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ABSTRACT: In this study, we construct a 193 nm ultraviolet laser dissociation high-
resolution mass spectrometry (HRMS) platform to produce Pt+ cations with high
efficiency, which is in situ applied for monitoring the “Pt+ + alkanes” reactions (where
alkanes include methane, ethane, and propane). The conversion intermediates and
products could be accurately determined by an orbitrap detector with high resolution (up
to 150 000). Importantly, methane conversion by Pt+ cations yields [Pt + ethane]+ and [Pt
+ ethylene]+ as the sole products formed via the cross-coupling reaction of the Pt-CH2
intermediate with gaseous methane. However, the Pt+ cations promote only the
nonoxidative dehydrogenation of ethane and propane to give the corresponding [Pt +
alkenes]+ and [Pt + alkynes]+. The details of the reaction mechanism are corroborated by
density functional theory (DFT) calculations. These results highlight the power of HRMS
with the laser dissociation of metal clusters in the generation and reaction characterization
of metal ions.

C−H activation is an important topic of contemporary
chemistry and catalysis stimulated by the challenging inertness
of hydrocarbons and the substantial industrial interest in
utilizing natural gas resources as an energy vector to replace
crude oil for the production of high-value chemicals and fuels
(such as light olefins).1,2 Since the discovery in the 1980s, the
activation and dehydrogenation of methane over “bare” sixth-
row transition-metal cations M+ (where, M = Ta, W, Os, Ir, Pt)
in a stoichiometric manner to give the corresponding
M(CH2)

+ carbene species (M+ + CH4 → M(CH2)
+ + H2)

have been developed.3−8 A wealth of thermochemical
experiments have been carried out by using the techniques
of guided ion beam (GIB) instruments coupled with a Fourier
transform ion cyclotron resonance mass spectrometer (FT-
ICR MS) in the “M+ + CH4” reactions.4,5,9−11 Most of the
investigations of “M+ + CH4” reactions have been studied
under single or nearly single collision conditions within the ion
cyclotron traps, and the GIB machines usually utilize metal
block as the precursor for the generation of metal cations.
However, the construction and operation of these sophisti-
cated GIB-FT-ICR MS platforms are still challenging,12,13 and
the transient reaction intermediates are difficult to unambig-
uously identify.
Another challenging issue of alkane conversion by metal

cations is how to rationalize the reaction mechanism,14,15 as
the previous experiments of the “Pt+ + CH4” reaction were
studied at thermo energies.16 The insertion of the Pt+ into one
C−H bond of methane and another alkane was postulated to
be the initial step by ab initio calculations,4 which has not been
fully confirmed by the experiments yet due to the limitation of

in situ characterization techniques and the inefficiency of Pt+

cation generation. Furthermore, the intrinsic reaction mecha-
nisms of alkane conversion are also not well identified, which
requires the combined investigations of advanced experimental
techniques with atomic-level theoretical approaches.17

In situ MS technology is a universal tool for the
characterization of various types of species (e.g., reaction
intermediates) with high detection throughput and sensitiv-
ity.18−22 Besides, ultraviolet photodissociation (UVPD) was
widely utilized for the fragmentation and characterization of
biological molecules such as proteins, peptides, and lipids.23−26

Herein, single-atom Pt+ is generated in situ within the
dissociation cell of an orbitrap HRMS system via the pulsed
(3 Hz) ArF laser (193 nm) dissociation of ligand-protected Ptn
cluster (n = 4−15) precursors, and alkanes (methane, ethane,
and propane) conversion over so-formed Pt+ cations can be
monitored directly in the HRMS system (Scheme 1). Both the
HRMS characterization results and DFT calculations verified
that the methane conversion occurred by the CH4 dehydro-
genation and subsequent coupling processes of the so-
produced [PtCH2]

