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ABSTRACT

The activation and hydrogenation of nitrogen are central in industry and in nature. Through a combination of mass spectrometry and quan-
tum chemical calculations, this work reports an interesting result that scandium nitride cations Sc3N™ can activate sequentially H, and N,
and an amido unit (NH>) is formed based on density functional theory calculations, which is one of the inevitable intermediates in the N,
reduction reactions. If the activation step is reversed, i.e., sequential activation of first N, and then H», the reactivity decreases dramatically.
An association mechanism, prevalent in some homogeneous catalysis and enzymatic mechanisms, is adopted in these gas-phase H, and N,
activation reactions mediated by ScsN™ cations. The mechanistic insights are important to understand the mechanism of the conversion of

H; and N, to NHj3 synthesis under ambient conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029180

INTRODUCTION

Nitrogen fixation and hydrogenation are one of the most
important issues but a long-standing challenge from fundamental
and practical points of view."” Both industrial and biological N,
fixations are energy demanding.H Since the N, reduction reaction
through N, + 3H, < 2NHj3 is slightly thermodynamically favor-
able under ambient conditions, numerous efforts have been made
to develop alternative and efficient processes that could produce
NH3 under more benign conditions, rather than through the energy-
intensive Haber-Bosch process (450 °C and 300 bars). Mechanistic
investigations indicate that in the process of N, reduction by H; over
active Fe- and Ru-based catalysts, N, molecules are first dissociated
on specific active sites (a dissociative mechanism),” ” and some key
imido (NH) and amido (NH;) intermediates are generated through
stepwise hydrogenation,”” which are usually quite stable, and there-
fore, elevated temperatures are needed to destabilize them.'’ It is

generally agreed that co-operativity between transition metal centers
is crucial for the N, reduction step,” and transition metal nitrides
(TMNs) are formed in the early transition metal (such as V, Mn, and
so on) catalyzed NH;-synthesis reactions.'”"” Some N-poor TMNs
are also capable of activating N».'* In addition to the early transi-
tion metals mentioned above, Ti-based, Nb-based,"” Zr-based, W-
based,'’ Mo-based,'® and Ta-based'*'” catalysts were applied in N,
fixation or catalytic synthesis of ammonia. Moreover, hydrogenoly-
sis by metal nitride intermediates is believed to be a key step in the
Haber-Bosch process'*'” and in other related processes.”’ ** Owing
to their existence and importance in N, and H; activation reactions,
studying the structures and reactivity of early TMNs in a molecu-
lar level remains a highly desirable and challenging target.”” While
nitrogen fixation under ambient conditions had some groundbreak-
ing contributions in recent years, N, hydrogenation using dihydro-
gen still defines a key goal, and the detailed information on this
catalytic reaction is urgently needed.
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Gas-phase studies on “isolated” reactants provide an ideal arena
for investigating experimentally and theoretically the possible active
sites and revealing the mechanistic details of related condensed-
phase systems.”* There are some reports about the activation and
cleavage of the N-N bond caused by adsorption on Liyses clus-
ters’” and transition-metal containing clusters,”” ™ and the results
indicate that the metal atom must effectively transfer electron den-
sity to the N, molecule to populate the ©* molecular orbitals of
the molecule. Recently, Ta-related gas-phase ions, that is, Ta,",”
Ta,N*,* TayCy~,* and Ta3N3H0,17,3’7 were capable of completely
activating N, among which a dissociative mechanism is adopted in
the reactions of N, with TazN3Hg,; ™~ clusters.”” In addition, the dis-
sociative adsorption of N, on the V3C4~ anion has been reported.”
Maybe due to the lack of variations in the oxidation state, scan-
dium and its nitrides are not a “hot choice” in N, fixation and
activation, in comparison with the widely reported Fe-, Mo-, and
other transition metal-based catalysts. Herein, we report one exam-
ple about ScsN* cations on which N, reduction by H» can proceed
efficiently.

