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ABSTRACT: Mass spectrometric analysis of the anionic products of interaction
between palladium hydride anions, PdH−, and carbon dioxide, CO2, in a reaction cell
shows an efficient generation of the PdHCO2

− intermediate and isolated formate
product. Multiple isomers of the PdHCO2

− intermediates are identified by a synergy
between negative ion photoelectron spectroscopy and quantum-chemical calculations.
It is shown that a direct mechanism, in which the H atom in PdH− directly activates
and hydrogenates CO2, leads to the formation of the formate product. An indirect
mechanism, on the other hand, leads to a stable HPdCO2

− structure, where CO2 is
chemisorbed onto the Pd atom.

■ INTRODUCTION

The catalytic conversion of CO2 into value-added molecules
using metal catalysts holds the promise for combating the
greenhouse effect caused by the excess amount of CO2 in the
atmosphere. The formation of metal hydrides and the insertion
of CO2 into the metal−hydrogen bond are among the critical
steps for CO2 functionalization over metal catalysts.
Comprehensive knowledge about these key steps, however,
remains limited as a result of lacking direct experimental
characterization on the reaction intermediates.1−5 Especially, it
is less clear how the initial CO2 interaction with the formed
metal hydride can affect the CO2 activation and the following
CO2 hydrogenation. Mechanistic insight into the CO2
hydrogenation processes on the active sites is thus deemed
essential for the rational design of high-efficiency catalysts for
this task.
Via the synergy between the experimental characterization of

reaction intermediates and quantum chemistry calculations,
gas-phase studies of CO2 reduction and hydrogenation have
provided molecular-level insights into the CO2 functionaliza-
tion mechanisms.6−16 Single- and dual-metal hydrides have
been studied for converting CO2 into formate and formate
complexes, shedding light on understanding the mechanisms of
CO2 hydrogenation over various catalysts. As a well-known
hydrogen absorber, palladium has been widely applied in
catalytic CO2 functionalization.

17−20 Nevertheless, information
on the reaction between palladium hydrides and CO2 has been
scarce. The present work focuses on the hydrogenation of CO2
via reaction with the anionic palladium monohydride anion,
PdH−. We show that depending on the atom that CO2 initially
interacts with, the reaction ends either in HPd(CO2

−), in

which the CO2 is activated and bonded to Pd, or in isolated Pd
atom and formate, where the formate is released as a final
product.

■ METHODS

Experimental Methods. The present work utilized anion
photoelectron spectroscopy (aPES) as its primary probe. The
experimental technique, aPES, is conducted by crossing a
mass-selected beam of negative ions with a fixed-energy
photon beam and energy analyzing the resulting photo-
detached electrons. This technique is governed by the energy-
conservation relationship, hν = EBE + EKE, where hν, EBE,
and EKE are the photon energy, electron binding (photo-
detachment transition) energy, and the electron kinetic energy,
respectively. Our photoelectron spectrometer, which has been
described previously,21 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 alumi-
num garnet (Nd:YAG) laser for photodetachment, and a
magnetic bottle electron energy analyzer. The resolution of the
energy analyzer is ∼35 meV at EKE = 1 eV. Photoelectron
spectra were calibrated against the well-known photoelectron
spectrum of Cu−.22
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The PdH− anion was generated using a pulsed-arc
(discharge) cluster ionization source (PACIS), which has
been described in detail elsewhere.23 During PACIS operation,
a 30 μs long, 4000 volt electrical pulse applied across the anode
and the Pd sample cathode in the discharge chamber vaporizes
the palladium atoms.24 (The sample cathode had been
prepared in a nitrogen glove box, where fresh Pd powder
was firmly pressed onto a copper rod.) Almost simultaneously
with the discharge, 220 psi of ultrahigh 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 continued through
a 15 cm long collision/reactor cell before exiting into high
vacuum. To initiate the reaction between CO2 and a mixture of
PdH− cluster anions, 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 photo-
detachment. Due to palladium’s isotope pattern and the
presence of multiple hydrogen atoms, photoelectron spectra
were taken at all observed mass peaks.
Theoretical Methods. Computations relating to the