+ intermediates with a second CH4
molecule, while only the dehydrogenation processes were
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found in the cases of nonoxidative ethane and propane
conversion. To the best of our knowledge, this is the first time
that a laser dissociation HRMS system was applied to the
single-atom metal ion generation and characterization of the
alkane conversions over the in situ-generated Pt+ cations.
The ligand-protected Pt clusters were synthesized via our

previous method.27 HRMS analysis showed that these small Pt
clusters are a successive distribution of Pt4−15 (Figure S1a).
Then, these clusters are completely dissociated to generate the
Pt+ cations under a 5 ns single shot of pulsed 193 nm laser
irradiation (3 Hz) within the dissociation cell filled with about
20 mTorr N2 gas (details in the experimental section). All of
the protecting organic ligands (mercaptopropionic acid) were
completely detached, and the Ptx kernel was disassembled to
generate the Pt+ cations during the dissociation process (i.e.,
Ptx(SC2H4COOH)y

+ → Pt+ + other fragments). Of note, the
Pt+ species can be generated only in the gas phase rather than
in a supported catalyst, which is strongly evidenced by the
observation of the unique isotopic pattern of Pt+, including the
five stable isotopes (192Pt, 194Pt, 195Pt, 196Pt, and 198Pt) with the
relative ratio 0.78:32.86:33.78:25.21:7.36 (Figure 1). And the
Pt0 species also are generated under laser dissociation, which
cannot be detected in the mass spectra. The high mass
resolution and accuracy of MS detection as well as the

distribution patterns of isotopic profiles could guarantee the
accurate determination of the conversion of intermediate ions.
The experimentally obtained spectrum of the Pt+ cation could
well match its theoretical pattern of monopositive isotopic
peaks with a mass error of less than 5 ppm (Δm = 0.001 Da)
(Figure S2). No other charge state of the Pt species was
observed. It is worth noting that the Pt+ cations cannot be
directly generated in the HRMS system via the electrospray
ionization of an inorganic Pt complex such as H2PtCl6 even if
under ultraviolet laser irradiation. As the irradiation laser shot
lasted only 5 ns and highly abundant N2 gas (20 mTorr) was
used to fill the dissociation cell, the generated Pt+ cations could
be feasibly cooled for the alkane adsorption and conversion
reactions. The reaction gas regents (0.2 mTorr, partial
pressure) were introduced into the dissociation cell of
HRMS for Pt+ conversion for about 100 ms. The reaction
intermediates adsorbed onto the Pt+ can immediately transfer
into the orbitrap detector in about 10 ms for high-throughput
monitoring before the next laser shot arrives (Scheme S1).
Thus, this novel strategy is extremely suitable for the highly
sensitive monitoring of short-lifetime intermediates.
Figure 1 shows that four sets of mass peaks are found in the

mass range of 180 to 350 m/z when CO gas reagent is
introduced. The mass peaks of m/z 194.96491, 222.95971,
250.95412, and 278.94952 can be assigned to the Pt+,
[Pt(CO)1]

+, [Pt(CO)2]
+, and [Pt(CO)3]

+ species, respec-
tively, with mass errors of less than 2 ppm (Table S1).
Noticeably, the distribution patterns of the isotopic peaks
suggest that all of these species are positively charged with a
valence state of +1 and no other adsorption species is observed
(Figure S1b). The maximum chemo-adsorption of CO
molecules on the bare Pt+ is three, forming a planar
construction. The [Pt(CO)3]

+ species should be rather stable,
as its abundance is the highest in the gas phase. These results
demonstrate that the ultraviolet laser dissociation−HRMS
platform is highly efficient for generating and characterizing the
Pt+ cations and conversion species.
Then, the ultraviolet-laser-generated Pt+ cations are

exploited for nonoxidative methane conversion. As shown in
Figure 2a, five conversion species were confidently charac-
terized with all of the isotopic peaks’ baseline separated, and a
mass resolution of up to 150 000 was achieved. The high mass
resolution and accuracy of HRMS solved the problem of
isotopic peak overlaps caused by the complex isotopic
distributions of Pt-containing species, which guaranteed the
assignment confidence of conversion species [Pt(CH2)]

+,
[Pt(C2H4)]

+, [Pt(C2H6)]
+, [Pt(CH2)·H2O]

+, and [Pt(C2H4)·
H2O]

+ (Figure 2a and Table S1). As shown in Figure 2b,c, the
isotopic peaks of [198Pt(C2H4)]

