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ABSTRACT: Nitrogen fixation is confronted with great challenges in

the field of chemistry. Herein, we report that single metal carbides PtC,~ 2

and PtC,N,” (n = 4—6) are indispensable intermediates in the process ”
of nitrogen fixation by mass spectrometry coupled with anionic
photoelectron spectroscopy, quantum chemical calculations, and
simulated density-of-state spectra. The most stable isomers of these
cluster anions are characterized to have linear chain structures. The
fixation and activation of dinitrogen are facilitated by the charge transfer
from Pt and C, to N,. The significance of # back-donation of the 5d
orbital of the Pt atom to the antibonding 7 orbits of N, for dinitrogen
fixation and activation is discussed in detail. This study not only
provides a theoretical basis at the molecular level for the activation of
dinitrogen by mononuclear metal carbide clusters but also provides a
new paradigm for dinitrogen fixation.
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1. INTRODUCTION

The fixation and activation of nitrogen holds widespread
applications in contemporary society, but it has confronted
with rigorous challenges.”” As an abundant and easily
accessible resource, nitrogen becomes one of the raw materials
for the synthetic ammonia industry. However, it is still a
predicament to achieve the aim of breaking the N=N triple
bond under mild conditions.> ™ It is well known that metal
nitrides play a vital function in the development of high
hardness materials and high refractories.” Several small
transition metal nitrides, such as Zr;N,, HE;N,, and so on,’
have been synthesized under high pressure. Meanwhile, the
synthesis of chemical raw materials into pharmaceutical
products and chemical products (urea, etc.) is inseparable
from the effect of metal carbonitride, such as the application of

chemical adsorption,

. 31,32
nitrogen.

Theoretical studies of the nitrogen activation mechanism

and only minority can fully activate

revealed that the d-orbital electrons of the metal atom
(adsorption site) back-donate to the antibonding 7 orbital of
N,,>*™** with which transition metal atoms with 3d orbitals are
widely used to immobilize and activate nitrogen in many
applications.**~** Similarly, 7 back-donation was also observed
from the occupied 4d orbitals of transition metal atoms into
the 7% orbits of N,.”” Nevertheless, there are few reports on
the dinitrogen activation by the 5d metals.**~* In addition,
the special phenomenon that ¢ donation acts as the main
function to activate dinitrogen has also been discovered.”* The

C—N bond couplingg_15 and so forth. For the application of
materials and technology, it is an inevitable trend to develop
new nitride composites with fine structure property relation-
ships.

In the condensed phase system, the experimental conditions
are easily affected by the external environment, and so, the
reaction mechanism cannot be clearly understood. In this
context, the cluster model, as a method that is readily
generated and has appropriate characteristics to study chemical
reactions and reveal related mechanisms, emerges as the times
require.lé_19 Previous studies demonstrated that most of the
products obtained from the reaction of nitrogen with metal
compounds exist in the modality of physical adsorption or
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platinum carbides were proposed to be able to activate
dinitrogen. In order to understand the activation mechanism of
dinitrogen by the 5d metals, the platinum carbide clusters were
selected as a model system to study the immobilization and

activation of dinitrogen.
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2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The experiments were carried out using a homemade instrument,
which included a laser vaporization source and a dual-channel time-of-
flight mass spectrometer. Details of the apparatus have been described
elsewhere,** and only a brief description is given below. The PtC,~ (n
= 4—6) anions were produced by laser vaporization of platinum—
carbon mixture target (mole ratio, M/C = 1:5) with a pure helium
carrier gas. PtC,N,” (n = 4—6) anions were produced by laser
vaporization of platinum—carbon mixture target (mole ratio, M/C =
1:5) in the presence of helium carrier gas seeded with 5% N,. The
typical stagnation pressure of the carrier gas was about 2—5 atm. After
cooling and expansion into the source chamber, the anions of interest
were mass-selected by a Wiley—McLaren time-of-flight mass
spectrometer and then introduced into the photodetachment region
and interacted with laser beams of 266 nm (4.661 eV). The
photoelectrons were mapped onto a detector consisting of a micro-
channel plate and a phosphor screen. The two-dimensional images on
the phosphor screen were recorded by a charge-coupled device
camera. Each image was obtained by accumulating 10,000—50,000
laser shots at a 10 Hz repetition rate. All of the raw images were
reconstructed using the basis set expansion inverse Abel transform
method (BASEX). The photoelectron spectra were calibrated using
the known spectrum of Au™. The energy resolution was better than
5%, corresponding to S0 meV at electron kinetic energy of 1 eV.

