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ABSTRACT: Mass spectrometric analysis of the anionic products
of interaction among Pt”, methane, and carbon dioxide shows that
the methane activation complex, H;C—Pt—H", reacts with CO, to
form [H;C—Pt—H(CO,)]". Two hydrogenation and one C—C
bond coupling products are identified as isomers of [H,;C—Pt—
H(CO,)]™ by a synergy between anion photoelectron spectroscopy
and quantum chemical calculations. Mechanistic study reveals that
both CH, and CO, are activated by the anionic Pt atom and that
the successive depletion of the negative charge on Pt drives the
CO, insertion into the Pt—H and Pt—C bonds of H;C—Pt—H".
This study represents the first example of the simultaneous
functionalization of CH, and CO, mediated by single atomic
anions.

B INTRODUCTION

The transformation of the two abundant C; feedstocks,
methane and carbon dioxide, into functional molecules is of
great interest for environmental and economic reasons. A long-
sought goal has been a mutual transformation in which
methane and carbon dioxide directly functionalize each other
s0 as to be simultaneously converted.' For example, -H and
-CHj; groups, the active species from the breakage of one C—H
bond of methane, may, respectively, couple with CO, to form
higher value products. This process, however, is rather
challenging due to the high stability of both methane and
carbon dioxide.” The end product of methane and carbon
dioxide conversion is usually the generation of syngas by
methane dry reforming, but this indirect route consumes large
amounts of energy.’ Several catalysts, including metal-
exchanged zeolites,” Cu/Co metal oxides,” and oxide-
supported noble metals,” have been explored for the direct
mutual functionalization of methane and carbon dioxide.
Nevertheless, these catalytic processes require high temper-
ature and suffer from poor yield and selectivity. The major
challenge is rooted in the demand for catalysts to
simultaneously tackle methane activation, which is oxidative,
and carbon dioxide conversion, which is reductive. Recent gas-
phase studies have shown that small clusters such as CuB* and
RhVO;™ mediate the direct conversion of methane with carbon
dioxide.” Atoms in these clusters take different roles in
interacting with methane or carbon dioxide, while they work
cooperatively as a whole reaction site to finish the reactions.
Here, we aim to further reduce the size of the reaction site,
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addressing the mutual functionalization of methane and carbon
dioxide mediated by single atomic anions.

We had originally been inspired by a lineage of our recent
studies. In one study, we show that platinum atomic anions,
Pt”, selectively activate one C—H bond in methane to form a
H;C—Pt—H" complex. The methyl and the hydro groups are
expected to be reactive to other small molecules, establishing
the basis for further methane functionalization.® In other
studies related to CO, activation and hydrogenation, we
demonstrate that negatively charged metal atoms, including
Pt”, activate CO,”'" and that metal hydrides, especially
platinum hydrides, hydrogenate CO, into formate."”'” On the
basis of these findings, we conceive that Pt™ is active in both
the oxidative methane activation and the reductive CO,
functionalization and that by coupling such reactivities, Pt~
can mediate the mutual transformation of methane and carbon
dioxide. In this study, we show that Pt™ breaks a methane
molecule into -H and -CHj; groups and couples the two
groups, respectively, with CO, to form formate and acetate
adducts. This work represents the first example of the mutual
functionalization of methane and carbon dioxide mediated by
single atoms.
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Figure 1. Mass spectra of Pt~ with methane (A), with deuterated methane (B), with methane and carbon dioxide (C), and with deuterated

methane and carbon dioxide (D).

B RESULTS AND DISCUSSION

The mutual functionalization of methane and CO, starts with
the selective activation of one C—H bond in methane by single
platinum anions. Methane activation occurred in a laser
vaporization source, where the laser ablated Pt™ reacted with
methane or deuterated methane introduced into the vapor-
ization chamber. The activation products, PtCH,” and
PtCD,”, were, respectively, characterized by anion photo-
electron spectroscopy and confirmed as H;C—Pt—H™ and
D,C—Pt-D™ (Figure S1, ref 8). These activation products then
reacted with CO, added into a reaction cell downstream. The
resultant mass spectra show prominent mass series of [H;C—
Pt—H(CO,)]” and [D;C—Pt—D(CO,)]~ (Figure 1). Their
isotopic patterns deviate from that of Pt due to mass overlaps
with PtC™ or PtO™. The formation of PtC™ and PtO~ was
likely due to trace amounts of carbon and oxygen present on
the platinum metal surface or due to the carbon and oxygen
existed in the laser vaporization housing which were released
when interacting with the plasma. The strong ion intensities of
[H;C—Pt—H(CO,)]” and [D;C—Pt—D(CO,)]” suggest an
efficient interaction between CO, and the methane activation
complexes.

