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ABSTRACT: Mass spectrometric analysis of the anionic products of
interaction between bimetallic palladium−copper tetrahydride anions,
PdCuH4

−, and carbon dioxide, CO2, in a reaction cell shows an
efficient generation of the PdCuCO2H4

− intermediate and formate/
formic acid complexes. Multiple structures of PdCuH4

− and
PdCuCO2H4

− are identified by a synergy between anion photo-
electron spectroscopy and quantum chemical calculations. The higher
energy PdCuH4

− isomer is shown to drive the catalytic hydrogenation
of CO2, emphasizing the importance of accounting for higher energy
isomers for cluster catalytic activity. This study represents the first
example of CO2 hydrogenation by bimetallic hydride clusters.

■ INTRODUCTION

Transforming CO2 into reduced, value-added molecules is of
great interest for environmental and economic reasons. For
catalytic CO2 functionalization, bimetallic catalysts have shown
improved activity and selectivity over single-component ones,
as lattice engineering can be utilized to tailor the surface and
electronic structures of bimetallic catalysts and thus to regulate
their performance.1−4 The rational design of high-efficiency
bimetallic catalysts demands a mechanistic understanding of
how the catalytic CO2 transformation processes on the active
sites. Although it is well-established that the formation of metal
hydrides and the insertion of CO2 into the metal−hydrogen
bond are the critical steps in CO2 hydrogenation, compre-
hensive knowledge about them remains limited because of a
lack of direct experimental characterization on these key
reaction intermediates.5−9 In particular, it is less clear how the
interplay between different metals can alter catalyst properties,
including hydrogen and CO2 binding sites, electronic
structures, charge-transfer property, and release of products,
all of which influence catalytic performance.
Synergy between the experimental characterization of

reaction intermediates and state-of-the-art quantum chemistry
calculations enables gas-phase studies of CO2 reduction and
hydrogenation to provide mechanistic insight into CO2
functionalization at the molecular level.10−18 Although single-
metal hydrides (e.g., Cp2TiH

+,14 PtH3
−,15 FeH−,16 and

Cu1,2H2
−17,18) can convert CO2 into formate and formate

complexes, we are not aware of the use of bimetallic hydrides
for CO2 hydrogenation. The present work focuses on the
hydrogenation of CO2 via reaction with the anionic bimetallic
palladium−copper tetrahydride cluster, PdCuH4

−. We selected

the palladium−copper hydride because its reaction with CO2 is
an ideal model for understanding the hydrogenation process
over bimetallic palladium−copper catalysts, which have shown
superior CO2 hydrogenation activity compared to single-
component palladium or copper catalysts.19−23 We show that a
metastable PdCuH4

− isomer catalytically converts CO2 to
formic acid, in-line with recent theoretical predictions
reporting catalysis on fluxional clusters can be driven by less
stable but more active cluster isomers accessible in reaction
conditions.24−30

■ RESULTS AND DISCUSSION

PdCuH4
− was prepared in a pulsed arc cluster ionization

source (PACIS), which has been applied to the generation of
various metal hydrides.31,32 Briefly, an ∼30 μs duration,
ultrahigh voltage, and current discharge were used to vaporize
Pd and Cu powders. Almost simultaneously, high-pressure
hydrogen gas was injected into the discharge region. The
resulting mixture of atoms, ions, and electrons reacted to form
PdCuH4

−. PdCuH4
− clusters were then collisionally cooled

and carried downstream by the supersonically expanding
hydrogen gas to interact with CO2 in a reaction cell,15,33,34

where additional energy as high as 1 eV can be provided to the
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reaction via the multicollisions with the fastest H2 molecules in
the Maxwell−Boltzmann distribution. The resultant anionic
products were identified by time-of-flight mass spectrometry.
Figure 1 presents mass spectra with or without CO2. With no

CO2 in the reaction cell, we observed the mass series of
PdCuH4

− (Figure 1A), and its match with the simulated
isotopic pattern confirms PdCuH4

− as the only palladium−
copper hydride formed under our experimental conditions
(Figure 1B). When CO2 was added to the reaction cell,
prominent mass series appeared at masses both higher and
lower than PdCuH4

− (Figure 1C). The higher-mass series is
the reaction intermediate PdCuCO2H4

−, which was identified
by comparing the experimental and simulated isotopic patterns
(Figure 1D). The lower-mass peaks are formate- and formic
acid containing anionic clusters. The tagging of formic acid to
anionic formate made possible the observation of this neutral
molecule by mass spectrometry. The high summed intensity of
formate and formic acid products indicates that PdCuH4