In order to elucidate the electronic and geometrical structures of
PtC,” and PtC,N,” (n = 4—6), theoretical calculations were
performed using the Gaussian 09 program.46 The structures were
optimized with density functional theory using the B3LYP function
together with the basis set of aug-cc-pVTZ for C and N and aug-cc-
pVTZ-PP for Pt atom.*”~* Harmonic frequency analysis was carried
out to make sure that the obtained structures were real minima on the
potential energy surfaces. Theoretically, the vertical detachment
energy (VDE) was calculated as the difference in energy between the
neutral and anionic species based on the optimized anionic geometry,
and the adiabatic detachment energy (ADE) was calculated as the
difference in energy between the neutral and anion both at their
optimized geometries. The zero-point-energy corrections were
considered in the total energy of each cluster isomer for relative
energy and ADE calculations. To understand the structure of PtC,N,~
(n = 4—6) clusters, the canonical molecular orbital (CMO) analysis,
Wiberg bond orders of N—N bond, and natural population analysis
(NPA) of PtC,N,” (n = 4—6) were performed with NBO version 3.1
program® implemented in the Gaussian 09 package.

3. RESULTS AND ANALYSIS

3.1. Photoelectron Spectroscopy. The mass spectra of
PtC,” and PtC,N,” (n = 4—6) clusters are shown in Figure SI.
The upper part of Figure S1 shows the products PtC,” (n=0—
14) obtained with pure helium as the carrier gas. The product
PtC,N,” (n = 4—6) was obtained with helium containing 5%
nitrogen as the carrier gas in the lower part of Figure S1. The
adsorption complexes were observed, and the reaction was as
follows:

PtC,_ + N, = PtC,_(N,”

The photoelectron images and the corresponding photo-
electron spectra of PtC,” and PtC,N,” (n = 4—6) recorded at
266 nm are shown in Figure 1. The maximum value of the
dominant band marked with X corresponds to the VDE:s of the
ground state, which is directly measured to be 3.48 + 0.06
(PtC,”), 2.66 + 0.10 (PtC;7), 3.82 + 0.04 (PtC,"), 3.80 +
0.04 (PtC,N,), 2.94 + 0.08 (PtC;N,”), and 4.11 + 0.02 eV
(PtC¢N, ") (Table 1), respectively. The spectral bands without
vibrationally resolved structures prevent us from directly
measuring the ground-state ADEs, which can be alternatively
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Figure 1. Photoelectron spectra of PtC,” and PtC,N,” (n = 4—6)
recorded at 266 nm (4.661 eV). Photoelectron images after inverse
Abel transformation are embedded in the photoelectron spectra.

estimated by the intersection of a line drawn along the rising
edge of the main band with the binding energy axis. In this
way, the ADE value of PtC,” and PtC,N,” (n = 4—6) is
evaluated to be 3.34 + 0.07 (PtC,”), 2.53 + 0.11 (PtCy"), 3.65
+ 005 (PtC), 3.67 + 0.05 (PtC,N,”), 2.80 + 0.09
(PtC{N,7), and 3.93 + 0.04 eV (PtC¢N,”) (Table 1),
respectively. Interestingly, a larger gap between the ground
state peak and the excited state peak was observed in the
spectra of PtC;~ and PtCsN, ™ as compared with other species,
indicating that the PtCs and PtCsN, neutrals have a large gap
between their highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital.>' >

3.2. Comparison between Experimental and The-
oretical Results. Ground-state structures and selected low-
lying isomers for PtC,” and PtC,N,” (n = 4—6) anions are
shown in Figure 2. Each complex was considered with three
isomers with relatively low energies, respectively.

