature is due to the adsorption (or acti-
vation) energy enhanced by deposited oxygen [3, 39]. The
*Ny(a) swings to the opposite side on the adsorbed Pd atom
immediately after the NN—O bond is broken [Figure 4(ii)].
The swing motion of the fragment *N,(a) is caused by the
Pauli repulsion between the bonded atoms, and the repulsive
force should act totally from the counter product *O(a)
toward the center of mass of desorbing *N,(a) at the moment
of N, detachment. The detachment can occur around the tilt
angle of *Nj(a) at which the kinetic energy of the nascent
*Nj,(a) exceeds the adsorption bond energy. In the DFT-GGA
calculations, the perpendicular form of N,(a) is stable [Fig-
ure 4(iii)], and the bond energy decreases with increasing tilt
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Figure 4: Typical snapshots of swing N, desorption during N,O(a)
decomposition on Pd(110)(1x1), sequentially from (i) to (iv) [12].

from the standing state; therefore, the scission of the bond is
predicted at a tilt of about 45° on that opposite side [Fig-
ure 4(iv)] [12]. The final bond rupture between the *N,(a)
and the Pd atom is delayed by the swing motion after the first
bond rupture between the terminal oxygen atom and the
central nitrogen atom of PANN-OPd.

This swing desorption proceeds during bridge-site adsorp-
tion [12]. The on-top site provides more stable adsorption for
N,O; however, the swing at this site does not allow N, to
desorb and transition to a stable state parallel to the surface.
The decomposition on top requires more energy for the
movement of the counter product oxygen atom to be stabi-
lized. The total activation energy for diffusion to the bridge
site and decomposition there is more likely than that for the
on-site adsorption of N,O(a).

This swing motion at the bridge site is affected by the final
repulsion from the swing wall of the bridge site [Fig-
ure 4(iv)]. Without this wall, the *N,(a) would be stabilized
into a lying form before desorption. This swing desorption
scenario has been reproduced by molecular dynamic simu-
lations in the above Géttingen group [11]. The energy source
is mainly due to the heat of adsorption of the counter product
O(a) (around 4.5eV). This is consistent with the REMPI
work that shows the absence of vibrationally excited N, in
the product [11]. Since swing desorption involving a large
nuclear motion is much slower than simple repulsive desorp-
tion, such as D, combinative desorption on Cu(111) as well
as the change in electronic structures due to desorption, the
released energy is likely to be dissipated significantly into the
underlying metal lattice.

The EP into rotational and translational modes proceeds at
the moment it leaves the surface, yielding the anti-correlation
between both energies when the desorbing product has only a
negligible amount of kinetic energy just before desorption, as
seen in D, desorption. On the other hand, in the swing
desorption mentioned above, the nascent Nj(a) is still likely
to retain kinetic energy just before desorption. Furthermore,
each final product retains high kinetic energy as expected
from the sharp spatial distribution [11, 40]. In this case, the
anti-correlation is not easily confirmed, even in TSVMII-
REMPI work, as described in Section V.
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JACS, Quan et al

@ on (001) plane (° )
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Figure 5: Velocity-selected N, ion images at j = 10 for the catalytic
N,O + CO reaction on Pd(110) at 470 K. This figure is a reproduc-
tion of Figure 2(b) in Ref. 11 [J. Quan ef al, J. Am. Chem. Soc.
145, 12044 (2023)] under CC-BY 4.0 license.

V. ENERGY DISSIPATION IN N>
SWING DESORPTION

Experimental confirmation of the swing desorption model
requires evaluation of the strengths of the excited states of
both rotation and translation of desorbed N, in an AR fashion
because this hyperthermal product is off-normally emitted
along the [001] direction. Recently, the combination of
TSVMII with REMPI was used to evaluate the energy of
each mode of product N, in the quasi-steady-state (pulsed
beams of different reactants are separately dosed) catalyzed
reaction of N,O + CO — N, + CO; on Pd(110)(1x1) at sur-
face temperatures from 450 to 650K [11]. This combination
provides performance beyond AR-REMPI-TOF and con-
firmed the preceding conclusions and speculations (bi-direc-
tional desorption, excited rotation and translation [12]) of the
swing desorption, except for the anti-correlation between
rotational and translational energies.

