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ABSTRACT

Metal carbides play an important role in catalysis and functional materials. However, the structural char-
acterization of metal carbide clusters has been proven to be a challenging experimental target due to the
difficulty in size selection. Here we use the size-specific photoelectron velocity-map imaging spec-
troscopy to study the structures and properties of platinum carbide clusters. Quantum chemical calcula-
tions are carried out to identify the structures and to assign the experimental spectra. The results indicate
that the cluster size of the chain-to-ring structural evolution for the PtC,” anions occurs at n = 14,
whereas that for the PtC, neutrals at n = 10, revealing a significant effect of charge on the structures of
metal carbides. The greatest importance of these building blocks is the strong preference of the Pt atom
to expose in the outer side of the chain or ring, exhibiting the active sites for catalyzing potential reac-
tions. These findings provide unique spectroscopic snapshots for the formation and growth of platinum
carbide clusters and have important implications in the development of related single-atom catalysts

Quantum chemical calculation

with isolated metal atoms dispersed on supports.

© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Metal carbides play an important role in various industrial
applications due to their excellent chemical and physical proper-
ties, such as noble-metal-like catalytic activity, high electrical con-
ductivity, high thermal conductivity, high energy storage
performance, high melting point, and high hardness [1-3]. With
these peculiar features, they are receiving increasing attentions,
especially in the fields of catalysis and functional materials. The
combination of transition metals and carbon atoms was proposed
to form exotic structures such as endohedral metallofullerenes
[4,5] and metallocarbohedrenes (Met-Cars) [6-9]. Metal carbides
with two-dimensional structures can also be prepared and utilized
as electrode materials for supercapacitors and batteries [10-12].
Thus, elucidating the interplays between the metals and carbon
atoms is crucial to understanding the structure-reactivity relation-
ship and the mechanism of single-atom catalysts with isolated
metal atoms dispersed on supports [13-15].
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Spectroscopic studies of metal carbide clusters under well-
defined conditions help uncover the relationship between the
structure and function at the molecular level which is difficult to
extract from the condensed-phase experiments. Experimental
and theoretical efforts have been made to study the metal carbide
clusters in recent decades [16-19]. Wang and coworkers
investigated the structures and electronic properties of small-
sized clusters MC,~ (M = Fe, Ti, Cr, Nb) [9,20-25] and Al,;,C,;~ clus-
ters [26-29] with the aid of photoelectron spectroscopy (PES).
Using the same experimental approach in conjunction with
quantum chemical calculations, Zheng et al. examined the
Co,,C, [30,31], Al,,C,,~ [32,33], and V,,,C,~ clusters [34].

Recent studies reveal that platinum carbide nanomaterials
exhibit remarkably higher activity in catalytic hydrocarbon con-
version than platinum nanoparticles [35]. Although the structures
of some platinum carbide compounds have been investigated both
experimentally and theoretically [36-41], the systematical study
of platinum carbide clusters remains rare. Herein, we report a
study on the geometric structures and electronic properties of a
series of platinum carbide clusters by using photoelectron velocity
map imaging spectroscopy and density functional theory calcula-
tions. Experimental and theoretical results reveal that the struc-
tural evolution of the anionic PtC,” clusters from the chain into
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ring structure occurs at n = 14 and the charge has a significant
effect on the structures of metal carbides.

2. Methods
2.1. Experimental method

The experiments were performed by using a homemade photo-
electron imaging spectrometer, coupled with a laser ablation
supersonic cluster source and a dual-channel time-of-flight mass
spectrometer [42,43]. The PtC,~ clusters were generated via laser
ablation of a platinum-carbon mixture target (mole ratio, Pt/
C = 1:4) under the supersonic expansion of pulsed high-pressure
helium carrier gas. The cluster anions were transferred into the
extraction area of the first-stage TOF-MS and mass-selected, before
being interacted with a laser beam of 266 nm (4.661 eV). The pho-
toelectrons were captured by the velocity-map imaging photoelec-
tron spectrometer and recorded by a charge-coupled device (CCD)
camera. Each raw 2D image was collected by gathering 10000-
50000 laser shots at a repetition rate of 10 Hz and subsequently
reconstructed by using the Basis Set Expansion (BASEX) inverse
Abel transform method [44]. The photoelectron spectra were
acquired by integrating the central slice of each reconstructed 3D
image. The photoelectron spectra were calibrated with the known
spectrum of Au~, showing an energy resolution better than 5 %
(50 meV at an electron kinetic energy of 1 eV).

