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Abstract: Most Eley—Rideal abstraction reactions involve an
energetic gas-phase atom reacting directly with a surface
adsorbate to form a molecular product. Molecular projectiles
are generally less reactive, may dissociate upon collision with
the surface, and thus more difficult to prove that they can
participate intact in abstraction reactions. Here we provide
experimental evidence for direct reactions occurring between
molecular N," and O," projectiles and surface-adsorbed D
atoms in two steps: first, the two atoms of the diatomic
molecule undergo consecutive collisions with a metal surface
atom without bond rupture; and second, the rebounding
molecule abstracts a surface D atom to form N,D and O,D
intermediates, respectively, detected as ions. The kinematics of
the collisional interaction confirms product formation by an
Eley—Rideal reaction mechanism and accounts for inelastic
energy losses commensurate with surface re-ionization. Such
energetic hydrogenation of dinitrogen may provide facile
activation of its triple bond as a first step towards bond
cleavage.

The Eley-Rideal (ER) reaction mechanism describes direct
reactions between energetic gas-phase projectiles and surface
adsorbates.'™!  Although there are indications that ER
reactions may participate in heterogeneous catalysis under
thermal reaction conditions,** finding direct evidence has
been challenging. With the exception of the first demonstra-
tion of an ER reaction in the protonation of a very large
molecule [N(C,H,);N], most studies have been limited to
atomic projectiles.>**13 Molecular projectiles may be less
reactive or may undergo collision-induced dissociation, which
renders their participation in ER reactions more difficult to
prove. However, collisional energy transfer in combination
with adsorbate abstraction from surfaces may enable intra-
molecular excitation in diatomic projectiles with strong
(double or triple) bonds, thus activating them and starting
the process of bond rupture. As such, ER reactions may
present an important first step in some catalytic processes,
especially when internal or kinetic energy is available to
participating molecules. Such energies are encountered in
plasma processing™ and astrophysical environments,"!
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where more exotic chemical dynamics may dominate. For
example, ER reactions between N," or O,", and surface-
adsorbed hydrogen atoms to form N,H or O,H ions or
neutrals is important in interstellar media,'® the Martian
ionosphere,’” but also in heavy-ion cancer therapy and space
radiation exposure during missions.'"!

N, activation is considered to be the first step towards N=
N bond cleavage, occurring in the ammonia synthesis via the
Haber-Bosch process, typically on catalytic surfaces under
high temperature and pressure conditions.'”*”! An alternative
mechanism has been proposed, where activation of N=N
occurs via partial hydrogenation to N,H, without complete
cleavage of the triple bond.*! This associative activation of N,
attracted no interest despite similarities with the nitrogenase
process.”” Here we report the observation of N,D (and N,H)
intermediate, formed directly via an ER reaction between
molecular N, projectiles and surface-adsorbed D (H) atoms,
which lends credibility to the N, partial hydrogenation
pathway, albeit at hyperthermal kinetic energies. Likewise,
observation of O,D, formed by ER reactions between
molecular O, and adsorbed D, also demonstrates O,
activation through partial hydrogenation of the O=O bond,
bypassing the requirement for O, dissociation. O,H is an
important reaction intermediate in H,O, synthesis.*!

The direct surface reaction between N, projectiles and
adsorbed D was first studied on a polycrystalline Pd surface,
denoted as Pd(D). Figure 1a,b show scattered N, and N,D*
ion energy distributions from N,"/Pd(D) at an incidence
energy of E,=97.3 eV. For these experiments, the D, back-
ground pressure was varied between zero and 1x 1077 torr.
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Figure 1. Energy distributions for: a) N," and b) N,D" ion exits from
N,"/Pd(D) at E,=97.3 eV as a function of the D, background pressure.

Gaussian fittings are used to locate the dynamic peak energy. Note the
sputtering contribution to N,D" signal at an exit energy of 20 eV.
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On the clean Pd surface, a N,* scattering peak is observed at
52.3 eV. Upon D, exposure, a new peak appears at 61.5 eV,
corresponding to 30 amu/e (N,D"), whose intensity increases
with D, pressure. Clearly, the N,D product is formed
dynamically by N, projectiles after the addition of D atoms
to the surface. Note that N* and ND* are also detected
(Figure S1 in the Supporting Information), albeit due to
sputtering (forced ejection of surface species).