We then applied anion photoelectron spectroscopy to
characterize [H;C—Pt—H(CO,)]™ and [D;C—Pt—D(CO,)]~
(Figure 2). The photoelectron spectra were taken at all but the
lowest-mass isotopes of the interested anions, because the
lowest-mass peaks may overlap with peaks of PtC(CO,)” or
PtO(CO,)”. No significant spectroscopic difference was
observed among the spectra taken for the same species.
Here, we present a representative spectrum, respectively, for
[H;C—Pt—H(CO,)]” and [D;C—Pt—D(CO,)]". The fact
that Figure 2A,B have essentially identical features confirms
that [H;C—Pt—H(CO,)]™ and [D;C—Pt—D(CO,)]™ have the
same geometries and electronic structures. By examining the
electron binding energies (EBE) of the spectral features, we
obtain the vertical detachment energies, VDE, of these reaction
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Figure 2. Photoelectron spectra of [H;C—Pt—H(CO,)] (A) and
[D,C—Pt—D(CO,)]7(B), both measured with 266 nm (4.661 eV)
photons. The stick spectrum overlay represents the calculated VDEs
of different [H;C—Pt—H(CO,)] structures in Figure 3.

products. The VDE is defined as the photodetachment
transition energy at which the Franck—Condon overlap is at
its maximum between the anion’s vibrational wave function
and that of its neutral counterpart. The feature from 2.4 to 3.0
eV is broad with its peak less discernible, suggesting
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contributions from multiple photodetachment transitions. The
peaks at higher EBE yields VDE values of 3.41, 3.90, and 4.18
eV for [H;C—Pt—H(CO,)]™ and [D;C-Pt—D(CO,)]".
Density functional theory (DFT) calculations were
performed to find [HyC—Pt—H(CO,)]” isomers that are
possibly prepared via the reaction between H;C—Pt—H™ and
CO,. The energetics of these isomers were then refined at the
CCSD(T) level of theory. The optimized geometries for these
reaction products are presented in Figure 3 along with their
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Figure 3. Optimized structures for H;C—Pt—H~, CO,, and [H;C—
Pt—H(CO,)]". The relative energies of [H;C—Pt—H(CO,)]™ and
their calculated VDE:s to singlet and triplet neutrals are shown below
each structure. The Natural Bond Orbital (NBO) charge on each
atom is also provided. The charge besides the methyl groups shows
the total charge on -CHj.

relative energies. All energies are zero-point corrected. The
structures of H;C—Pt—H™ and CO, are also provided for
reference. All [H;C—Pt—H(CO,)]" structures have a doublet
electronic state. The global minimum of [H;C—Pt—H-
(CO,)]7, A, features hydro and acetate groups, respectively,
attached to the Pt atom, yielding a H;CCOO—Pt-H™ structure.
In this structure, CO, is inserted into the Pt—C bond of H;C—
Pt—HT™ and couples its carbon atom with the methyl group to
form an acetate. In structure B, which is only 0.06 eV higher in
energy than the global minimum, CO, is wedged into the Pt—
H bond of H;C—Pt—H" to form a H;C—Pt—OCOH", that is,
CO, is hydrogenated to formate. In structure C, CO, is also
hydrogenated, but the H atom is attached to the O atom,
forming a H;C—Pt—COOH™ structure. Structure D is
obtained by the CO, chemisorption onto the Pt atom in
H;C—Pt—H". In structure D, CO, is significantly bent,
suggesting that CO, is activated on the Pt site.

A distinct advantage for gas-phase experiments is the
combination of experimental characterization and state-of-
the-art quantum chemistry calculations to identify reaction
intermediates and products, laying the foundation for a
mechanistic insight into the reactions at a molecular level."”
To verify these calculated structures, we calculated their VDEs
at the CCSD(T) level of theory and compared them with the
experimental values (Figures 2 and 3). The EBE transition
from 2.5 to 2.9 eV results from the photodetachment

transitions of structures C and D, the calculated VDEs of
which to their singlet neutrals are 2.50 and 2.71 eV,
respectively. The EBE feature that peaked at 3.41 eV matches
the calculated VDE of structure C to its triplet neutral
counterpart, further confirming structure C as one of the
reaction products. According to calculations on the excited
state energies, this spectral feature also has contribution from
the photodetachment transition of structure C to the first
excited state of its singlet neutral counterpart (Table S1).
Meanwhile, the EBE peak at 4.15 eV is attributed to the
photodetachment transition of structure D to its triplet neutral.
Therefore, structure D is also confirmed as a reaction product.
Structures C and D have no transitions with photodetachment
energies around 3.9 eV (Table S1), suggesting that the 3.90 eV
feature is due to structures A and B. Because structures A and
B both have calculated VDEs that match the spectroscopic
feature at 3.87 eV, at this point, we only conclude that at least
one of them exists in the reaction products.