METHODS
Experimental methods

The time-of-flight mass spectrometry (TOF-MS) was used to
examine the ion/molecule reactions. The details of the experiments
have been described in previous works,”*’ and only a brief out-
line of the apparatus is given below. The ions of interest were
generated by laser ablation of a scandium disk (99.999%) in 0.1%
NH3 seeded in a He carrier gas with a backing pressure of 4 atm.
A 532 nm [second harmonic of Nd**:yttrium aluminum garnet
(YAG)] laser with an energy of 5 mJ/pulse-8 m]J/pulse and a repe-
tition rate of 10 Hz was used. The ScsN™ ions are then mass-selected
by a quadrupole mass filter (QMF) and enter into a linear ion trap
(LIT) reactor, where they are confined and thermalized (see the
supplementary material) by collisions with a pulse of He gas and
then interact with a pulse of different kinds of reactant gases for a
period of time. In our previous works,""** it has been proved that
the ions are thermalized to (or close to) room temperature before
reactions. The ions ejected from the LIT are detected by a reflectron
TOF-MS."

The collision-induced dissociation (CID) experiments of Sc3N*
with Ar were performed, in which high center-of-mass collisional
energy is added to the system under single-collision conditions. In
this case, the gas Ar, rather than the cooling gas He, was delivered
into the LIT reactor in which ions pass through without trapping,
and to the ion source and the quadrupole mass filter were added
15V, 26V, and 34 V dc voltages (floating-ground mode) to increase
the center-of-mass collisional energies (about 3.17 eV, 5.50 eV,
and 7.20 eV, respectively). The pressure of Ar in the trap is about
780 mPa.

The photoreaction of ScsN™ was studied by a TOF-MS cou-
pled with an ultraviolet laser system. The ions were irradiated by
a 355 nm laser beam (the third harmonic output of the Nd**:YAG
laser) after being ejected from the LIT. The energy range of the
laser is about 30 mJ/cm?-400 mJ/cm? (the shot-to-shot energy sta-
bility is about +5%). The photoreaction products and the unreacted
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ions passed through the reflector, and then, they were detected by a
dual microchannel plate detector. The signals from the detector were
recorded with a digital oscilloscope.

Computational methods

All density functional theory (DFT) calculations were per-
formed using the Gaussian 09*' program package employing the
hybrid BPW91 exchange-correlation functional.*”* For all the reac-
tion pathways, def2-QZVP" " basis sets were selected for Sc atoms
and 6-311+G****' for N and H atoms. The reaction mechanism
calculations involve the geometry optimization of reaction inter-
mediates and transition states (TSs). Vibrational frequency calcu-
lations were performed to ensure that the intermediates and TSs
have zero and only one imaginary frequency, respectively. The
intrinsic reaction coordinate (IRC) calculations’™* were carried out
to make sure that a TS connects two appropriate minima. The
reported energies (AHoxk in eV) are corrected with zero-point vibra-
tions. Natural bond orbital (NBO) analysis was performed using
NBO 6.0°" implemented in Gaussian 09, and the program Multi-
wfn’ is employed to analyze orbital compositions by the natural
atomic orbital method. For the sake of clarity, the detailed infor-
mation of the CCSD(T) calculations is given in the supplementary
material.

RESULTS
Reactivity of SczN* with H2/N,

The laser-ablation-generated ScsN* clusters were mass-
selected, confined, and thermalized through collisions with helium
atoms, and then, they interacted with H,, D;, N, and 5N,.
Figure 1(a) exhibits some peaks that originate from the reactions
with water impurities in the LIT, and these peaks are assigned to
Sc;NO™, Sc;0,%, ScsNO;,*, and ScsNO;j,H'. When the reactant
gases H, and N, were injected into the reactor to react with Sc;N*,
the adsorption product ScsNH,", the secondary adsorption prod-
uct ScsNH4" [Reaction (1) in Table 1], and ScsN3™ [Reaction (2)]
appear, as shown in Figs. 1(b) and 1(c), respectively. The reaction of
Sc;N* with the mixture of N, and H, indicates that ScsN* cations
are capable to adsorb both N, and H, molecules (Fig. S1 of the
supplementary material). To clarify whether the sequential effect
matters in these reactions, the Sc;N™ clusters were reacted with H,
or N, seeded in the cooling gas (He) at first, and then, the other
gas, which is N, or H,, was pulsed into the LIT [Figs. 1(d) and
1(e)]; the different intensities of the co-adsorbate Sc;N3;H,* under
similar reactant pressures reflect the reaction rate differences of N,
with Sc;N* and Sc;NH, ™, suggesting that the activation sequence
matters. The isotopic labeling experiments with D, (Fig. S1 of the
supplementary material), N, [Fig. 1(f)], and D,/PN, [Fig. 1(h)]
were also performed. In Fig. 1(g), when D, was introduced into
the reactor as the cooling gas, a major product corresponding to
Sc;ND,* generates; then, upon the interaction of N, at a pres-
sure of 0.6 Pa, the product ScsNN,D, ™ (m/z = 183) is obtained, as
shown in Fig. 1(h), which supports the presence of the co-adsorbate
Sc;N3H,* rather than ScsN,O*.