The dynamics of the direct surface reaction between N,*
projectiles and adsorbed D atoms is revealed by varying the
incidence energy E, (Figure2a,b). Both N," and N,D*
scattering peaks shift rapidly to higher energies with E,,
which suggests that the fast N,D* product formation is
dynamic, an indication of an ER reaction.” Note that the
N,D" peak dies out above 100 eV. In contrast, the position of
the much broader N* and ND* peaks varies only slightly with
N," incidence energy, characteristic of sputtering products
(Figure S2).
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Figure 2. Energy distributions for: a) N,* and b) N,D" ion exits from
N,*/Pd(D) as a function of the N, incidence energy, in a background
of 5x10 % torr D,. ) Peak exit energies of N," and N,D as a function

of incidence energy. d) Comparison of dynamic peak energies for N,*
and N,D" ion exits at E,=77.3 eV.

The kinetic energies of the fast N,” and N,D* products are
plotted in Figure 2¢ as a function of E,. Both sets of data
exhibit linear dependence. The N," exit energy can be
predicted assuming binary surface collisions between each
N atom of the N,* projectile bouncing off consecutively on
a Pd atom. Thus, the kinematic factor for N,* exiting the Pd
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surface at a scattering angle of 90° is calculated from the
Baule formula for two N atoms colliding individually one
after the other with the same Pd atom. We obtain a value of
0.7675, which captures remarkably well the slope of the N,*
exit energy data. The one-parameter linear fitting yields
a negative intercept of 22.78 eV, corresponding to inelastic
energy loss associated with N, surface interaction. Mean-
while, the N,D™ exit data can also be fitted well with the same
kinematic factor of 0.7675 (for N, ion exits), suggesting that
the N,D* exit energy is mainly determined by the surface
collision between N," projectiles and Pd atoms. As conjec-
tured for single-atom abstraction reactions,* a transient state
forms between the incoming N,* projectile, the Pd surface
atom and the adsorbed D atom at the distance of closest
approach, followed up by rebound of the molecular product
N,—D. Owing to the light mass of D atoms, the kinetic energy
of the N,D is approximately equal to that of the scattered N,.
Ion scattering experiments on metal surfaces have established
that ions are efficiently neutralized on the incoming path.”!
Thus, most of the N, projectiles are converted into N, before
the hard collision with the surface. Thus, N,D formation can
be attributed to ER reactions between neutralized N,
projectiles and adsorbed D atoms. When ions (N, and
N,D") are observed exiting the surface, they must be formed
by charge exchange with the surface either during the hard
collision or on the outgoing trajectory. Surface re-ionization
consumes energy, which leads to inelastic energy loss for the
scattered product. Additional energy loss processes (e.g.,
electronic friction, internal excitations) further decrease the
kinetic energy of the scattered product. The intercept of the
linear fittings of Figure 2¢ is a measure of the total inelastic
energy loss incurred during the scattering process, which is
termed “inelasticity”. For N, ion exits, the inelasticity is
22.78 eV, which is larger than the ionization energy (IE) of N,
(1558 V) as expected. The inelasticity for N,D* is
14.60 eV, which is also larger than the IE of N,D
(7.92eV).” The inelasticity difference between N," and
N,D" is 8.18 eV, remarkably close to the energy difference of
7.66 eV between the IEs of N, and N,D. This result is not
fortuitous: since the neutralized projectile is the common
precursor to the N, and N,D* products, any additional
inelastic losses beyond ionization are expected to be very
similar. This analysis is validated in Figure 2d by comparing
the energy distributions of N, and N,D* at E,=77.3 eV: the
fast N,D* and N," peaks appear at 43.4 and 35.5eV,
respectively, yielding a difference in kinetic energy of 7.9 eV.

ER reactions between N," projectiles and adsorbed H
atoms on Pd exhibit similar behavior to N,"/Pd(D) (Fig-
ure S3). The N,H" product exits the surface with kinetic
energy circa 8 eV larger than that of N,", again very close to
the ionization energy difference between N, and N,H. Thus,
no isotope effect is observed in N,* reactions with adsorbed D
or H atoms on Pd.