reactions between carbon dioxide, palladium hydride anions,
and the resultant products were performed using the Gaussian
09 program package.25 Geometry optimizations and frequency
calculations were carried out using the hybrid density
functional theory (DFT) B3LYP with D3BJ empirical
dispersion correction.26−29 Bond length of PdH− anion
optimized at B3LYP level was found to be 1.538 Å, which
perfectly matches the previous result 1.538 Å at PBEPBE
level.13 The vertical detachment energy (VDE) of the
optimized structures were calculated using B3LYP DFT
functional with the unrestricted Kohn−Sham solution, and
then improved by single point energy calculations at the
coupled-cluster single, double, and perturbative triple CCSD-
(T) level of theory.30 Natural population analysis (NPA) was
conducted to examine the charge distribution at the B3LYP
level using natural bond orbital (NBO) 3.1 implemented in
Gaussian 09.31 NPA has been found to be satisfactory in
predicting charge distributions within metal clusters.32,33 The
initially estimated structures for transition states (TS) were
obtained by selecting appropriate coordinates from relaxed
potential energy surface scans. Vibrational frequencies were
calculated to determine whether the stationary points were
local minima or transition states. The intrinsic reaction
coordinate (IRC) calculations were carried out to make sure
that a TS connects two appropriate minima.34,35 The aug-cc-
pwCVTZ-DK (for Pd) and aug-cc-PVTZ-DK basis sets (for C,
H, O) and the second-order Douglas−Kroll−Hess (DKH2)
scalar relativistic Hamiltonian were used throughout our
computations.36−41

■ RESULTS AND DISCUSSION
The TOF mass spectra without and with CO2 pulsed into the
reaction cell are shown in the top and bottom panel of Figure
1, respectively. Without CO2 in the cell, PdH− and PdCO− are
observed in the mass spectrum. The presence of PdCO− is due
to carbon and oxygen absorbed onto the palladium powder.
Note that PdH− is the only palladium hydride anion that is
observed under this experimental condition. At higher mass, a
mass series of PdHxCO2

− appears after CO2 is introduced into

the reaction cell. We expanded this region and compared it
with the simulated mass spectra of PdH1CO2

− and PdH2CO2
−

(Figure 2). This comparison suggests that PdHxCO2
− is a

mixture of both PdH1CO2
− and PdH2CO2

−. At lower mass in
Figure 1, a peak at 45 amu can be observed after adding CO2
into the reaction cell. Photoelectron spectroscopy confirmed
this anion as the formate, HCOO− (Figure S1). The formation
of the formate anion suggests that CO2 is hydrogenated upon
interaction with PdH−, and that the formate product is
released after the hydrogenation is complete. PdH1CO2

−, on
the other hand, represents a key reaction intermediate when
PdH− hydrogenates CO2. Better characterization of this
intermediate would help to understand the hydrogenation
mechanism.
To characterize this reaction intermediate, we identified the

mass peaks that solely consist of PdH1CO2
− (Figure 2), mass-

selected these peaks, and performed negative ion photo-
electron spectroscopy on them. The photoelectron spectrum of
PdHCO2

− taken with a 266 nm (4.66 eV) laser is presented in
Figure 3. It shows three bands spanning from 1.5 to 4.5 eV.
Their peak positions, 2.02, 3.34, and 4.41 eV, are, respectively,
assigned as their 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.
Figure 4 presents four calculated structures of PdHCO2

−

that may be made by the reaction between PdH− and CO2. All
structures are in their singlet states, while the triplet states are
significantly higher in energy. Isomer A is the most stable
structure. The H atom and the C atom of CO2 bond with the
Pd atom. CO2 is significantly bent, being activated on the Pd
atom. Isomers B, C, and D all have a formate moiety attached
to Pd. They are, respectively, 0.83, 0.84, and 1.20 eV higher in

Figure 1. Mass spectra of anions generated by PACIS without (top
panel) and with (bottom panel) CO2 injection into the cell.
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energy than isomer A. Isomers B and C are two conformers by
rotating the longer C−O bond, where the oxygen atom
connects palladium. The C−H bond lengths in isomers B and
C are both 1.12 Å, close to that of an isolated HCO2

