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ABSTRACT: Elucidating the role of alkali/alkaline earth metal hydrides in dinitrogen
activation remains an important and challenging goal for spectroscopic studies of bulk systems,
because their spectral signatures are often masked by the collective effects. Herein, mass-
selected photoelectron velocity-map imaging spectroscopic and quantum chemical calculation
techniques are utilized to explore the promotion mechanism of LiH in the Ru-based catalysts
toward N, activation. The RuHN,™ anion is determined to be a N,-tagged complex. In
contrast, the RuHN,(LiH),” (n = 1 and 2) anions are characterized to have N=N bond-
cleaved ring structures. These observations indicate that the complexation of LiH to RuH™
significantly facilitates N=N bond cleavage. Theoretical analyses show that the synergy
between Ru and LiH efficiently lowers the energy barrier of N=N bond cleavage. These
findings clarify the pivotal roles played by the LiH species in the transition metal catalysts for
N, activation and have important practical implications for the prospective design of high-
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performance catalysts via metal tuning strategies.

he conversion of N, into NHj is vital for the production

of nitrogen fertilizers and the utilization of NH; as a
carbon-free energy or hydrogen carrier. However, current
industrial ammonia production via the conventional Haber—
Bosch process requires harsh operating conditions (673—773
K, 100—300 bar), which actually constitutes >1% of the
world’s annual energy production. The eflicient activation and
transformation of dinitrogen under mild conditions is one of
the formidable challenges in chemistry and has been actively
pursued for more than a century.” ® The reduction of N, to
NHj is generally mediated by transition metals because they
possess unoccupied and occupied d orbitals with suitable
orbital energies and symmetries, which can bind to N, via
synergistic ¢ donation and 7 back-donation.””” Transition
metal—nitrogen interactions play an important role in catalytic
ammonia production, which can be seen as the initial step of
the complex sequential chemical activation of dinitrogen.

In general, the synthesis of ammonia requires the
dissociative chemisorption of nitrogen and hydrogen molecules
to generate surface nitrogen atoms and hydrogen atoms,
followed by sequential hydrogenation of surface nitrogen
atoms to produce NH, NH,, and NH;.'"~"? The reaction rate
of ammonia synthesis is closely related to the dissociation of
N,. An ideal catalyst for mild-condition ammonia synthesis
should have a strong activation of the N, molecule but weak
adsorption of the intermediate NH, species. However, it is
difficult to achieve simultaneous synthesis of ammonia on a
single transition metal surface."”™"”

Alkali and alkaline earth metals are electron-rich and have
easy access to high-energy orbitals and the correct symmetry to
interact effectively with the #* orbital of N,. Hence, they
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usually serve as the promoters for ammonia catalysts to
increase the N, dissociation rate.'"®”** The alkali and alkaline
earth hydrides (denoted as AMHs) feature a negatively
charged hydrogen atom, which can be regarded as an electron
and hydrogen carrier by abstracting and hydrogenating the
dissociated N from the transition metals. The synergy between
alkali or alkaline earth metal hydrides and transition metals
allows both early and late 3d TM—AMH composites to exhibit
superior mild-condition catalytic activities.”> Gas-phase cluster
investigations have revealed that a series of complex hydride
clusters such as [Li,FeHs]™ and [Li;FeH,]” are identified
upon bombarding the Fe—LiH composite catalyst, which can
undergo a stoichiometric reaction with dinitrogen to form
NH,-containing clusters.”® The Ru—LiH composite catalyst
works as an efficient catalyst for mild-condition ammonia
synthesis from N, and H,”’ This synergy between the
transition metal and LiH has created a favorable pathway to
allow transition metal-LiH composites for N, activation and
hydrogenation to NH;.'****° However, a molecular-level
understanding of the role of alkali and alkaline earth metal
hydrides in N, activation remains elusive. Herein, we perform
photoelectron velocity-map imaging spectroscopy on mass-
selected RuHN,(LiH),” (n = 0—2) as models to explore the
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mechanism of the transition metal-LiH system on N,
activation.