+, [196Pt(C2H6)]
+, and [194Pt-

(C2H4)·H2O]
+ are all well separated and unambiguously

characterized, even if there is only about a 0.01 Da mass
difference peaks. Intriguingly, two conversion intermediates
(i.e., [Pt(CH2)]

+ and [Pt(CH2)·H2O]
+) with high stability are

clearly detected, which might be generated via the dehydrogen-
ation process of Pt+ + CH4 → Pt(CH2)

+ + H2. These similar
conversion species were also found in the Au2

+ system.28

Furthermore, two conversion products (C2H4 and C2H6),
which chemo-adsorbed on the Pt+ cations in the form of
Pt(C2H4)

+ and Pt(C2H6)
+, are also observed, which are

proposed to be formed by the cross C−C coupling reaction of
the C1 intermediates (vide infra). Ethylene is found to be the
major product during the methane conversion over Pt+, and no

Scheme 1. Schematic Representation of Pt+ Cations
Generated via 193 nm Ultraviolet Laser Dissociation of the
Pt Clusters for Pt+ + Alkanes Conversiona

aMethane, ethane, and propane.

Figure 1. Theoretical and experimental MS spectra of the CO
adsorption over the Pt+ cation generated via a single-shot ultraviolet
laser irradiation lasting 5 ns with about 300 ms interval. Detection
conditions: T = 298 K, P = 20 mTorr, 1 vol % CO, 99 vol % N2,
pulsed 193 nm laser with 1−2 mJ and a diameter of ∼2 mm, and 3
Hz. The charge states of all of the detected species are +1 as
determined by the mass intervals among isotopic peaks.
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other species is observed in the wide mass range analysis
(Figure S3).
Next, regarding the nonoxidative conversion of ethane and

propane over the Pt+ cations, the HRMS characterizations are
carried out under identical conditions. As could be seen in
Figure 2d, several new species are detected by in situ HRMS
characterization when ethane is introduced, which can be
assigned to [Pt(C2H2)]

+, [Pt(C2H4)]
+, [Pt(C2H2)·H2O]

+,
[Pt(C2H4)·H2O]+, [Pt(C2H2)(C2H4)]

+, and [Pt(C2H4)2]
+

species (Table S1). Similarly, five new mass peaks appear
when propane is introduced: [Pt(C3H4)]

+, [Pt(C3H6)]
+,

[Pt(C3H4)2]
+, [Pt(C3H4)(C3H6)]

+, and [Pt(C3H6)2]
+ species

(Figure 2e and Table S1). No other species with larger mass is
found (Figures S4 and S5). Unlike the methane splitting over
the Pt+ species, ethane and propane convert only to the
corresponding [Pt + alkene]+ (where alkene includes ethylene

and propylene) and [Pt + alkynes]+ (alkynes include acetylene
and allylene) via the dehydrogenation reactions, with alkenes
being the main products. The Pt+ cation can chemo-adsorb
only two alkenes, which is different from the observation in the
case of CO gas. All of the results suggest that the nonoxidative
dehydrogenation of alkanes can be over Pt+ at room
temperature.
Overall, the Pt+ cations can be in situ generated with high

efficiency by 5 ns single-shot 193 nm laser dissociation of Ptn
cluster precursors, and the HRMS system is proved to be a
powerful tool for the characterization of important alkane
conversion products and intermediates. Comparison with
previous work with laser-ablation metal cation source for gas-
phase methane reaction,29,30 more conversion intermediates
and products can be feasibly detected due to the high detection
speed and sensitivity of our HRMS system.
To gain better insight into the mechanisms of alkanes

conversion by Pt+, we further carried out a DFT study of the
reaction pathways for the conversion of methane, ethane, and
propane by Pt+ at the B3LYP-D3(BJ)/def2-TZCPPD level of
theory. Pt+ was set at its ground state, as indicated by the
experimental results. Figure 3a shows the reaction energy
diagram of methane conversion over Pt+ with optimized
geometries of all of the reaction intermediates. Both [Pt +
ethylene]+ and [Pt + ethane]+ products can be formed via the
methylene reaction intermediates. [Pt + ethane]+ can also be
produced through the cross-coupling of two CH3 species

Figure 2. In situ HRMS monitoring of the formed Pt+ cations in the
presence of alkane gases (A) methane [(B, C) with enlarged spectra
of methane conversion intermediates], (D) ethane, and (E) propane.
Reaction conditions: T = 298 K, P = 20 mTorr, 1 vol % alkane, 99 vol
% N2, pulsed 193 nm laser with 1−2 mJ and a diameter of ∼2 mm,
and 3 Hz (5 ns pulse width with about a 300 ms interval). No
collision energy was applied to the Pt+ species during the whole
alkane conversion process.