The pseudo-first-order rate constants (k;) for the reactions
of Sc3N* with reactants (H, and N,) were estimated on the basis
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of least-squares fitting procedures (Fig. S2 of the supplementary
material)*"”° and are summarized in Table I. The k;(ScsNH," + N»)
is faster by about 8 times than the k1(ScsN* + N3). Note that
Sc;NH,* cations cannot be directly generated in our cluster source

(Fig. S3 of the supplementary material). The reactivity of SCNH™ and
Sc;N* cations toward N, was also investigated, and no measurable
adsorption products are observed, even at a relatively high pressure
of N (up to 1.06 Pa) and a rather long reaction time (up to 11 ms,
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TABLE I. Products, pseudo-first-order rate coefficients (k), kinetic isotope effect (KIE), and reaction efficiencies (@) for the

reactions investigated.

No. Reactions ki (1072 cm® molecule ! s™1)*/KIE" D (%)"

1 ScsN* + H, — Sc;NH,* (3.6+0.7)/1.5 0.24
ScsNH,* + Hy -ScsNH,*

2 SN + Ny - SesN;* 0.27 £ 0.06 0.04

3 ScsNH, " + Ny — Sc3NsH,* 21+04 0.32

*The reactant-gas-pressure-dependent experiments are shown in Fig. S2 (see the supplementary material).
YKIE values for reactions with dihydrogen (H, and D) are given, and these values are corrected for different collision frequencies

of H, and D;.

‘o= k1 /kLangevin> Where kpangevin is the theoretical collision rate.”’

Fig. $4 of the supplementary material). Since the product Sc;N3H,*
in Fig. 1(d) can also be generated in the reaction of Sc;N3* with Ha,
this reaction was also investigated in order to obtain its contribution.
Based on the mass spectra (Fig. S5 of the supplementary material),
the calculated rate constant of ScsN3*/Hs is (3.2 + 1.3) x 107" cm®
molecule™ s7!, and it is smaller than that of the Sc;NH, " /N system
[(2.1 +0.4) x 1072 cm® molecule™! s7!]. In addition, the generation
rate for ScsN3 ™ is also slow [k1(ScsN* + Ny — ScsN3*) = (2.7 £ 0.6)
x 1072 ¢m® molecule™ s™']. Thus, it is suggested that only quite a
small part of ScsN3H," cations are generated from the reaction of
ScsN3t with H,, and most of them originate from the reaction of
SC}NHZJr with Nj.

Reaction mechanisms of SczN* with H,/N;

Quantum-chemical calculations were conducted to explore
the mechanistic details of the remarkable reactivity pattern. Sin-
gle point CCSD(T) calculations performed at the density functional
theory (DFT) optimized geometries indicate that the lowest-lying
isomers of ScsN*' and Sc;NH,* are in the doublet spin states and
with Cs symmetries (*IA1 and *IA4 in Fig. 2 and Fig. S6 of the
supplementary material). In Fig. 2, all structures are pyramidal
and only *IAl is planar. The potential energy surface (PES) of
ScsN*/H, proceeds along the doublet surface, as shown in Fig. 3(a).
An H; molecule can be dissociated, generating an intermediate I1
(-1.71 eV, with respect to the separated reactants). One of the H
atoms is easily transferred through TS1 and TS2, and ScsNH,* is
formed (-2.15 eV). In ScsNH,", two hydrides are symmetrically
bridged by the Sc atoms, and the Wiberg bond index (WBI) of the
Sc-H bond is 0.4, indicating that two Sc atoms and one H atom
form a three-center/two-electron (3c/2e”) bond. When combined
with two H atoms, the WBI values of the two Sc atoms in Sc;NH, "
are increased by 0.4, compared to those in Sc;N*, and one more
Sc-Sc bond is formed. Note that if the first or the second H,
molecules are non-dissociatively adsorbed on ScsN*, the adsorp-
tion energies are quite small (around 0.1 eV), which cannot be
observed in the mass spectra; thus, H, molecules should be dis-
sociatively adsorbed on ScsN'. Furthermore, the other two iso-
mers of ScsN* (IA2 and IA3) as well as the quartet IA1 may exist
in the cluster source, and they can also react with H,, producing