The role of the surface in ER reactions between N,*
projectiles and adsorbed D atoms was further investigated
by performing scattering experiments on polycrystalline Pt
surfaces. Again, N,D* products emerge immediately upon
exposure of the Pt sample to D,. Figure 3a,b show energy
distributions of scattered N,* and N,D* from N,*/Pt(D) in
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Figure 3. Energy distributions for: a) N," and b) N,D" ion exits from
N,"/Pt(D) as a function of the N," incidence energy, in a background
of 3x107® torr D,. c) Peak exit energies of N,* and N,D as a function
of incidence energy. d) Comparison of dynamic peak energies for N,*
and N,D" ion exits at E,=284.0 eV.

a background of 3 x 10~® torr D, at various incidence energies.
Fast exit peaks for both N," and N,D* are observed as before.
In contrast to Pd, however, scattering on Pt produces a much
stronger N,D* peak at 20 eV, evidence that the indirect
channel (sputtering) is more significant. This observation
suggests that more N,D is trapped on the Pt surface. Since
a Langmuir-Hinshelwood reaction between N, and adsorbed
D is unlikely at room temperature,® how does N,D come to
exist on the surface and why is there more sputtering signal on
the Pt vs. Pd surface ? First, we attribute trapped N,D to hot
atom reactions.” Neutralized incident N, molecules may
undergo multiple bounces on the rough surface losing most,
but not all, of their kinetic energy before abstracting D atoms.
Thus formed N,D can become trapped and give rise to a slow
peak in the energy distributions upon sputtering by the
incident beam. Second, it is possible that N,D adsorbs
stronger on Pt vs. Pd, thus increasing coverage and producing
stronger sputtering signal. We could not find any measure-
ments for N,D adsorption energies to confirm this effect.
However, the same effect is seen for N," scattering on Pt(H)
vs. Pd(H): The indirect N,H" peak is much more pronounced
on the former surface. Howalt et al.’" calculated adsorption
energies of N,H on metal nanoclusters (using DFT), con-
firming the stronger adsorption on Pt vs. Pd.

The peak energies of the dynamic N," and N,D* products,
plotted in Figure 3¢ as a function of N," incidence energy,
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exhibit linear dependence and can be fitted well with
a kinematic factor of 0.8661, calculated for two sequential N
atom collisions with Pt. The inelasticity for scattered N, is
25.22 €V versus 14.47 eV for N,D*, which yields an inelas-
ticity difference of 10.75 eV, somewhat larger than the
difference in ionization energies between N, and N,D. This
value is close to 9.4 eV obtained from a comparison of the exit
energy distributions for N,D* and N," at E,=84.0 eV (Fig-
ure 3d).

Thus, the heavier Pt surface affects both the elastic energy
transfer and the trapping of molecular N, and N,D. However,
the dynamic scattering behavior of the N,D* product is
similar to that seen on Pd: Its kinetic energy is determined by
the N,/Pt surface collision, reduced by somewhat larger
inelastic losses. The N,D* product possesses larger kinetic
energy than unreacted N,", by an amount close to the
ionization energy difference between N, and N,D, which
again confirms that the detected ions are produced by surface
re-ionization. Sputtered ND* is also observed for N,"/Pt(D)
for the same reasons as on Pd(D) (Figure S4). Scattering
experiments with adsorbed H yield the expected N,H™ ER
product, with identical dynamic behavior as N,D* (Fig-
ure S5).