− anion
(1.17 Å). Unlike other isomers which have planar geometries,
structure D has a small Pd−H−CO2 dihedral angle of 7.33°.
The H atom in structure (isomer) D bridges the Pd and the C
atoms.
To verify the calculated structures, we compare their

calculated VDE to the experimental ones. The feature in the
low EBE region (1.5−2.5 eV) of Figure 3 can be attributed to

the photodetachment of isomers B and C. The calculated VDE
values of isomers A and D are 3.20 and 3.52 eV, respectively,
matching the second band (3.0−3.7 eV). This band, which
peaked at EBE = 3.34 eV, can also originate from a transition
between the anion and the neutral excited states of structure B
(Table S1).
The mechanism of CO2 hydrogenation by PdH− was

investigated by quantum-chemical calculations. Figure 5
presents the possible reaction pathways for CO2 activation
and hydrogenation by PdH−. For Path A, the reaction starts
with the charge transfer from PdH− to CO2 via the interaction
between Pd and C and proceeds to IT1 (structure A). The
partial charge on the CO2 moiety in IT1 is −0.52 e, indicating
that CO2 is significantly reduced. This CO2 activation process
is barrierless and exothermic by 1.34 eV. In order for IT1 to
convert CO2 into formate, the H atom needs go beyond the
Pd−CO2 plane to transfer onto the CO2 moiety. This is
achieved by rotation of the single Pd−C bond that breaks
planar geometry and by stretching between the H and C atoms
to form the Pd−H−C triangle (TS1). After overcoming TS1,
the H atom connects the Pd atom and the CO2 moiety,
forming IT2 (structure D). The barrier for this step is 1.10 eV.
Energetically, TS1 is lower than IT2 by 0.1 eV at the
CCSD(T) level but 0.04 eV higher at the DFT level. This
often indicates a negligible barrier (relative to IT2).12 Rather
than via IT1 and TS1, the reaction can also proceed through
the direct interaction between the H atom and CO2 to form
IT2, i.e., through Path B. This step is exothermic by 0.14 eV.
This path represents a direct CO2 attachment mechanism,
which has been found in CO2 hydrogenation by FeH− and
Cu2H2

−.12,13 After formation, IT2 can convert to IT3
(structure B) over a very small barrier (0.01 eV). Therefore,
IT2 can easily reorient itself to IT1 or IT3. As Pd approaches
O, breakage of the Pd−H bond contributes to the formation of
the formate moiety in intermediate IT3. After getting over the
rotation barrier of 0.14 eV, IT3 becomes its conformal isomer
IT4 (structure C). The dissociation process of intermediate
IT3/4 into the palladium atom and formate anion is
endothermic by 1.05/1.04 eV. Thus, all intermediates and
transition states are below the entrance channel, and the
complete hydrogenation reaction is endothermic by 0.54 eV

Figure 2. Simulated and experimental mass spectra of PdHCO2
− and

PdH2CO2
−. The peaks marked by a cross indicate peaks consisting of

only PdHCO2
−, while peaks marked with a circle indicate peaks

consisting of only PdH2CO2
−.

Figure 3. Photoelectron spectrum of PdHCO2
− measured with 266

nm (4.66 eV) photons. The stick spectrum overlay represents the
calculated VDE values of the different PdHCO2

− structures in Figure
4.

Figure 4. Optimized structures of PdHCO2
−. The relative energies of

PdHCO2
− and their calculated VDEs are listed below each structure.