The RuHN,(LiH),” (n = 0—2) complexes were generated
via pulsed laser vaporization of the ruthenium—lithium hydride
catalysts in a supersonic of helium gas and subsequently
characterized with a coupled photoelectron velocity-map
imaging spectrometer (see the Supporting Information for
experimental details). The experimental photoelectron imaging
spectra of RuHN, (LiH),” (n = 0—2) recorded at 355 nm are
shown in Figure 1. The reconstructed images (purple

355 nm
RuHNZ_

2 3
Binding Energy (eV)

Figure 1. Photoelectron spectra of RuHN,(LiH),” (n 0-2)
recorded at 355 nm (3.496 eV). Photoelectron images after inverse
Abel transformation are embedded in the photoelectron spectra.

background) denote the central slice of the three-dimensional
(3D) laboratory frame photoelectron distribution from its two-
dimensional (2D) projection. The dominant main peak labeled
with the letter X in each spectrum has a distinct band
maximum, which directly determines the ground-state vertical
detachment energy (VDE) values for n values of 0, 1, and 2 to
be 2.27 + 0.06, 2.29 + 0.06, and 2.65 + 0.04 €V, respectively
(Table 1). The bands from the spectra without vibrational
features prevent us from directly measuring the ground-state
adiabatic detachment energies (ADEs), which can be
alternatively estimated by drawing a straight line at the leading
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edge of peak X and then adding the instrumental resolution to
the electron binding energy at the crossing point between the
line and the x-axis. The ADE values of the ground states for the
RuHN,(LiH),” (n 0—2) complexes were accordingly
evaluated to be 2.09 + 0.07, 2.13 + 0.07, and 2.37 + 0.05
eV, respectively (Table 1).

To assign the observed spectral features and identify the
geometric and electronic structures of the low-lying isomers,
quantum chemical calculations were performed for
RuHN, (LiH),” (n = 0-2) at the BP86/6-311+G(2d, 2p)/
SDD level of theory (see the Supporting Information for
computational details). Three types of structures are predicted
for all of these complexes. The first type is that in which N, is
bonded to the Ru atom in an end-on configuration (labeled
nA). The second type is that in which N, is bonded to the Ru
atom in a side-on configuration (labeled nB). The third type is
that in which N, is completely cleaved (labeled nC).
Optimized structures of the nA, nB, and nC isomers for
RuHN,(LiH),” (n = 0-2) are illustrated in Figure 2 and
Figure S2. For the RuHN,~ complex, the thermodynamically
most stable isomer is the end-on structure (0A) with a H atom
and N, terminally bonded to the Ru atom from the opposite
sides in a linear structure (Figure 2). The OB structure with a
side-on N, bonded to the Ru atom is 0.35 eV higher in energy
than OA. The OC structure is 0.92 eV higher in energy than 0A,
where the N=N bond is completely cleaved. For the
RuHN,(LiH),” (n = 1 and 2) complexes, the nC structures
are more stable than the nA and #B structures.

To clarify the possible structures that exist under the
experimental conditions, the calculated VDE and ADE values
for each structure are compared with the experimental values
in Table 1. When n = 0, the calculated VDE and ADE values of
the lowest-lying structure (0A) of 2.12 and 1.97 eV,
respectively, are consistent with the experimental values
(2.27 and 2.09 eV, respectively). The calculated VDE and
ADE values of 0B (1.93 and 1.89 eV, respectively) and 0C
(2.58 and 2.47 eV, respectively) are much smaller or larger
than the experimental data. Similar to the n = 1 and 2 cases,
the most stable 1C and 2C isomers are identified by their VDE
and ADE values being closest to the experimental results.
Additional evidence was obtained through comparing the
theoretically calculated and experimentally obtained spectra, as
shown in Figure S3. The consistent experimental and
calculated spectra have indicated that the assignments of the
0A, 1C, and 2C structures are responsible for the experimental
observations.