In that report, two off-normal desorption of product N,
with high translational energy at j = 10 are collimated around
+45° along the [001] direction (Figure 5). The maximum
translational energy is seen around that collimation angle.
The observed rotational states are widely distributed at en-
ergies much higher than those expected at the surface temper-
ature. They are widely distributed over j =4-53. The max-
imum population of the rotational energy state appears at
j=16-24. However, no desorption-angle dependence of the
population of each rotational state is shown, although the
data should be available. The spatial distribution from the ion
images is broader than that in the previous results (Figure 3)
[32], which is likely due to the variation of the surface N,O
coverage in the pulsed molecular beams. Unfortunately, this
paper does not pay attention to the dependence of either
translational or rotational energy on the desorption angle,
nor does it discuss their physical meanings.

To investigate the dependence of the rotational energy (or
rotational temperature) on the angle shift from the collima-
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tion position, one has to examine the population distribution
of each rotational energy state at different angles. The pop-
ulation distribution of each rotational state should depend on
the desorption-angle shift. The velocity distribution of the
AR rotational state extracted at each angle can provide the
translational energy, which can be correlated to the rotational
energy. The resultant rotational temperature can be correlated
with the averaged translational energy over the rotational
states.

Without population data for each rotational energy state,
the rotational temperature (actual rotational energy) cannot
be estimated. From the viewpoint of the MC, the rotational
energy is expected to increase with an increasing shift from
the collimation angle since the translational energy at a fixed
rotational energy state decreases as seen in Figure 5 [11]. No
direct comparison is possible between the translational and
rotational energy at various desorption angles. Instead, the
average (non-AR) translational energy of each rotational
state slightly decreases (0.6 — 0.5eV) with increasing rota-
tional state energy (0 — 0.6¢V, j <48). This kinetic energy
value is consistent with the old value of 0.6eV reported in
non-state-selected TOF work using a mechanical chopper (in
1999) [40].

Without the desorption-angle dependence of the rotational
energy, the result that the average translational energy
slightly decreases with an increasing shift of the rotational
energy state could be misread as indicating that there is no
anti-correlation between translational and rotational energies.
This weak anti-correlation could be somewhat improved to
be more remarkable when the angle dependences of both
energies are analyzed simultaneously. This is because non-
AR translational energy is overestimated at high rotational
energy states when product ions are partially collected
around the collimation position. Such an overestimation
was already experienced for the translational energy of the
combinative D, desorption on Cu(111) [1, 2]. There, the
kinetic energy is overestimated in the high rotational energy
states, making the observed anti-correlation less sharp as the
real correlation. This overestimation is due to the shortcom-
ings of the non-AR type of REMPI-TOF, in that the fraction
of ion collection decreases with increasing rotational energy.

In this bi-directional desorption analysis [11], the ions
ejected at desorption angles above +60° (or below —60°)
are ignored (Figure 5). With an acceptance angle of +60°,
this ion collection system ignores signals above 15° outward
from the collimation axis (at +45°), as seen by the asym-
metric signal distributions around the collimation axis. This
asymmetric collection of signals on the normally directed
plane along the [001] direction affects the estimation of the
averaged translational energy. Ignoring signals at such large
angle shifts from the collimation axis will result in an over-
estimation of the averaged (non-AR) translational energy.
The actual anti-correlation should be more pronounced. For-
tunately, the trace of the anti-correlation in repulsive desorp-
tion is still noticeable. This correlation must be evaluated by
means of the energy analysis of each mode of desorbed
product in state-selective and AR fashions.
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The proposed swing desorption scheme consists of at least
five energy transfer steps. (i) The first repulsion occurs
between nascent Nj(a) and the counter product O(a), induc-
ing a large amount of kinetic (torque) energy into the nascent
N»(a) and partially dissipating it in the diffusion of the
product O(a). (ii) During the following swing motion, the
kinetic energy is dissipated into the underlying metal lattice.
(iii) The nascent Nj(a) is desorbed at a tilt angle of about 45°,
where the swing kinetic energy exceeds the adsorption en-
ergy, which decreases with tilt beyond the stable vertical. (iv)
Repulsion acts between the nascent Ny(a) and the Pd atoms,
releasing rotationally and translationally excited N,. (v) The
final repulsion acts from the swing wall consisting of the
surface Pd atoms.