−

hydrogenates CO2 efficiently. Note that the observation of
formic acid suggests the reaction

PdCuH CO PdCuH HCOOH (formic acid)4 2 2+ → +− −

yet PdCuH2
− or other palladium−copper hydrides were absent

after PdCuH4
− reacted with CO2. This implies regeneration of

PdCuH4
− via H2 absorption to PdCuH2

−. Therefore, we
proposed that the catalytic reaction

H CO HCOOH2 2
PdCuH4+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯

−

had occurred under our experimental conditions.
We then applied anion photoelectron spectroscopy to

characterize PdCuH4
− and PdCuCO2H4

− (Figure 2). For

PdCuH4
−, two electron binding energy (EBE) peaks at 3.36

and 3.83 eV are assigned as the vertical detachment energies
(VDE). 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 with both in their ground
electronic states. For PdCuCO2H4

−, its VDE values are 2.49,
3.93, and 4.40 eV.
Figure 3 shows the calculated structures that are confirmed

to account for the experimentally measured PES. Structures A
and B are two low-energy PdCuH4

− isomers, the latter 0.46 eV
higher in energy. These two structures differ only in the
location of one H atomboth have the same low-spin state
(multiplicity 1). On the basis of the similar charges on the
metal centers across both structures, it does not appear that
there is a significant change in the formal oxidation state of
each metal between A and B. Structures C, D, and E are
isomers of PdCuCO2H4

− derived from CO2 reacting with A
and B. In structure C, CO2 is inserted into the Cu−H bond of
structure A. Structure D, on the other hand, is obtained by
CO2 association with the Pd and H atoms in structure B. Both
structures C and D have a formate moiety, the latter being 0.92
eV higher in energy. For structure D, the H atom that bridges
Pd and Cu atoms can further transfer to the formate moiety,
forming structure E with a formic acid moiety. The
dissociation of structure E into formic acid and PdCuH2

−,
which is structure F, may explain the observation of formic
acid in the experiment. All structures are in their respective
low-spin states. On the basis of the atomic charges of all of the
structures, it appears that both Pd and Cu are in their 0
oxidation state throughout. The H ligands instead experience
the most significant changes in the charge.
The verification of these calculated structures was

accomplished by calculating their VDEs at the CCSD//
UPBEPBE/aug-cc-pvtz+pp level of theory and comparing

Figure 1. (A) Mass spectrum of PdCuH4
− cluster anions. (B)

Simulated and experimental mass spectra of PdCuH4
−. (C) Mass

spectrum of PdCuH4
− reacting with CO2. (D) Simulated and

experimental mass spectra of PdCuCO2H4
−. “F” indicates formate.

“FA” indicates formic acid.

Figure 2. Photoelectron spectra of PdCuH4
− (A) and PdCuCO2H4

−

(B) measured with 266 nm (4.66 eV) photons.
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them with the experimental values (Table 1). For PdCuH4
−,

structures A and B respectively match the higher and the lower
EBE feature in the experimental photoelectron spectrum. For
the PdCuCO2H4

− spectrum, the feature at 4.40 eV is
attributable to structure C, and the feature at 3.93 eV is due
to photodetachment of structure E. The feature at 2.49 eV
does not match the calculated VDE of any PdCuCO2H4

−

structure. Instead, it agrees with the calculated VDE of
structure F. This suggests that during photodetachment,
PdCuCO2H4

− was also photodissociated into PdCuH2
−

(structure F) and formic acid. The dissociation product

PdCuH2
− was subsequently photodetached, contributing the

2.49 eV feature in the PdCuCO2H4
− spectrum. To support this

statement, we took the PdCuH4CO2
− spectra with different

laser power while keeping other collection conditions
unchanged. The photoelectron intensity of the feature at
2.49 eV, I, shows a nonlinear dependence on the laser power,
P, which can be represented by I ∝ P1.67 (Figure S1,
Supporting Information). This suggests that it is the two-
photon process that primarily contributes to this feature. This
photodissociation/photodetachment phenomenon has been
observed in our previous photodetachment experiment on
anionic metal-hydride-CO2 adducts.