For PtC,”, the lowest-lying isomer (labeled 4A) is in Cq,
symmetry and exhibits a linear chain structure with a *T*
electronic state. The 4B isomer is 1.41 eV higher in energy
than 4A, which has a C,, symmetry with a carbon triangle
structure and a %A, electronic state. Isomer 4C lies 1.42 eV
higher above isomer 4A and has C; symmetry with an
electronic state of *A” electronic state. The calculated VDE and
ADE values of 4A (3.45 and 3.33 eV) agree well with the
experimental values (3.48 + 0.06 and 3.34 + 0.07 V) (Table
1). The VDEs and ADEs of 4B (3.39 and 2.72 eV) and 4C
(2.07 and 2.02 eV) do not match the experimental values. In
addition, the energies of 4B and 4C isomers are too high to be
detected in the experiment.

For PtC,N,7, in the lowest-lying isomer (labeled 4a), N, is
bound to the Pt atom in an end-on C,, configuration. In
isomer 4b with 0.49 eV higher energy, N, is completely
cleaved, forming a C, configuration with two stable carbon—
nitrogen bonds. Isomer 4c¢ lies 1.46 eV higher as compared to
isomer 4a, in which N, is completely cleaved, forming a cricoid
C,, configuration. The calculated VDE/ADE values of 4a are
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Table 1. Comparison of Experimental VDE and ADE Values to B3LYP Calculated Ones of the Three Lowest-Energy Isomers

for PtC,” and PtC,N,” (n = 4—6)

cluster isomer relative energy (eV)
PtC,” 4A 0.00
4B 1.41
4C 142
PtC,™ SA 0.00
SB 0.85
SC 1.20
PtC™ 6A 0.00
6B 1.07
6C 1.23
PtC,N,~ 4a 0.00
4b 0.49
4c 1.46
PtC,N,~ 5a 0.00
Sb 0.82
Sc 0.89
PtC¢N,~ 6a 0.00
6b 1.28
6¢ 1.40

“Numbers in parentheses represent the uncertainty in the last digit.

VDE (eV) ADE (eV)
expt.” calc. expt.” calc.
3.48(6) 345 3.34(7) 3.33
3.39 2.72
2.07 2.02
2.66(10) 2.63 2.53(11) 2.60
3.35 3.29
3.70 3.40
3.82(4) 373 3.65(5) 3.60
3.34 291
3.65 3.22
3.80(4) 3.90 3.67(5) 3.70
3.95 3.82
2.84 2.74
2.94(8) 3.10 2.80(9) 2.95
391 3.80
3.89 3.75
411(2) 413 3.93(4) 4.03
342 3.26
4.11 4.00

PtC,~ O-=0=0=0=0 030-4 0000 CA %@
4A(C,, XY 4B (Cy, *A)) 4C(C,,*A) 4D (C,,?A") 4E (Cy, ’A)
0.00 +1.41 +1.42 +1.86 +2.05
PtCys O =0=0-0-0-0 M & Cfm
5A(C,, XY 5B (Cyy *Ay) 5C(C,%A") 5D (C,, %A") SE(C,, *A")
0.00 +0.85 +1.20 +1.41 +1.54
PIC,  0—0=0-0-0-0=0 W Q M Y
6A(C,, X" 6B(C,,A") 6C(C,%A") 6D (Cyy, %A) G6E (Cyy *Ay)
0.00 +1.07 +1.23 +1.35 +1.52
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0.00 +1.25 +1.40 +1.96 +2.25

Figure 2. Ground-state structures and selected low-lying isomers for PtC,~ and PtC,N,~ (n = 4—6) anions calculated at the B3LYP/aug-cc-pVIZ/

aug-cc-pVTZ-PP level.