2.2. Computational method

To elucidate the geometrical and electronic structures of PtC,,
theoretical calculations were performed with the Gaussian 09 pro-
gram [45]. The structures were optimized using the B3LYP func-
tional together with the basis set of 6-311 + G* for C atoms, and
SDD for Pt atom (hereafter referred to as the B3LYP/6-311 + G*/S
DD level of theory) [46]. The stability of the wave function has been
checked. The possible electronic states of anionic and neutral
structures have been calculated. Harmonic frequency analysis
was carried out to ensure that the located structures were real
minima on the potential energy surfaces and to obtain the zero-
point energy (ZPE) corrections. Theoretically, the vertical detach-
ment energy (VDE) was calculated as the energy difference
between the neutral and anion based on the optimized geometry
of the anion, while the adiabatic detachment energy (ADE) was
determined as the energy difference between the neutral and
anion at each of their optimized geometries with the ZPE
corrections.

3. Results

The experimental photoelectron imaging spectra of PtC,”
(n = 7-16) recorded at 266 nm (4.661 eV) are shown in Fig. 1, in
which the images in purple background denote the central slice
of the 3D lab frame photoelectron distribution reconstructed from
the original 2D projection. The electron binding energy (EBE) of the
maximum of each dominant band (labeled with X) corresponds to
the VDE of the ground state, which can be directly measured to be
3.13, 3.99, 3.36, 3.88, 3.90, 3.80, 3.96, 4.11, 4.18, and 4.06 eV for
n = 7-16 (Table 1), respectively. The extra band (labeled X’)
appears in the n = 11, 13, and 15 spectra, implying the presence
of low-lying isomers. The lack of vibrational details and the indis-
cernible 0-0 bands prevent us from directly gauging the ground-
state adiabatic detachment energies (ADEs), which can be alterna-
tively estimated by the intersection of a straight line drawn along
the rising edge of the X band, together with the instrumental res-
olution. The ADE values of the X bands for PtC,” (n = 7-16) are
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Fig. 1. Photoelectron spectra of PtC,” (n = 7-16) at 266 nm (4.661 eV). Photoelec-
tron images after inverse Abel transformation are embedded in the photoelectron
spectra.

evaluated to be 2.89, 3.76, 3.27, 3.43, 3.70, 3.39, 3.70, 3.71, 3.73,
3.65 eV (Table 1), respectively.

In order to assign the observed spectral features and to deter-
mine the structures of the low-lying isomers, quantum chemical
calculations at the B3LYP/6-311 + G*/SDD level of theory have
been performed for the PtC,” anions and the PtC, neutrals
(n = 7-16). The optimized structures of the three lowest-energy
isomers (labeled as nA-nC) for the PtC,” anions are shown in
Fig. 2. Other low-lying isomers and the neutral counterparts are
illustrated in Fig. S2 and Fig. S3, respectively. The theoretical VDEs
and ADE:s of the nA-nC isomers are summarized in Table 1 to com-
pare with the experimentally measured values. The densities of
states (DOS) spectra of the nA-nC isomers were simulated on the
basis of the theoretically generalized Koopman’s theorem and are
compared with the experimental spectra in Fig. 3 and Fig. 4.

3.1. PtC;

For PtC7, the lowest-lying isomer (7A) exhibits a C.., symmetric
linear chain structure with a 2=" electronic state (Fig. 2). [somer 7B
is 0.92 eV higher in energy than isomer 7A, showing a C; symmetric
and completely closed cyclic structure with a 2A’ electronic state.
Isomer 7C lies 0.98 eV higher in energy than isomer 7A and pos-
sesses Cy, symmetry with an electronic state of 2A,. Isomer 7C pre-
sents a chain geometry with a special carbon triangle located at the
end away from the Pt atom.