We investigated the reaction pathway using quantum
calculations to resolve the uncertainty in identifying all
reaction products and to provide mechanistic insight into the
synergetic methane and CO, functionalization (Figure 4). The
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Figure 4. Profile of the tandem reaction between Pt~, CH,, and CO,.
Zero-point corrected energies are given in eV. The numbers in
parentheses indicate the activation barriers compared to the entrance
channel of CO, functionalization.'* The letters in parentheses
correspond to their labels in Figure 3. The potential energy surface
is referenced to the total energy of isolated Pt”, CH,, and CO,.

reaction starts with the selective activation of one C—H bond
in methane by Pt”, which has been extensively studied in our
previous work.® This step includes a barrier of 0.34 €V and is
exothermic by 0.71 eV. The resultant H;C—Pt—H" interacts
with CO, and binds it by forming a Pt—C bond (structure D).
Concurrently, a total of 0.48 lel negative charge is transferred
to CO,. Such negative charge transfer is the first step of CO,
functionalization. Therefore, both CH, and CO, are activated
on the negatively charged Pt atom. After being activated, CO,
can insert into the Pt—C or the Pt—H bond via three different
routes for further functionalization. In the route with the
lowest activation barrier, CO, interacts with the Pt—H bond of
H,C—Pt—H". The H atom transfers to the C atom while the
Pt atom binds the O atom, leading to the formation of H;C—
Pt—OCOH™ that contains a formate moiety (Structure B).
The transition state, TS1, is located 0.27 eV below H;C—Pt—
H™ and CO,, which is the entrance channel for the CO,
functionalization step under our experimental conditions.'*
Therefore, H;C—Pt—H" readily hydrogenates CO, into the
formate adduct, B, without apparent activation barriers. CO,
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can also insert into the Pt—C bond of H;C—Pt—H™ via TS2,
where the C atom in CO, bonds with the C atom in the -CHj
group. The activation barrier is 0.27 eV when compared to the
energy of H;C—Pt—H™ and CO,. This route leads to
H;CCOO-Pt-H (structure A), a C—C coupling product
featuring an acetate group. In addition, the H atom of the
Pt—H in H;C—Pt—H™ can transfer to the O atom, forming
another CO, hydrogenation product (structure C). The
activation barrier for this route is 0.34 eV. All these barriers
are accessible under our experimental conditions where excess
energy is provided via multicollisions with the fastest He
molecules in the Maxwell-Boltzmann distribution.”> As
mentioned earlier, the spectroscopic evidence alone can
confirm the existence of structures C and D as reaction
products but not structures A and B. The calculated reaction
pathway helps resolve this uncertainty: both structures A and B
are kinetically easier to form and thermodynamically more
stable than structure C. Since structure C has been confirmed,
structure A and B should also exist as reaction products.
Therefore, the combined experimental and computational
evidence confirms that both CO, hydrogenation and C—C
bond coupling occur during the reaction.

When Pt~ activates CH,, it is electronically excited in situ to
the *G(6s*5d%6p") state to fulfill the donor—acceptor model
for o-bond activation.”’*! The negative charge on Pt reduces
to —0.26lel after distributing to the -H and the -CHj; groups
(Figure 3). The resultant H;C—Pt—H~ activates CO, by
donating one of the 5d electron pairs on Pt to the antibonding
orbital of CO,. When Pt activates CO,, the Pt/O interaction is
kinetically less favorable than the Pt/C interaction due to the
electrostatic repulsion between the negatively charged Pt and
O atoms. When CO, activation is complete, all the negative
charge on Pt drains to CO, and Pt becomes practically neutral
(Figure 3, Structure D). This charge redistribution largely
reduces the electrostatic repulsion between Pt and O and thus
the kinetic barrier for CO, to be inserted into the Pt—H or the
Pt—C bonds. As a result, CO, insertion occurs to form the
more stable R—Pt-O-R’ structures (Structures A and B),
completing the simultaneous functionalization of CH, and
CO,.