3.90/3.70 eV, which are in agreement with the experimental
values of 3.80 + 0.04/3.67 + 0.05 eV. The calculated VDE/
ADE values of isomers 4b (3.95/3.82 eV) deviate slightly from
the experimental values, whereas those of 4c (2.84/2.74 eV)
differ remarkably from the experimental values.

For PtCy~, the lowest-lying isomer, labeled as SA, has a
linear chain structure with a *£* ground state (Figure 2). The
calculated VDE and ADE of 5A is 2.63 and 2.60 eV (Table 1),
respectively, which is consistent with the corresponding
experimental value (2.66 + 0.10 and 2.53 + 0.11 eV). The
SB isomer is 0.85 eV higher in energy than SA, which has a
carbon triangle structure with 2A; electronic state and C,,

symmetry. The calculated VDE and ADE of 5B is 3.35 and
3.29 eV, respectively, which is quite different from the
experiment. Isomer SC has C, symmetry with an electronic
state of A’ electronic state, and it lies 1.20 eV higher above
isomer SA. The calculated VDE and ADE value (3.70 and 3.40
eV) is also obviously higher than the experimental value.
Therefore, the SA isomer should contribute to the
experimental spectrum, while the presence of 5B and 5C can
be ruled out.

For PtCsN,, in the most stable isomer Sa, N, is bound to
the Pt atom in an end-on C,, configuration with a ’Z* ground
state. The calculated VDE and ADE value of the Sa isomer is

172 https://doi.org/10.1021/acs.inorgchem.2c03150

Inorg. Chem. 2023, 62, 170177


https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03150?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
4c 5C 6C
=000 A § }
1.42 1.20 1.23
N /l\' 1 M 1 M 1 M 1 M T & N 1 T T
4B 5B 6B
1.41 0.85 /\_j\j\ 1.07
4A 5A 6A
C=0=0=0=0 O—=0-0-0-0-0 0-=0=0=0=0=0=0
0.00 0.00 0.00
PtC,” PtCs~ PtCq™
Expt. Expt. j\ J‘\ Expt.
— Y — —
1 1 3 1

2 3 4
Binding Energy (eV)

2 4
Binding Energy (eV)

2 3 4
Binding Energy (eV)

Figure 3. Comparison of experimental 266 nm photoelectron spectra (bottom rows) of PtC,” (n = 4—6) to the simulated spectra of the low-lying
isomers (top rows). Structures and relative energies are embedded in it.

3.10 and 2.95 eV, respectively, which is in reasonable
agreement with the experimental values (2.94 + 0.08 and
2.80 + 0.09 eV). The 5b isomer in C,, symmetry contains a
carbon triangle structure with a *A; ground state, in which N,
is bound to the Pt atom in an end-on configuration. In the Sc
isomer, N, is completely cleaved with a chain structure in that
two N atoms are on opposite sides. The Sb and Sc isomers lie
0.82 and 0.89 eV higher in energy than Sa, respectively. The
VDE/ADE values of 5b (3.91 and 3.80 eV) and 5c (3.89 and
3.75 eV) differ greatly from the experimental values (2.94 and
2.80 eV). It thus appears that Sa is responsible for the
experimental spectrum.

For the n = 6 cluster, the lowest-energy isomer of PtCy~
(6A) displays a linear chain structure with a *Z* electronic
state. The 6B isomer in C, symmetry contains a curved chain
structure with a *A” ground state. The 6C isomer is featured by
a ring structure with a C; symmetry. The 6B and 6C isomers lie
1.07 and 1.23 eV higher than 6A, respectively. The calculated
VDE and ADE of the most stable isomer 6A are 3.73 and 3.60
eV, which are in good agreement with the experimental values
of 3.82 + 0.04/3.65 + 0.05 eV. The VDE and ADE of 6B (3.34
and 2.91 eV) and 6C (3.65 and 3.22 eV) differ from the
experimental value. The 6B and 6C isomers are too high to be
detected experimentally.