In this N, desorption, we have no information about either
the energy transfer during the swing motion or the energy
state of the nascent Nj(a) immediately before desorption. No
clear anti-correlation is expected between rotational and
translational energies since many energy-loss processes be-
fore the final desorption lead to various energy states of
nascent Nj(a) just before desorption. Nevertheless, the
[001] orientation of TS is still preserved in the spatial dis-
tribution of the product N, and its translational energy dis-
tribution, and repulsive product release still proceeds. Here
we see the inherent difficulty in establishing product desorp-
tion dynamics in surface reactions. Only the final desorption
process before relaxation, regardless of the position of a rate-
determining step, can be studied at the dynamic level, while
surface processes before desorption have been studied little at
the dynamic level due to the difficulty of energy analysis of
nascent products on the surface.

Even if the heat of reaction is large (or the dissociative
adsorption is highly activated), the resultant product is not
always repulsively desorbed. An energetic product is easily
thermalized before desorption when the molecule is once
trapped on the surface after formation. The relaxation time
of vibrationally excited ad-molecules on a metal surface is
much shorter than the surface residence time of ad-molecules
[14]. The latter residence is in the order of nanoseconds or
longer even in physical adsorption around 500K [2]. Hodg-
son’s group used atomic beams or thermal decomposition of
NHj to prepare N-covered noble metal surfaces and studied
the combinative desorption of N, by means of non-AR-
REMPI-TOF under TPD or pulsed atomic beams conditions
[41]. The bond energy of N-N (9.76¢V) is large, but in the
case of 2N(a) — Nj(a) desorption, the translational and rota-
tional modes of the desorbed N, are already in equilibrium
with the surface temperature on Pd(110) and Pt(100) [8, 41].
Strong repulsive desorption is seen on nascent N, on
Cu(111). The angular distribution is sharp in a cos?® @ form,
the translational energy is large 4.2eV at v=0 and 4.0eV at
v =1, and the rotational temperature is 900 K (0.077eV) at a
surface temperature of 700 K, which is less than 2% of the
translational one. The vibrational temperature is 5100 K.
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These results are mostly due to the N, desorbed along the
surface normal because of the sharp angular distribution,
suggesting a TS parallel to the surface plane. However, no
anti-correlation is confirmed between rotational and transla-
tional energies since no angle dependence of either energies
is given. On the other hand, the results on Ru(0001) fall
between the above two cases. The averaged translational
energy is 0.42eV at v=0 and 0.40eV at v=1; therefore,
the repulsion is not weak, and the translational energy is
widely distributed. The population is highest around the
translational energy of 0.05eV and, spreading out to about
2 eV. Different repulsive forces or various EPs seem opera-
tive, suggesting interesting MCs when AR-REMPI-TOF
could be available.

There are two main reasons the development of desorption
dynamics on surfaces has long been delayed. First, the angle
dependence of the rotational energy has been overlooked and
still has not been observed. Second, there has been long-
standing misuse of DBP in desorption dynamics. More than
half a century has passed since the first report of non-equi-
librium product desorption, which contradicts the basic as-
sumption of surface chemical reaction kinetics. To describe
surface reactions, it is urgent to combine at least both chemi-
cal reaction kinetics and desorption dynamics. The former
deals with the reaction rate, whereas the latter deals with the
flow of energy.

This section clarifies the root cause of the confusion in
repulsive desorption dynamics. As described in the introduc-
tion, the direct causes are (i) overlooking rotational and
translational MC in repulsive desorption, and (ii) misuse of
DBP in non-equilibrium desorption. Both of these problems
are caused by the fact that the desorption angle dependence
of translational and rotational energies is not taken into
account in non-AR-REMPI-TOF measurements. Although
the angle dependence of translational energy in repulsive
desorption was well known in the 1970s, this contradiction
was not corrected for a long time. In this section, we examine
the development of hydrogen desorption dynamics, which
has been the stage for cutting-edge measurements in repul-
sive desorption dynamics. Herein lies the difficulty of AR-
REMPI-TOF, which is required for the next stage of SSDD.

The concept of EP in repulsive desorption is reminiscent
of the old discussion started from the non-state-selective TOF
work dating back to the 1970s [26, 42]. Observations show
that the translational temperature of H, combinatively des-
orbed along the surface normal on Ni(111) is higher than the
surface temperature, decreases with increasing desorption
angles, and becomes lower than the surface temperature for
desorption angles above 60°. Meanwhile, similar decreases
in translational energy at high desorption angles have fre-
quently been observed for repulsive product desorption.
However, the decreasing mechanism of the translational en-
ergy has never been adequately explained [41]. Those de-
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creases can be explained now by the EP for rotational and
translational modes.