The generic nature of the ER abstraction reactions for
diatomic projectiles is further verified for molecular O,"
scattering on Pd and Pt surfaces, covered with D atoms. In
addition to O,", scattered O, is also observed for O,"
scattering on clean Pt. Upon exposure to D,, a weak O,D*
peak is observed, accompanied with much stronger OD™ and
OD™ products (Figure S6, S7). The observation of O,D"
suggests that the O=0O double bond can also be activated by
partial hydrogenation. Energy distributions of scattered O,",
O, and O,D" are shown in Figure 4a—c, as a function of
incidence energy for O,"/Pt(D) in a background of 1x
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Figure 4. Energy distributions for: a) O,", b) O, and ¢) O,D" ion exits
from O,"/Pt(D) as a function of the N," incidence energy, in a back-
ground of 1x 107" torr D,. d) Peak exit energies of O,", O, and O,D"
as a function of O, incidence energy. €) Comparison of dynamic peak
energies for O,", O,” and O,D" ion exits at E,=82.6 eV.
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107" torr D,. For all dynamically scattered products, the exit
energy data, plotted in Figure 4d, depend linearly on the O,"
incidence energy and can be fitted well with a kinematic
factor of (0.8484, calculated for two sequential O atom
collisions with Pt. The ion exit energy of O,D" is almost
equal to that of O, , and both are larger than that of O,". This
is further confirmed in Figure 4e by comparing energy
distributions for scattered O,", O, and O,D* from O,"/
Pt(D) at E,=82.6¢eV.

The difference in kinetic energies between O," and O,~
can be easily explained by different surface ionization
mechanisms for neutral O,. The scattered O, is formed by
resonant electron transfer from the surface, while O, is
formed by direct ionization during the hard collision, which is
energetically more expensive.”!! An energy barrier of $p—S =
5.19 eV has to be overcome to form O, , where ¢ is the
surface work function of Pt (5.64 ¢V),*? and S is the electron
affinity of O, (0.45¢eV).”! Direct ionization to form O,
requires at least the IE of O, (12.07 V). Thus, this
argument predicts a difference of 6.88eV (IE—¢+S)
between and O, and O," exit energies, with the positive
ion being slower. This value is close to 6.2 eV inferred from
Figure 4 e and in agreement with the inelasticity difference of
5.49 eV between O," (22.64 eV) and O, (17.15 eV) inferred
from the fittings of Figure 4d.

Itis interesting to note why O,D™ ions exit faster than O,".
Indeed, the exit energy of O,D" is about 5.33 eV larger than
0,", though the IE of O,D is 11.35 eV,* which is only 0.72 eV
lower than the IE of O,. The O,D ion must therefore form by
a different mechanism than direct ionization. Resonant
ionization of O,D with an electron transfer to the surface
has an energy barrier of 6.16 eV (¢p—IE), which is very close to
the energy penalty for forming O, (5.19 eV). Thus, surface
resonant ionization of O,D can explain the larger exit energy
of O,D* vs. O,", and its appearance at the same energy as
O, .

In summary, direct ER abstraction reactions have been
demonstrated in single-collisions of diatomic molecular ions
(N,*, O,") and adsorbed D(H) atoms. The kinetic energies of
the products (N,D*, O,D") depend linearly on the incidence
energy, and can be predicted by simple kinematics, minus
inelastic losses mainly from surface re-ionization. In addition
to facilitating neutralization and re-ionization, the role of the
surface is to slow down the projectile so that it can bond with
the adsorbate. The direct formation of N,D* and O,D*
demonstrates activation of N, and O, bonds through partial
hydrogenation in energetic collisions with surfaces.

Experimental Section

All experiments were carried out in a custom-built ultra-high vacuum
(UHV) scattering apparatus, equipped with a low energy ion beam-
line connected to an inductively coupled plasma ion source.'>%%)
Molecular N,* and O," ions were mass selected from the plasma
discharge, operated at 5 mTorr and 500 W, with a feed of N,/Ar/Ne
and O,/Ar/Ne, respectively. Typical beam current for N, was 10-27
nA, and for O," was 7-17 pA, over a spot 3 mm in diameter. A fixed
90° lab scattering angle was used for all experiments, with the ion
beam delivered to the surface at 45° angle of incidence. Surface-
adsorbed D atoms were produced by in situ dosing with D, through
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a pipe situated 2 cm from the sample surface, kept at room temper-
ature. D, was chosen to avoid interference with background H, from
the UHV chamber. Polycrystalline Pd and Pt samples were employed
as scattering targets; the surfaces were cleaned in situ with an Ar" ion
gun prior to each scattering experiment. Products were energy- and
mass-resolved using a 90° hemispherical energy analyzer followed up
by a quadrupole mass spectrometer. An appropriately biased
channeltron was used in pulse-counting mode to detect positive and
negative ions exciting the quadrupole.
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