For PtC¢N, ", the most stable isomer (6a) consists of a C,
structure with a ?Z* ground state. In the 6a isomer, N, is
bound to the Pt atom in an end-on configuration. The
calculated VDE/ADE of isomer 6a is 4.13/4.03 eV (Table 1),
respectively, which is consistent with the corresponding

173

experimental value (4.11 + 0.02 and 3.93 + 0.04 eV). The
6b isomer is 1.25 eV higher in energy than 6a, which has a C;
symmetry and a *A’ electronic state. In the 6b isomer, N, is
completely cleaved, forming an annular structure with two
stable carbon—nitrogen bonds. The 6¢ isomer lies 1.40 eV
higher in energy than isomer 6a, which has a C,, symmetry and
contains a carbon triangle structure with a A, ground state,
and N, is bound to the Pt atom in an end-on configuration.
The VDE/ADE of 6b (3.42/3.26 eV) is much lower than the
experimental value. The 6b and 6¢ isomers lie too high in
energy to be experimentally probed.

4. DISCUSSION

In order to further verify the structural characteristics, we
compared the 266 nm experimental photoelectron spectra of
PtC,” and PtC,N,” (n = 4—6) with the simulated density of
state spectra of the most stable isomers, as shown in Figures 3
and 4. It can be seen that energy band positions and overall
spectra of the most stable isomers of PtC,” and PtC,N,” (n =
4—6) are in reasonable agreement with the experimental
spectral characteristics, indicating that these lowest-energy
structures should be responsible for the observed spectral
features under the current experimental conditions. Further-
more, these anion clusters are typically characterized by linear
chain geometry. The consistency between the theoretical and
experimental results allows for establishment of the structural
features of PtC,” and PtC,N,” (n = 4—6).

The bond lengths of N—N bonds in these clusters are listed
in Table 2. Throughout the reaction, the bond lengths of the

https://doi.org/10.1021/acs.inorgchem.2c03150
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Figure 4. Comparison of experimental 266 nm photoelectron spectra (bottom rows) of PtC,N,” (n = 4—6) to the simulated spectra of the low-
lying isomers (top rows). Structures and relative energies are embedded in it.

Table 2. N—N Wiberg Bond Orders, N—N Bond Lengths,
and Natural Population Analysis (NPA) Charges of the
PtC,” and PtC,N,” (N = 4—6) Species Calculated at the
B3LYP Level

bond bond

order length NPA charge
species N-N N-N Pt C,(n=4-6) N,
PtC,” + N,  3.000 1.095 —0.234 —0.766 0.000
PtC,N,~ 2.680 1.111 —-0.160 —0.734 —0.106
PtCs™ + N,  3.000 1.095 —-0.244 —0.756 0.000
PtC;N,~ 2.678 1.112 —-0.177 —0.715 —0.108
PtCs + N,  3.000 1.095 —-0.208 —0.792 0.000
PtC4N,~ 2.697 1.110 —0.157 —0.757 —0.086