ScsNH,* (P1, Fig. S7 of the supplementary material). The major dif-
ferences among IA1, IA2, and IA3 are whether the Sc-Sc bond is
formed and how long the bond lengths are.

To further investigate the structures of Sc;N*, the collision-
induced dissociation (CID) experiments of Sc;N* with Ar were also
performed, in which high center-of-mass collisional energies were
added to the system under single-collision conditions. As shown
in Fig. 4 (see experimental methods in the supplementary material
for more details), when the center-of-mass collisional energy (E.) is
3.17 eV, one product peak Sc;N* corresponding to the loss of one
Sc atom formed. The DFT calculated bond dissociation energy for
[Sc—ScaN]* is 2.95 eV (IA1, see Table S1), which is close to the CID
result. Since the product ScsNH," or the co-adsorbate Sc;N3H,*
cannot be selected in our apparatus, the CID experiments of these
clusters with Ar cannot be conducted. Photo-induced dissociation
(PID) experiments at 355 nm have also been carried out to get more
structure information. In the laser-on experiments of the products
ScsNH, " and ScsNH4 " [Figs. 4(b) and S9], their relative intensities

(a)

286,
st
21A1 C, 0.30 [0.00]

41A1 C, 0.36 [0.63]
§IA1 C, 0.73

287,

¢ 287
41A2 C,, 0.00 [0.11]
2A2 C, 0.15[0.26]

21A3 C,0.29[0.13]
S1A3 C, 0.66

(b) (JScON°H

21A4 C, 0.00 [0.00]
41A4 C, 0.31 [0.80]

41A5 C, 0.33[0.77]

FIG. 2. DFT-calculated structures and relative energies of (a) ScsN* and (b)
Sc3NH,*. Relative energies by CCSD(T) are given in square brackets. The
point group is given under each structure. Bond lengths are given in pm. The
superscripts indicate the spin states.
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FIG. 3. DFT-calculated potential energy surfaces for the reactions of (a) SczN*
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lengths are given in pm. The zero-point vibration corrected energies (AHo in €V)
of the reaction intermediates, transition states, and products with respect to the
separated reactants are given.
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decrease while those of the reactant ScsN' increase as increasing
the laser fluences; no hydrogen atom loss product or SeNH,* is
observed. According to the DFT calculations, the H, losses from
ScsNH,* and ScsNH4* to generate Sc;N™ and Sc;NH, " are 2.15 eV
and 1.57 eV, respectively; the lowest energies for one H loss from
ScsNH," and Sc;NH, " are 3.15 eV and 2.63 eV, respectively. In this
case, H, is much easier to be released than the H atom in both hydro-
genated clusters. The experiments of structure characterization also
indicate that the DFT calculation results are reliable.