The potential energy profiles for the RuN,H(LiH),” (n =
0—2) complexes calculated at the BP86/6-311+G(2d, 2p)/
SDD level of theory are presented in Figure 3. When n = 0, it
takes an energy barrier of 0.54 eV to convert the most stable
linear OA to form side-on structure OB. During this process, the
N atom of the end-on structure approaches the Ru atom to
form the Ru—N bond, along with the elongation of the N—N
bond from 1.16 to 1.19 A. The isomerization from 0B to 0C
involves the breaking of the N=N bond, which needs to
overcome a barrier of <3.43 eV. When n = 1, the isomerization
from 1A to 1B goes through an energy barrier of 0.62 eV to
form the side-on structure (1B) from the end-on structure
(1A) with the N—N bond length increasing from 1.19 to 1.22
A. Subsequently, the N—N bond length increases from 1.22 to
2.92 A to form the 1C structure with a 3.30 eV barrier. When n
= 2, the N—N bond length is increased from 1.18 to 1.23 A
with a 0.83 eV barrier from 2A to 2B. The N—N bond length
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Table 1. Comparison of Experimental VDE and ADE Values to BP86-Calculated Values of the Three Lowest-Energy Isomers
for RuHN,(LiH),” (n = 0-2)

VDE (eV) ADE (eV)
cluster isomer relative energy (eV) exptl” caled exptl” caled
RuHN,~ 0A 0 2.27(6) 212 2.09(7) 1.97
0B 0.35 1.93 1.89
0C 0.92 2.58 2.47
RuHN,(LiH)"~ 1A 0.18 1.55 1.34
1B 0.50 1.36 1.24
1C 0 2.29(6) 215 2.13(7) 2.00
RuHN,(LiH)," 2A 0.07 1.93 1.60
2B 0.41 1.98 1.19
2C 0 2.65(4) 2.58 2.37(5) 2.26
“Numbers in parentheses represent the uncertainty in the last digit.
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9
continues to increase from 1.23 to 3.11 A to form the 2C Orbital 1 m
structure with a barrier of 3.25 eV. When n = 0—2, the initial

step of the isomerization process from nA to nB can be viewed . Y. o . .
as the N of the end-on-dinitrogen structure getting closer to grlfz/:):/:l;; %3 113211;):1};/0.;0421;30/., o ﬁ:‘l)"zf‘.’,/:‘;; fé:./:[;s
the Ru atom to form the Ru—N bond, along with the N—N N(Q2):66% 2p N(2):38% 2p NQ@): 21% 2p +6% 25
bond being elongated. The following procedure can be

regarded as the breaking of the Ru—Li bond and N=N

bond, along with the formation of the Li—N bond. In the Orbital 2 w‘
illustrated transition states, the Li atom participates in the

formation of the Ru—Li—N—N ring and promotes the

1C

appreciable reduction of the tension of the Ru—N—N ring. Ru:69% 4d Ru: 57% 4d Ru: 64% 4d

The energy barriers of TS2, TS4, and TS6 are calculated to be N(1):3% 2P N(1):18% 2p N(1): 18% 2p

3.43, 3.30, and 3.25 eV, respectively, which decreases with the N@:24%2p N@):18%2p N@): 18% 2p

cluster size. This suggests that the stepwise addition of LiH to Figure 4. Schematic diagram of the bonding interactions between Ru

RuHN,™ helps to lower the energy barrier of N=N bond and dinitrogen in the end-on-dinitrogen (left), side-on-dinitrogen

cleavage. (middle), and cleaved-dinitrogen structures of RuHN,(LiH) ™.

The bonding interactions between the Ru atom and

dinitrogen in the end-on structure, side-on structure, and donation of a ¢ orbital from N, into an empty 4d orbital of the

cleaved-dinitrogen structure for RuHN,(LiH)~ are shown in Ru atom, while orbital 2 can be regarded as back-donation of a

Figure 4. In the 1A structure, orbital 1 can be viewed as the 7 orbital from the occupied 4d orbital of Ru to the antibonding
3939 https://doi.org/10.1021/acs jpclett.2c00727
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Table 2. N—N Wiberg Bond Orders, Bond Lengths, and NBO Charges of the RuHN,(LiH),” (n = 0—2) Species Calculated at
the BP86 Level