15 Structure D should be
present despite having a calculated VDE beyond the range of
the photodetachment laser, as structure E is derived from it.
Therefore, the two PdCuH4

− and three PdCuCO2H4
− isomers

were all observed experimentally. The high-energy environ-
ment in PACIS enables the formation of PdCuH4

− clusters
with different energies,35 which were subsequently cooled to
their ground electronic states before interacting with CO2.
The observation of two isomers of PdCuH4

− and their
respective CO2 insertion complexes suggests two reaction
mechanisms beginning from structures A and B. Figure 4
presents the two calculated reaction pathways. The pathway in
red is initiated by structure A, whereas the pathway in blue
starts with structure B. When structure A interacts with CO2,
CO2 inserts into its Cu−H bond without a barrier, forming
structure C. This insertion step is exothermic by 1.32 eV.
Structure C, however, is a very stable adduct, as seen by the
high energy required for it to release formate as the product.
The high dissociation energy of 2.38 eV according to
calculations is unlikely to occur under the multicollision
conditions in the reaction cell. Therefore, it is unlikely that the
formate observed in the experiment formed via this
mechanism. The reaction starting from structure B, on the
other hand, proceeds on a smoother potential energy surface.
Upon interaction, CO2 is associated with the Pd and H atoms
to form structure D. The transition from structure B to D is
also barrierless. An H atom that bridges the Pd and Cu atoms
in structure D subsequently transfers to the formate moiety,
forming structure E, with an activation barrier 0.95 eV above
that of structure D or 0.09 eV above that of the entrance
channel. The dissociation of structure E into PdCuH2

− and
formic acid is endothermic by 0.80 eV. Therefore, all steps on
the structure B initiated pathway are within 0.5 eV of the
entrance channel energy, making them accessible under the
experimental conditions where excess energy is provided via
multicollisions with the fast-moving H2 molecules.36,37 When
electrons are present in the reaction environment, the released
formic acid can deprotonate to yield formate via the dissociate
electron attachment, a common acid−electron interaction in
the gas phase. As mentioned earlier, the reaction does not stop
at the PdCuH2

− ion; there is no evidence of it in the mass
spectrum, suggesting that in the presence of abundant H2 in
the reaction cell, the following reaction takes place:

H PdCuH PdCuH2 2 4+ →− −

This reaction is 0.87 eV exothermic if forming structure A or
0.41 eV exothermic if leading to structure B. Thus, the H2
environment readily regenerates the PdCuH4

− clusters,
completing the catalytic cycle.
Compared to Cu, Pd is stronger in binding H but weaker in

binding O.5 Therefore, the structure with more H binding to
Pd is more stable. Because structure A has one H atom that

Figure 3. Calculated relevant lowest energy structures of PdCuH4
− (A

and B), PdCuCO2H4
− (C, D, and E), and PdCuH2

− (F). Symmetry,
spectroscopic label, and energy relative to the global minimum
structure of the same stoichiometry are shown below each structure.
The charge on each atom is also shown.

Table 1. Computed VDEs for Each Structure from Figure 3
and Their Corresponding Experimental Valuesa

PdCuH4
− PdCuCO2H4

− PdCuH2
−

structure: A B C D E F

expt. VDE 3.83 3.36 4.40 N/Ab 3.93 2.49
calc. VDE 3.71 3.51 4.36 5.44 3.79 2.25

aAll VDE values are given in eV. bThis structure’s EBE is higher than
the photon energy of the photodetachment laser.
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binds exclusively to Pd rather than both Pd and Cu, it is lower
in energy than structure B. For structure A, however, the
binding of more H exclusively to Pd inhibits the binding of
CO2 on Pd.38 Instead, CO2 inserts into the Cu−H bond,
forming the strong Cu−O bond (structure C). The high
dissociation energy of the Cu−O bond prevents the release of
formate product, ending this pathway in a “catalytic deadlock”.
In structure B, Pd is more exposed while Cu is more
coordinated, which facilitates the initial CO2 binding to the Pd
atom. Because Pd has weak O binding, the formic acid moiety
associates with Pd via Pd−C and Pd−H interactions, as shown
in structure E. Dissociation of the formic acid product is thus
much less endothermic with this reaction pathway. Also,
importantly, the Pd site becomes exposed after release of the
formic acid and can readily absorb an H2 molecule to complete
the catalytic cycle. This result echoes recent reports emphasiz-
ing the metastable structures as the actual active sites in cluster
catalysis.28

The charge analysis can further rationalize the different
reactivity of the two PdCuH4

− clusters (Figure 3). The
calculated atomic charges show a difference in the charge
distributions in CO2 bound to structures A and B. When CO2

is bound to Cu, as in structure C, the charge difference
between Cu and the formate fragment is more significant than
the analogous charge difference between Pd and the formate
fragment. Furthermore, Cu is positively charged, whereas Pd is
negatively charged, so the formate moiety interacts more
strongly with Cu.