Besides the reaction path we showed in this work, we also
investigated other paths for the tandem reactions among Pt~,
CH,, and CO,. Instead of activating CH, first, it is also
possible to first interact Pt~ with CO, in the laser vaporization
chamber and then react the prepared PtCO,™ * with CH, in
the reaction cell. Computationally, this route is plausible
(Figure S2). Experimentally, however, no spectroscopic
evidence was found for CO, hydrogenation or C—C bond
coupling products: only structure D and a PtCO, (CH,)
physisorbed complex were confirmed (Figure S3). This
suggests that in the reaction cell, PtCO,~ overcomes the first
barrier to activate CH, but not the second one for CO,
insertion. We think this is because the short reaction time
provided by our reaction cell, which is usually on the order of
microseconds, is not enough for reactants to overcome
multiple activation barriers. This route, however, may be
feasible under other reaction environments such as in an ion
trap. Reaction paths that involve breaking the C=0 bond in
CO, or more than one C—H bonds in CH, are impossible
under our experimental conditions due to high kinetic barriers
or low thermodynamic stability of the reaction products
(Figures S2 and S4).

B CONCLUSIONS

To summarize, we demonstrate for the first time that the single
atomic Pt” can mediate the mutual functionalization between
CH, and CO,. The combined mass spectrometry, photo-
electron spectroscopy, and quantum chemical calculation study
reveals that the CH, activation complex, H;C—Pt—H",
interacts with CO, to form two hydrogenation and one C—
C bond coupling products. Specifically, Pt~ breaks CH, into
-H and -CHj;, activates CO,, and couples the activated CO,,
respectively, with -H and -CHj; to form formate and acetate
products. Mechanistic analysis confirms the charge redistrib-
ution as the driving force for the CO, insertion step. The
demonstration of the simultaneous CH, and CO, functional-
ization by atomic anions sheds light on new routes in the
design of novel catalysts to utilize these two abundant Cl
feedstocks.

B METHODS

Experimental Methods. Anion photoelectron spectroscopy is
conducted by crossing a beam of mass-selected negative ions with a
fixed-frequency photon beam and energy-analyzing the resultant
photodetached electrons. The photodetachment process is governed
by the energy-conserving relationship: hv = EBE + EKE, where hv is
the photon energy, EBE is the electron binding energy, and EKE is
the electron kinetic energy. Our apparatus consists of a laser
vaporization cluster anion source with an attached ligation cell, a
time-of-flight mass spectrometer, a Nd:YAG photodetachment laser
(operating at 266 nm), and a magnetic bottle electron energy analyzer
with a resolution is ~35 meV at 1 ¢V EKE.'® Photoelectron spectra
were calibrated against the well-known atomic transitions of atomic
Cu™. The tandem reaction among Pt~, methane (CH,, CD,), and
CO, was studied using a laser vaporization/reaction cell arrange-
ment.'” Atomic platinum anions were generated by laser vaporization
of a pure platinum foil wrapped around an aluminum rod. The
resultant plasma was cooled with 5% CH, or CD, helium gas mixture
delivered by a pulsed valve, having a backing pressure of 60 psig. The
resulting H;C—Pt—H~ or D;C—Pt-D~ then traveled through a
reaction cell (4 mm diameter, S cm length), where it encountered
CO,. CO, was introduced into the reaction cell by a second pulsed
valve, backed by 1S psig of pure CO, gas. The resulting [H;C—Pt—
H(CO),]” and [D;C—Pt—D(CO),]” anionic clusters were then
mass-analyzed and mass-selected by the time-of-flight mass
spectrometer and their photoelectron spectra measured.

Computational Methods. All Density functional theory (DFT)
calculations were performed with Gaussianl6 package.'® Geometry
optimizations were carried out with the B3LYP functional and the
aug-cc-pVTZ (H, C, 0)'**° Il aug-cc-pVTZ-PP (Pt)*' basis sets.
Stuttgart relativistic pseudopotential was employed to replace 60
inner electrons (1s2s*2p®3s*3p®3d'%4s%4p®4d'%4f'%) of the Pt atom.”!
All geometry optimization calculations were followed by frequency
calculations to verify that intermediate structures are real minima in
the potential energy surface by confirming that their frequencies are
real. Transition states that connect these intermediates bear only one
imaginary frequency.

More accurate results were obtained by performing single point
CCSD(T)** calculations using the DFT/B3LYP optimized structures.
The same basis set was applied. Zero-point energies collected from
DFT/B3LYP calculations were added to the CCSD(T) energies.
MOLPRO 2015 was used to perform all CCSD(T) calculations.
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