Bond lengths are also shown in each structure.
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above it. This energetics makes the whole reaction accessible
under the multicollision environment in the reaction cell,
where excess energy is provided by colliding with the fastest-
moving H2 molecules within the Boltzman distribution.15,42−44

Figure 6 maps the evolution of natural charges on different
atoms/moieties of PdHCO2

− Essentially, it shows that the
electron required to reduce the CO2 molecule comes from the
Pd atom. From reactants to IT1, the charge on the CO2 moiety
(in blue) plummets by 0.512 e, indicating that CO2 is activated
in the first step of Path A. To the right of reactants in Figure 6,
i.e., along Path B, significant electron transfer (0.629 e) from
PdH− to the CO2 moiety (in blue) is induced by the direct
attachment of CO2 onto PdH−. The black line (for Pd) soars
from −0.829 to −0.232 e between reactants and IT2, which
means that the negative charge needed to reduce CO2 mainly
originates from the palladium atom as well. The downhill side
of the blue line (CO2) from reactants to IT3 shows that the
negative charge accumulates on the CO2 moiety as the reaction
proceeds. After surmounting TS2, the natural charge on the
CO2 moiety in IT3 and IT4 is −0.85 and −0.84 e, close to the

−0.94 e on CO2 in free formate anion, revealing that CO2 is
fully activated and the hydrogenation process is complete.
Additionally, hydride affinities of metal atoms provide a

different perspective for the mechanism of CO2 insertion into
the metal−hydrogen bond. Considering the simplest model,
M−H, bond dissociation energies (BDE) of Fe−H, Pt−H, and
Pd−H are 1.63, 3.44, and 2.44 eV, respectively.45−47 The
highest hydride affinity (3.44 eV) may account for the high
barrier of CO2 insertion into the Pt−H bond.11 Moreover, the
lower energy barrier of CO2 insertion into Pd−H (1.10 eV),
compared to that of Pt−H (2.84 eV), explains why CO2
insertion is allowed in the PdH− + CO2 reaction but forbidden
in the PtH− + CO2 case. In the case of FeH−, the direct CO2
attachment to the H atom dominates as a result of the low Fe−
H bond dissociation energy (1.63 eV). For the PdH− + CO2
reaction, on the other hand, its intermediate Pd−H BDE (2.44
eV) renders possible both indirect and direct hydrogenation
paths (Paths A and B).
We also investigated the PdH2CO2

− anion that appeared in
the experiment. Figure 7 shows the photoelectron spectrum of

Figure 5. Calculated reaction pathway for CO2 hydrogenation by PdH
−. Zero-point corrected energies are given in eV. The total energy of isolated

PdH− and CO2 is set at 0 eV.

Figure 6. Charges on different moieties of PdHCO2
− intermediates along the reaction pathway of CO2 activation by PdH−.
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PdH2CO2
− anion measured with 466 nm photons, as well as

the lowest-energy structures. Two broad transitions, which
peaked at EBE of 3.40 and 4.34 eV, were observed in the
spectrum. Thus, the VDE value for PdH2CO2

− is 3.40 eV. The
feature beyond the first peak depicts transitions from ground
states of the anions to the electronically excited states of the
corresponding neutrals. Optimized isomers 1 and 2 both have
PdH and formate moieties, suggesting that PdH2CO2

− is likely
due to the reaction between PdH neutral molecules and
formate anions. NBO analysis shows that the net charge on the
Pd−H moiety is only −0.16 e in both isomer 1 and 2
structures, this indicating that PdH2CO2

− is a [PdH-
(COOH−)] adduct. The computed VDE values of isomers 1
and 2 are 3.32 and 3.69 eV, respectively, in agreement with the
experimental result.

■ CONCLUSIONS
We have demonstrated that the activation of CO2 followed by
its hydrogenation can be accomplished in the gas phase by
palladium hydride anions. Both the activation intermediate,
PdHCO2

−, and the hydrogenation product, HCO2
−, were

observed in the mass spectrum. The combination of anion
photoelectron spectroscopy and quantum-chemical calculation
identified multiple isomers of the PdHCO2

− intermediates.
Mechanistic analysis reveals that direct activation of CO2
through H−C bond formation is barrierless and leads to the
hydrogenated product, HCO2

−, while the attachment of CO2
onto the palladium atom side of PdH− leads to a stable H−
Pd−CO2

− structure. Charge analysis shows that the electron
needed to activate CO2 comes from the palladium atom. This
work provides molecular-level insight into the nature of CO2
hydrogenations with metal hydrides, shedding light on the
properties of metal-based catalysis in the condensed phase.
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