As shown in Fig. 3(b), the DFT calculations predict that dini-
trogen approaches the Sc;NH," clusters through side-on (') and
side-on/end-on dinuclear (':4*) modes; the first mode can trans-
form into the much more stable #":#*-N, mode through two tran-
sition states [Fig. S10(a) of the supplementary material]. Through
TS3, two more Sc-N bonds are formed in 14, and the N-N bond
length is elongated by 20 pm, compared with the free N, molecule
(110 pm). In I4, N, is coordinated with three Sc atoms in the side-
on/side-on/end-on configuration (u3-1°:1°:11') based on the bond-
ing modes structurally characterized in the solid states.”” This coor-
dination mode has been reported in the V3C4™ /N, system.‘w"Q During
the next step, one of the hydride atoms transfers to the near N
atom in the N, unit through TS4, concomitant with the increas-
ing N-N bond from 130 pm in 14 to 147 pm in I5. The NN bond
is finally broken through TS5, leading to the formation of one NH
unit in I6; then, the other hydrogen migrates to this NH moiety and
generates the NH; unit as the product P2. TS4 is a relatively high
barrier, but P2 is much more stable than I4 in energy (—3.36 €V vs
-2.10 eV), providing the thermodynamic driving force. The Rice-
Ramsberger—Kassel-Marcus (RRKM) theory™® is employed to esti-
mate the absolute rate constant (kconversion) Of the traversing tran-
sition state TS4 from intermediate I4 (a detailed description is
given in the supplementary material). The calculated Kconversion for
14 — TS4 is 1.8 x 10° ™!, which is three orders of magnitude faster
than the rate (5.5 x 10° s71) of collisions between 14 and the bath
gas He. Therefore, most of I4 can still overcome TS4 to generate P2.
Notably, the complete activation of the NN bond rather than over-
coming TS4 from I4 is not achievable (Fig. S11 of the supplementary
material). We also calculate the PES of Sc;N*/N,, shown in Fig. 3(c),
and the reaction occurs via a dissociative mechanism. Since the
product of Sc3N3* (P3) and the intermediate I8 with the yz-#%:1%:4 -
N, mode are comparable in energy, a high barrier is involved;
thus, most of the experimentally observed Sc;N3* should be adsorp-
tion products I8. The product energy of the Sc;NH,*/N; system
(-3.36 eV) is more favorable than that of ScsN*/H, (=3.11 eV).
In addition, the secondary adsorption product ScsNH4" can also
adsorb one N; molecule, but according to the DFT calculations,
that N should be the physically adsorbed, rather than dissociatively
adsorbed (Fig. S12).

To further understand the faster reaction rate of ScsNH, " + N3
compared to that of ScsN*' + Ny, the potential energy curves to form
I3 and 17 were carefully followed. In Fig. S13, the hydrogenated clus-
ter has a relatively deeper entrance channel to form the encounter
complex than the Sc;N* + N system. Since there are also 7' adsorp-
tion modes of the first complexes Sc3NHp,". . .N, more calcula-
tions considering the transformation between these structures and
the values of kconversion from adsorption intermediates as well as the
dissociation rates (kq) of N, desorption from these encounter com-
plexes based on an RRKM-based variational transition state theory
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SN . FIG. 4. (a) The relative ion intensity of
—*—ScNH, ScoN* with respect to Es. (b) Experi-
—+—S8c,NH,” mental ion intensity of reactant and prod-
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(VTST) approach™ are also performed. As shown in Fig. S10(b),
for the adducts with nl—Nz modes in S;sNH» ", kconversion (1010 s71)
is one order of magnitude faster than k4. In contrast, Kconversion
(14 x 10™ s7Y) is slightly slower than k4 (4.5 x 10" s71) in the
ScsN*/N, system. Thus, when N, molecules are adsorbed on clusters
via the 7' mode, Sc;NH," should react more efficiently than Sc;N*.

(a) 2.0-

1.5 1

Natural Charge / e
S o o =
(3] o (3] o

0

-

o
1

1
-
(3]

T T T T T
S<:3NH2+ 1 TS1 12 TS2 I3 TS3 14 TS4 P

(b)

0.00 T T T T T T T
40 45 50 55 60 65 7.0 75
Ln[Fluence(mJ/cm?plus)]

Taking all these factors into account, Sc;NH,* has higher reactivity
toward N, than the dehydrogenated Sc3;N, in line with the experi-
mental findings. In addition, the infrared spectrometry of ScsN3H, "
is given in the supplementary material. The vibrational frequen-
cies may be used for future experimental identification of these
clusters.
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DISCUSSION