The calculated VDE and ADE values of 7A(3.12 and 2.98 eV) agree
well with the experimental values (3.13 and 2.89 eV) (Table 1).
While the calculated VDE and ADE values of 7B (2.77 and 2.28 eV)
are obviously lower than the experimental values, those of 7C
(3.70 and 3.51 eV) are much higher than the experimental ones. As
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Table 1
Comparison of experimental and calculated VDE and ADE values of the three lowest-energy isomers for PtC,” (n = 7-16).

Cluster Isomer VDE ADE
Expt.? Calc. Expt.? Calc.
n=7 7A 3.13(8) 3.12 2.89(9) 2.98
7B 2.77 2.28
7C 3.70 3.51
n=8 8A 3.99(3) 3.97 3.76(5) 3.83
8B 3.22 2.98
8C 3.89 3.78
n=9 9A 3.36(7) 3.43 3.27(7) 332
9B 3.91 3.75
9C 3.46 3.01
n=10 10A 3.88(4) 4.03 3.43(6) 3.47
10B 3.76 3.64
10C 3.47 3.34
n=11 11A 3.90(4) 3.87 3.70(5) 3.66
11B 2.87(9) 2.88 2.62(10) 2.69
11C 4.08 3.69
n=12 12A 3.80(4) 3.85 3.39(6) 3.34
12B 3.51 3.29
12C 417 3.80
n=13 13A 3.96(4) 4.00 3.70(5) 3.78
13B 3.43(6) 3.46 3.16(8) 3.10
13C 3.65 3.36
n=14 14A 411(3) 4.03 3.71(5) 3.85
14B 435 4.23
14C 3.48 3.25
n=15 15A 3.16(7) 3.18 2.85(9) 3.08
15B 4.18(4) 4.00 3.73(6) 3.80
15C 335 3.72
n=16 16A 4.06(3) 4.02 3.65(5) 3.55
16B 444 429
16C 341 333

¢ Numbers in parentheses are experimental uncertainties in the last digit. The energy resolution was better than 50 meV at electron kinetic energy (eKE) of 1 eV (5 %). The
experimental ADE and VDE error bars were determined by the energy resolution at the corresponding ekE.
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Fig. 2. Optimized structures of the three lowest-energy isomers of PtC,™ (n = 7-16) calculated at the B3LYP/6-311 + G*/SDD level of theory (Pt, yellow; carbon, gray). Relative

energies are given in eV.

shown in Fig. 3, the simulated spectrum of isomer 7A agrees best
with the experimental one, confirming the assignment of isomer
7A to be responsible for the experimental spectrum. It thus appears
that the presence of isomers 7B and 7C can be ruled out.

3.2. PtCg

For PtCg, the most stable isomer (8A) is characterized by a C.,
symmetric linear geometry with a 2X* ground state. Isomers 8B
and 8C exhibit similar structures to the 7B and 7C, respectively.
As listed in Table 1, the calculated VDE and ADE values of isomer
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8A are 3.97 and 3.83 eV, respectively, which are in excellent agree-
ment with the experimental results (3.99 and 3.76 eV). The calcu-
lated VDE and ADE values of isomer 8B (3.22 and 2.98 eV) are
remarkably lower than the experimental values. Although the cal-
culated VDE and ADE values of isomer 8C (3.89 and 3.78 eV) are
close to the experimental values, isomer 8C should be too high in
energy to be probed in the experiment. Moreover, the simulated
spectrum of 8A well reproduces the experimental spectrum
(Fig. 3). The disagreement between the simulated spectra of iso-
mers 8B and 8C with the experimental spectrum excludes their
contributions.
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Fig. 3. Comparison of experimental 266 nm photoelectron spectra (bottom rows) of PtC,” (n = 7-11) to the simulated spectra of the three lowest-energy isomers (top rows).
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Fig. 4. Comparison of experimental 266 nm photoelectron spectra (bottom rows) of PtC,~ (n = 12-16) to the simulated spectra of the three lowest-energy isomers (top rows).