The lack of a proper explanation seems due to the absence
of both the observed desorption angle dependence of the
rotational energy and the concept of the MC in repulsive
desorption. These have long been concealed by the inappro-
priate use of DBP in desorption dynamics. The desorption-
angle dependence of rotational energy has not yet been
examined for hyperthermal desorption except for AR (non-
state selective) rotational temperature analysis of infrared
emission from nascent CO, in the oxidation of CO on
palladium [25].

The use of DBP in desorption dynamics is based on the
assumption that the dynamics of adsorption and desorption
are invariant even far from equilibrium, i.e., the distributions
of the product fluxes and translational, rotational and vibra-
tional energies are invariant across the conditions of adsorp-
tion and desorption measurements. This assumption is inva-
lid because those distributions are sensitive to experimental
conditions in many hyperthermal desorption systems, espe-
cially to the reactant coverage [3] except for H, (or D)
desorption on Cu surfaces. The reason DBP has been used
incorrectly for a long time is the impossibility of investigat-
ing the desorption dynamics depending on the coverage of
surface hydrogen on copper surfaces at high temperatures.
The dynamics of both adsorption and desorption of H; (or
D,) on Cu(111) have been most thoroughly investigated with
DBP, and the results have justified its use in desorption
dynamics [43]. In fact, the best hydrogen source for desorp-
tion dynamics work is the permeation of atoms through a
sample crystal. The stable desorption flux and reduced back-
ground signals allow high-quality data to be obtained. The
resultant dynamic parameters estimated from the distribu-
tions of translational, rotational, and vibrational energies
are so beautiful that the atomic (or molecular) beams work
following these results has not overcome the preceding work,
especially at low j values [8]. This permeation can be used
only at high temperatures, for example, above 750K on Cu
surfaces and cannot change the amount of surface hydrogen
(almost zero coverage).

Furthermore, the translational energy of desorbed D,
showed a maximum value around j=6 as the rotational
energy increases (Figure 2) as mentioned in Section I [9].
This was explained in the framework of the DBP as the steric
effect of the incident molecule on adsorption. This explan-
ation had long supported the use of DBP in repulsive de-
sorption dynamics. However, that maximum disappeared as
experimental errors in the re-analyzed results 21 years after
the first report [11]. Instead, the EP model of rotational and
translational modes can well explain the revised linear rela-
tion (without the maximum) between both energies [2].

EP into rotation and translation is mainly controlled by the
tilt of the TS and the magnitude of the repulsive force from
the surface. If the TS toward product H; is parallel to the
surface plane, the energy is mainly partitioned into transla-
tional modes since it is difficult to excite rotational torques.
On the other hand, when the TS is tilted with respect to the
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site plane, the torque motion can be easily excited by the
repulsive force exerted by the surface. If the EP is signifi-
cantly shifted to the rotational mode, the translational temper-
ature can be even lower than the surface temperature. Such
an explanation will be justified by simultaneously examining
both the translational and rotational energies by AR-REMPI-
TOF.

What prevents the improvement of non-AR-REMPI-TOF
to AR-REMPI-TOF is the extreme signal drop. When using a
collimator in the AR procedures, the drop is two to three
orders of magnitude (depending on the angular resolution)
[44, 45]. This drop can be avoided to some extent by
performing time-resolved imaging (no ion loss, short flight
paths) of ions from REMPI [11]. However, this requires a
hemispherical field-free space that does not perturb the tra-
jectories of ions with energies below 0.5eV. The fact that
distortions are also seen in the imaging of N, ions (Figure 5)
suggests difficulties with the lighter H, ion. These appear to
be the final technical hurdles. Once AR-REMPI-TOF is
realized, it will be possible to quantitatively evaluate the
EP by MC and to validate theoretically calculated potential
energy surfaces by using structural information of surface
active sites (composed of multiple surface atoms [2]) ob-
tained from SSDD.

VIIl. SUMMARY

MC between rotation and translation in repulsive desorp-
tion improves the desorption dynamics of hyperthermal prod-
ucts. For further developments of SSDD, the following
points should be changed or performed:

(1) Non-AR-REMPI-TOF should be changed to AR-
REMPI-TOF to examine the concept of MC.

(i1) Quantitative confirmation of EP should be performed in
H; and D, desorption on copper surfaces to establish the
standard MC in repulsive desorption.

(iii) The concept of MC is useful for SSDD because the
energy anti-correlation between rotational and transla-
tional modes can predict dynamics changes in either
one.
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