N—N bond go from 1.095 A (nitrogen molecule) to 1.111
(PtC,N,7), 1.112 (PtC;N, ), and 1.110 A (PtCN,"),
indicating that the N—N bond is weakened. The Wiberg
bond orders of the N—N bond are 2.680, 2.678, and 2.697 in
PtC,N,” (n = 4—6), respectively (Table 2), which are smaller
than that of the dissociative nitrogen molecule (3.000). This
indicates that PtC,” (n = 4—6) contributes to the dinitrogen
activation. In order to visualize the charge changes among
these atoms (Table 2), NPA was carried out. In the system of n
= 4, the amount of negative charge of Pt and C, groups
decreases with the N, addition to the cluster (Pt, from —0.234
to —0.160; C,, from —0.766 to —0.734), while the amount of
negative charge of the N, group increases (N,, from 0 to
—0.106). That is, the charge transfer occurs between Pt and C,
and N, groups. Both n = § (Pt, from —0.244 to —0.177; C,,
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from —0.756 to —0.715; N,, from 0 to —0.108) and n = 6 (Pt,
from —0.208 to —0.157; C,, from —0.792 to —0.757; N,, from
0 to —0.086) systems are identical with the abovementioned
phenomenon. It turns out that there is a charge transfer
between PtC,” and N, to form PtC,N,” where the Pt and C,
groups transfer electrons to the N, group (n = 4—6). These
results indicate that N, is activated in the reactions between
PtC,” and N,.

To study the mechanism of nitrogen fixation and activation,
CMO analysis was performed for the PtC,N,” (n = 4—6)
anion complexes. Molecular orbital pictures of the most stable
isomers are illustrated in Figure 5. On the whole, PtC,N,™ and
PtC¢N,~ have similar properties. In the orbitals of HOMO,
HOMO-1, HOMO—-6, and HOMO-7, the N—N bond
shows the 7 antibonding orbits (z*). As for HOMO,
HOMO-1 can be viewed as 7 back-donation from the lone
electron of 5d orbital in Pt atom into the 7 antibonding orbits
of N, (referred to as nz*). In HOMO—6 and HOMO-7, Pt
atom and C atom form the 7 bond, which leads to the
weakening of nz*, and this process can also be understood as
contribution from the 7 electron of the z bond into the
antibonding 7 orbits of N, in PtC,N,” and PtC,N,~ (referred
to as zz*). More interestingly, the photoelectron spectroscopy
of PtCsN, ™ is particularly compared with that of PtC,N,™ and
PtC¢N,". Also, its molecular orbital is also obviously different
from PtC,N,” and PtC¢(N,". For PtC;N,”, HOMO, HOMO—
4, and HOMO-S can be regarded as 7 back-donation from the
lone electron of 5d orbital in Pt atom into the antibonding 7
orbits of N, (referred to as nz*). On this basis, the
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Figure S. Molecular orbital pictures of the most stable isomers for PtC,N,~ (n = 4—6), showing the highest occupied molecular orbitals (HOMO)

down to the seventh valence molecular orbital from the HOMO.

combination of bond orders, bond lengths, and NPA charges
shows that nz* is slightly more effective than 77 in weakening
the N=N bond in this system. Previous investigations have
proved that 7 back-donation weakens the N=N bond, which
is crucial for its subsequent fixation and activation. In
conclusion, it is evidenced once again that the 7 back-donation
of the 5d orbital of Pt to the antibonding 7 orbits of N, is
conducive to the fixation and activation of nitrogen.

5. CONCLUSIONS

Mass spectrometry, photoelectron spectroscopy, and quantum
chemical calculations have been carried out to elucidate the
electronic and geometric structures of PtC,” and PtC,N,™ (n =
4—6). The most stable structures of PtC,” and PtC,N,” (n =
4—6) are determined to have linear chain structures. For
PtC,N,~, chemical bonding analyses show that the fixation and
activation of dinitrogen is facilitated by the charge transfer
from Pt and C, to N,. Simultaneously, the significance of the 7
back-donation of the 5d orbital of Pt to the antibonding =
orbits of N, for dinitrogen fixation and activation is
emphasized. We find that nz* is slightly more effective than
zm* in weakening the N=N bond in this system. This study
identified PtC N, species as an indispensable intermediate in
the nitrogen fixation process of the mononuclear metal carbide
PtC,” (n = 4—6) anion cluster, which provides a potential
direction for inorganic nitrogen fixation.
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