■ CONCLUSIONS

To summarize, we have demonstrated that the bimetallic
PdCuH4

− clusters can convert CO2 into formate and formic
acid. Mass spectrometric analysis of the reaction products
between PdCuH4

− and CO2 reveals the reaction intermediate
PdCuCO2H4

−, the reaction products formate and formic acid,
and the regeneration of PdCuH4

−, completing the catalytic
cycle. Different isomers of PdCuH4

− and PdCuCO2H4
− are

identified by anion photoelectron spectroscopy and electronic
structure calculations. Mechanistic study confirms metastable
structures as the catalytic driving force. This work represents
the first example of CO2 hydrogenation by bimetallic hydride
clusters, providing insight into understanding the catalytic
properties of bimetallic catalysts.

■ METHODS
Experimental Methods. The experimental technique, anion

photoelectron spectroscopy, is conducted by crossing a mass-selected
beam of negative ions with a fixed-energy photon beam and energy
analyzing the resulting photodetached electrons. This technique is
governed by the energy-conservation relationship, hν = EBE + EKE,
where hν, EBE, and EKE are the photon energy, electron binding
(transition) energy, and the electron kinetic energy, respectively. Our
photoelectron spectrometer, which has been described previously,39

consists of one of several ion sources, a linear time-of-flight (TOF)
mass spectrometer, a mass gate, a momentum decelerator, a
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser for
photodetachment, and a magnetic bottle electron energy analyzer.
Photoelectron spectra were calibrated against the well-known
photoelectron spectrum of Cu−. The PdCuH4

− anions were generated
using a pulsed-arc (discharge) cluster ionization source (PACIS),
which has been described in detail elsewhere.40 This cluster anion
source has been used to generate a variety of transition-metal hydride
cluster anions.32,41−43 It provided us with a broad range of cluster
sizes and compositions. During PACIS operation, a 30 μs long, ∼4000
V electrical pulse applied across the anode and the mixed Pd/Cu
pressed-powder cathode in the discharge chamber vaporizes the Pd
and Cu atoms. Almost simultaneously with the discharge, 180 psi of
ultra-high-purity hydrogen gas was injected into the discharge region,
where it was dissociated into hydrogen atoms. The resulting mixture
of atoms, ions, and electrons then reacted and cooled as it expanded
through the PACIS housing. After a small gap, this flow then
continued through a 15 cm long collision/reactor cell before exiting
into a high vacuum. For initiation of the reaction between CO2 and
PdCuH4

−, pure CO2 was injected into the collision cell using a second
pulsed valve. The resultant anions then drifted through a skimmer,
through a differentially pumped region, and into the TOF region,
where they were perpendicularly extracted and mass-selected prior to
photodetachment. Because of palladium’s and copper’s isotope
patterns and the presence of multiple hydrogen atoms, photoelectron
spectra were taken at all observed mass peaks.

Computational Methods. The calculated structures presented in
this work were computed using density functional theory (DFT),
using the PBEPBE44 functional in Gaussian16.45 The initial structure
search was performed using the LANL2DZ46−48 basis set, after which
the lowest energy structures were further optimized using the aug-cc-
pvtz+pp49 basis set. After geometry optimization, the energies of the
anionic and neutral clusters were calculated at the CCSD50−53//
UPBE level to determine the vertical detachment energies (VDE) for
each structure for comparison with experimental PES results.
CASSCF (m,n)54−62 up to (14,14) was run to verify the accuracy
of the single reference method. CCSD//UPBE was used rather than
TD-DFT for VDE calculations because of the unreliability of the
result as the functional was changed, and CCSD(T) was not used as

Figure 4. Profile for the reaction of CO2 with PdCuH4
−. Zero-point energy corrected energies are given in eV. The letters in the parentheses

correspond to their labels in Figure 3. The potential energy surface is referenced to the total energy of structure A and an isolated CO2.
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perturbation theory failed for some structures. Only the first VDE was
calculated for each structure−if there are VDE2+ peaks present in the
spectrum, they are not accounted for, but all peaks present in the
experimental spectrum have corresponding computed VDEs. Charges
on each atom were calculated using natural population analysis.63
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