NBO charge

N—N bond order N-—N bond length Ru N(1) N(2) Li(1) Li(2) H(1) H(2) H(3)
0A 2.39 1.16 -0.12 —-0.20 —-0.25 —-0.43
0B 2.27 1.19 —0.18 —0.24 —0.24 —-0.34
0oC 0.67 2.87 —-0.01 —0.43 —-0.43 —-0.12
1A 2.17 1.19 —-0.67 -0.19 —-0.37 0.46 —-0.26 0.03
1B 2.02 1.22 -0.76 —0.43 —-0.22 0.50 —-0.04 —-0.04
1C 0.6 2.92 —-0.40 —0.68 —0.68 0.78 —0.01 —0.01
2A 2.22 1.18 -0.69 —0.13 —-0.32 0.50 0.50 —-0.29 0.05 —0.60
2B 2.04 1.23 —-0.71 —0.27 —0.31 0.55 0.55 —0.08 —0.08 —0.61
2C 0.61 3.11 —0.31 —0.74 —0.74 0.69 0.69 0.04 0.04 —0.67

7 orbitals of N,. In orbital 1 of the 1B structure, the 7-bonding
orbital of N, acts as the donor orbital. Orbital 2 involves back-
donation of a 7 orbital from the occupied 4d orbital of Ru to
the antibonding 7 orbitals of N,. Previous studies pointed out
that 7 back-donation would weaken the strong N=N bond
and was crucial for its further activation.® As both ¢ donation
and 7 back-donation of the 1B structure can weaken the N=N
bond, while only 7 back-donation of the 1A structure weakens
the N=N bond, the side-on structure (1B) is reasonably
supported to contain a more activated N, ligand than the end-
on structure (1A) in accordance with the N—N bond order of
1B. With respect to 1C, orbitals 1 and 2 can be seen as the
Ru—N ¢ orbital and Ru—N 7z orbital, respectively. The two
orbitals jointly contribute to weaken the N=N bond.
Therefore, the 1C structure is more activated than the side-
on structure, and the N=N bond is completely cleaved. In the
1A—1B—1C isomerization process, the N—N bond is gradually
elongated from 1.19 to 2.92 A. The bonding interactions
between the Ru atom and dinitrogen in these three types of
structures of n = 0 and n = 2 are similar to that of the n = 1
case, which are displayed in Figures S4 and SS, respectively.

In the nA structures, the bonding interactions between Ru
and dinitrogen contain both a ¢ bond and a 7 back-donation
bond. The Wiberg bond orders of 1A and 2A are 2.17 and
2.22, respectively (Table 2), which are smaller than that of the
OA structure. This indicates that LiH contributes to dinitrogen
activation. The nB structures include a 7 back-donation orbital
and a o orbital. The dinitrogen in the nB structures is more
activated than in the nA structures. The Ru—N bond can be
seen as a double bond. The N—N bond lengths of nC
structures for n = 0—2 are 2.87, 2.92, and 3.11 A, respectively,
and the NBO charges of the N atom for nC (n = 0-2)
structures are —0.43, —0.68, and —0.74, respectively. There-
fore, the isomerization of nA, nB, and nC indicates that the LiH
species in the transition metal catalysts effectively promotes the
activation of N, via facilitating the energy-demanding N=N
cleavage process.

In summary, the RuHN, (LiH),” (n = 0—2) complexes have
been studied by combining mass-selected photoelectron
velocity-map imaging spectroscopy and quantum chemical
calculations. The most stable structure of RuHN,™ is
determined to be a N,-tagged complex. For RuN,H(LiH),~
(n = 1 and 2), the most stable structures are characterized to
have N=N bond-cleaved ring structures. These results show
that the addition of LiH to RuH™ can cleave the N=N bond.
Theoretical analyses indicate that the synergy between Ru and
LiH efficiently lowers the energy barrier of N=N bond
cleavage. These findings clarify the pivotal roles played by the

LiH species in the transition metal catalysts for N, activation
and also open new avenues for the development of related
single-atom catalysts with isolated metal atoms dispersed on
supports.
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