Figure 3. Reaction energy diagram of (a) methane, (b) ethane, and
(c) propane dehydrogenation over Pt+ in the gas phase. Color code:
Pt, blue; C, black; H, white; and O, red.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c01416
J. Phys. Chem. Lett. 2020, 11, 5987−5991

5989

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01416/suppl_file/jz0c01416_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01416/suppl_file/jz0c01416_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01416/suppl_file/jz0c01416_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01416/suppl_file/jz0c01416_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01416?ref=pdf


formed by the dehydrogenation of two methane molecules,
although the “CH3” species is not detected by HRMS analysis.
The formation of [Pt + ethylene]+ is energetically more
favorable than that of [Pt + ethane]+, and the presence of a
trace amount of water (less than 15 ppm) could further
stabilize the reaction intermediate of [Pt + methylene]+ and
the product of [Pt + C2H4]

+, which is in good agreement with
the experimental observations.
The mechanism of ethane dehydrogenation is demonstrated

in Figure 3b. The dehydrogenation of the first ethane can first
produce one ethylene over the Pt+ cation, from which it can
either adsorb and convert another ethane molecule to produce
two ethylene molecules ([Pt(C2H4)2]

+) or proceed with a
further dehydrogenation reaction to give acetylene ([Pt-
(C2H2)]

+). The [Pt(C2H2)(C2H4)]
+ complex can then be

formed via dehydrogenation of the second ethane over the so-
formed [Pt(C2H2)]

+ intermediate. It is identified that the
[Pt(C2H4)2]

+ formation pathway is the dominant reaction
channel compared to the formation of [Pt(C2H2)(C2H4)]

+. It
is worth noting that the [Pt(C2H2)]

+ and [Pt(C2H4)]
+ species

can be dramatically stabilized by the presence of water.
Figure 3c shows the reaction mechanism of propane

dehydrogenation over the Pt+ cation, which is a similar process
to the case of ethane dehydrogenation. We investigated the
conversion of two propane molecules toward different
potential products of [Pt + propylene]+ and [Pt + allylene]+

as well and found that the formation of a mixture of propylene
and allylene over the Pt+ cation ([Pt(C3H4)(C3H6)]

+) is
energetically preferable to the synchronous production of two
propylenes ([Pt(C3H6)2]

+) or two allylenes ([Pt(C3H4)2]
+),

although the [Pt(C3H6)2]
+ complex is relatively more stable

compared to [Pt(C3H4)2]
+. These DFT results match well with

the reported literature.31 Therefore, these reaction mechanism
results provide additional theoretical understandings and
explanations for experimental in situ HRMS observations and
propose plausible reaction pathways for various [Pt + alkene]+

formation from light alkanes over the Pt+ cations.
In conclusion, we constructed an ultraviolet laser−HRMS

system for high-throughput Pt+ cation generation and alkane
conversion monitoring. The Pt+ cation is generated by the 193
nm laser in situ dissociation of ligand-protected Pt clusters
with high efficiency, which is much more convenient than the
previous laser-ablation metal cation source. Furthermore, the
orbitrap HRMS is demonstrated to be a powerful system for
Pt+ intermediates and product characterization due to its high
detection speed and high mass resolution. We believe that the
ultraviolet laser−HRMS system can play important roles in
different types of metal cation generation and reaction profiling
in the future, and these findings will enrich nanotechnology
and nanoscience beyond the field of metal clusters in the gas
phase.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416.