Natural bond orbital analysis indicates that the electrons used
to reduce N, molecules stem from different atoms in Sc;N* and
ScsNH, " clusters. As shown in Fig. 5, the electron donors in Sc;N*
and Sc;NH," are three Sc atoms and two hydrogen atoms, respec-
tively, during the reactions with N;. The dihydrogen herein acts
both as the proton and electron sources for N, reduction medi-
ated by ScsNH,". In addition, the WBI of the Sc-Sc bond decreases
from 1 in ScsNH," to 0.33 in I3 and the NN bond of N; is elon-
gated, indicating that two electrons are ejected into the N, molecule
from ScsNH,*. Counting the four electrons provided by the two
H™ atoms, there are totally six electrons transferred from Sc;NH,*
to Ny, and N is reduced into N7 ions. For TS4 and TS6 in
Fig. 3(b), hydride transfer processes are identified. Since the nitrogen
atoms, hydride acceptors, also carry negative charges, an energy-
demanding transition state TS4 is encountered in the PES, which
accounts for the rate-limiting step.

The proposed reaction mechanism of reductive N, activation
to form the amido unit (NH,) in ScsNH, " is to first weaken the NN
bond in N; by adding one H atom, generating the *NNH-like inter-
mediate I5 (the asterisk * denotes an adsorption site), and *NNH is
further activated through the complete breakage of the NN bond. In
the Haber-Bosch process, the N=N bond is first dissociated on spe-
cific active sites, and then, the adsorbed *N is hydrogenated step by
step to produce *NH3, which is a dissociative mechanism. In con-
trast, associative adsorption or hydrogenation of N, an association
mechanism, is prevalent in some homogeneous catalysis and enzy-
matic mechanisms.””®" In these reactions that followed the associa-
tion mechanism under thermochemical conditions, the elementary

,60,62

steps involved are as follows:

*N; +“H - *NNH + 7, (4)
*NNH - *N + *NH, (5)
*NH+H" +e - “NH,. (6)

The reaction of Sc;NH, " with N, shown in Fig. 3(b) also pro-
ceeds based on this associative mechanism. Reactions (4)-(6) cor-
respond to 14 — 15, I5 — I6, and 16 — P2 steps, respectively. The
most energy-demanding step is the first hydrogenation of *N. It
is also consistent with the fact that in the electrochemical ammo-
nia synthesis, “NNH formation by hydrogenolysis is the potential-
determining step.””** It is noteworthy that in gas-phase studies,
sequential activation of two kinds of molecules has been reported,
such as Re(CO),"/CO,/CH4 and CuB*/CH4/CO; systems,””** and
in these reactions, the sequence of events matters.

CONCLUSIONS

In summary, the sequential thermal reactions of the ScsN*
cations with H, and N, have been investigated by using mass

ARTICLE scitation.org/journalljcp

spectrometry and quantum-chemical calculations. The reaction rate
of ScsNH,", generated from the hydrogenation reaction of ScsN*
with H,, is about 8 times faster than that of the N»/ScsN* sys-
tem; thus, the sequence of events matters. Through reliable DFT
calculations, the NH, unit is formed in the N, hydrogenation reac-
tions. Along the whole potential energy surface, the rate-limiting
step is the first hydrogenation of the adsorbed N, molecule, and
six electrons (two from the Sc-Sc bond and four from the two H™
atoms) in Sc;NH," are transferred into the N; molecule to gener-
ate two N>~ ions. The associative mechanism, prevalent in some
homogeneous catalysis and enzymatic systems, is also followed in
the gas-phase reactions of Sc;NH,* with Nj. Ideal catalysts that
allow energy-efficient NH3 synthesis should activate N, well but
bind intermediates, such as amido and imido, relatively weakly. Our
gas-phase model systems show the fundamental mechanisms behind
the important issue of N fixation and hydrogenation, and studies on
modified scandium nitride clusters that may bind the NH; unit more
weakly are in progress.

SUPPLEMENTARY MATERIAL

See the supplementary material for the additional time-of-flight
(TOF) mass spectra results, the method of determining the rate
constants, the additional density functional theory results, the addi-
tional experimental results of collision-induced dissociation (CID)
and photo-induced dissociation (PID), the methods for the deter-
mination of the collision rates of key intermediates with the cooling
gas He (keoliision) and the conversion rates (kconversion) Of some key
steps as well as the rates for N, desorption from intermediates, the
additional theoretical results of the CCSD(T) calculations, and the
IR spectrum of Sc3N3H, ™.
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