3.3. PtC,~ (n = 9-13)

The structure of the lowest-lying isomer of each cluster of PtC,,~
(n=9-13) (9A-13A) is similar to that of isomers 7A and 8A. The nA
(n = 7-13) isomers exhibit a linear chain structure and are identi-
fied as the dominant contributors to the experimental spectra
based on a comprehensive consideration of the simulated ADE/
VDE values and spectral profiles (Table 1 and Fig. 3 and Fig. 4).

For the n = 11 cluster, the 11B isomer lies higher in energy than
11A by only 0.18 eV. The calculated VDE and ADE values of isomer
11B (2.88 and 2.69 eV) agree well with the experimental values of

532

the X’ band (2.87 and 2.62 eV). As shown in Fig. 3, the best agree-
ment between the simulated and experimental spectra is obtained
when assuming the mixture of isomers 11A and 11B, implying the
coexistence of these two isomers. A similar result obtained for the
n = 13 cluster suggests the multiple coexisting structures of chain
and ring isomers.

3.4. PtC,” (n = 14-16)

As shown in Fig. 2, the lowest-energy isomer of each cluster of
PtC,~ (n = 14-16) (labeled 14A-16A) consists of a ring structure.
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The chain structures (14B-16B) lie higher in energy than the
global-minimum structures by about 0.30-0.50 kcal/mol. The cal-
culated VDE and ADE values of isomers 14A-16A are consistent
with the corresponding experimental values (Table 1), respec-
tively. The agreement between the simulated and experimental
spectra (Fig. 4) is reasonable to confirm the assignment of isomers
14A-16A to be the main structures present in the experiment.

4. Discussion

The agreement between the calculated and experimental
results allows for establishing the structural evolution of platinum
carbide clusters. For the PtC,,” (n < 13) clusters, all the most stable
isomers have linear chain-shaped structures. The chain-to-ring
structural evolution of the anionic PtC,” clusters occurs at n = 14.
Interestingly, the Pt atoms are preferentially bound to the outer
side of both the chain and ring structures, exposing the active sites
for catalyzing potential reactions [13].

As shown in Fig. S3, the most stable structures of the neutral
PtC, (n = 7-9) clusters exhibit a C_, symmetric chain structure
with a '>" electronic state. The neutral PtCq cluster prefers to have
a bicyclic structure that consists of a ten-carbon ring and an outer
Pt atom simultaneously connecting two adjacent carbon atoms. A
single cyclic structure is favorably formed in the neutral PtCy,
and PtCy, clusters. Thus, the chain-to-ring structural evolution of
the PtC, neutrals occurs at n = 10, showing a smaller cluster size
than the PtC,” anions. Such difference between the anionic PtC,”
and neutral PtC, clusters implies that the charge may have a signif-
icant effect on the properties of metal carbides, which would have
important implications in the context of the structure-reactivity
relationship [35]. Indeed, the effect of charge on CO binding was
found in rhodium carbonyls, shedding light on the origin of elec-
tronic promoter effects in catalysis in general [47]. Since the
absence of a charge makes for difficult size selection and detection,
the extension to characterize the structures of neutral metal car-
bides dominated in the practical systems is thus a challenging
but important direction for future work.

5. Conclusions

A series of platinum carbide clusters have been prepared via a
laser vaporization supersonic cluster source and structurally char-
acterized by photoelectron velocity-map imaging spectroscopy
and quantum chemical calculation. The binding motifs in the most
stable isomers of the anionic PtC,” (n < 13) clusters consist of a
chain structure. Starting at n = 14, a ring structure is preferentially
formed. Interestingly, the chain-to-ring structural evolution of the
neutral PtC, clusters occurs at n = 10. Such difference suggests that
the charge may have a significant effect on the properties of metal
carbides in the context of the structure-reactivity relationship. The
present findings provide key microscopic information for a system-
atic understanding of the formation and growth mechanism of
metal carbide clusters that are responsible for the major features
of the structures and properties of condensed-phase systems.
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