Experimental procedures and DFT simulation; con-
struction of the ultraviolet laser dissociation high-
resolution mass spectrometry platform; full mass
spectrum of a ligand-protected Pt cluster and the laser-
dissociated Pt+ cations; in-situ mass monitoring of the
reaction profiling of the single Pt1 in the presence of

methane, ethane, and propane and their corresponding
pathways; observed and calculated mass of product ions;
and coordinates and zero-point-corrected energies for all
reaction intermediates and transition states (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Chunlei Xiao − State Key Laboratory of Molecular Reaction
Dynamics, Dalian Institute of Chemical Physics, Dalian
116023, China; orcid.org/0000-0002-1549-5945;
Email: chunleixiao@dicp.ac.cn

Fanjun Wang − CAS Key Laboratory of Separation Sciences for
Analytical Chemistry, Dalian Institute of Chemical Physics,
Dalian 116023, China; University of Chinese Academy of
Sciences, Beijing 100049, China; orcid.org/0000-0002-
8118-7019; Email: wangfj@dicp.ac.cn

Gao Li − State Key Laboratory of Catalysis, Dalian Institute of
Chemical Physics, Dalian 116023, China; University of Chinese
Academy of Sciences, Beijing 100049, China; orcid.org/
0000-0001-6649-5796; Email: gaoli@dicp.ac.cn

Authors
Zheyi Liu − CAS Key Laboratory of Separation Sciences for
Analytical Chemistry, Dalian Institute of Chemical Physics,
Dalian 116023, China

Zhimin Li − State Key Laboratory of Catalysis, Dalian Institute
of Chemical Physics, Dalian 116023, China; University of
Chinese Academy of Sciences, Beijing 100049, China

Guanna Li − Inorganic Systems Engineering, Department of
Chemical Engineering, Delft University of Technology, 2629,
HZ, Delft, The Netherlands; orcid.org/0000-0003-3031-
8119

Zhipeng Wang − State Key Laboratory of Molecular Reaction
Dynamics, Dalian Institute of Chemical Physics, Dalian
116023, China

Can Lai − CAS Key Laboratory of Separation Sciences for
Analytical Chemistry, Dalian Institute of Chemical Physics,
Dalian 116023, China

Xiaolei Wang − CAS Key Laboratory of Separation Sciences for
Analytical Chemistry and State Key Laboratory of Molecular
Reaction Dynamics, Dalian Institute of Chemical Physics,
Dalian 116023, China

Evgeny A. Pidko − Inorganic Systems Engineering, Department
of Chemical Engineering, Delft University of Technology, 2629,
HZ, Delft, The Netherlands; orcid.org/0000-0001-9242-
9901

Xueming Yang − State Key Laboratory of Molecular Reaction
Dynamics, Dalian Institute of Chemical Physics, Dalian
116023, China; orcid.org/0000-0001-6684-9187

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.0c01416

Author Contributions
#Z.L., Z.L., and G.L. contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the financial support of the National Key
R&D Program of China (2016YFF0200504), the National
Natural Science Foundation of China (nos. 91853101 and
21675152), the Original Innovation Project of CAS (ZDBS-

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c01416
J. Phys. Chem. Lett. 2020, 11, 5987−5991

5990

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01416/suppl_file/jz0c01416_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunlei+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1549-5945
mailto:chunleixiao@dicp.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fanjun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8118-7019
http://orcid.org/0000-0002-8118-7019
mailto:wangfj@dicp.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6649-5796
http://orcid.org/0000-0001-6649-5796
mailto:gaoli@dicp.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheyi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhimin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guanna+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3031-8119
http://orcid.org/0000-0003-3031-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhipeng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+A.+Pidko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9242-9901
http://orcid.org/0000-0001-9242-9901
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6684-9187
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01416?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01416?ref=pdf


LY-SLH032), the Liaoning Revitalization Talents Program
(XLYC1807121), and the grant of CAS (GJJSTD20190002)
and a grant from DICP (ZZBS201603). We also acknowledge
the technological support from the Dalian Coherent Light
Source. Guanna Li thanks the Dutch Organization for
Scientific Research (NWO) for financial support through her
personal Veni grant (no. 016.Veni.172.034) and for access to
the SURFsara supercomputer facilities.

■ REFERENCES
(1) Amghizar, I.; Vandewalle, L. A.; Van Geem, K. M.; Marin, G. B.
New trends in olefin production. Engineering 2017, 3, 171−178.
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