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We report experimental and computational results pertaining to the activation and splitting of single
water molecules by single atomic platinum anions. The anion photoelectron spectra of [Pt(H,O)] ",
formed under different conditions, exhibit spectral features that are due to the anion-molecule com-
plex, Pt™(H,0), and to the reaction intermediates, HPtOH™ and H,PtO™, in which one and two
O-H bonds have been broken, respectively. Additionally, the observations of PtO~ and H,* in mass
spectra strongly imply that water splitting via the reaction Pt~ + H,O — PtO™ + H; has occurred.
Extending these studies to nickel and palladium shows that they too are able to activate single water
molecules, as evidenced by the formation of the reaction intermediates, HNiOH™ and HPdOH™.
Computations at the coupled cluster singles and doubles with perturbatively connected triples level
of theory provide structures and vertical detachment energies (VDEs) for both HMOH™ and H,MO~
intermediates. The calculated and measured VDE values are in good agreement and thus support their

identification. Published by AIP Publishing. https://doi.org/10.1063/1.5050913

INTRODUCTION

Water splitting holds great promise as a source of clean,
abundant fuel.'> While electrolysis is effective, its cost is
exceedingly high. Likewise, the direct cleavage of water’s O-H
bond is energetically prohibitive (497.1 kJ/mol).® The solution
to this problem is generally thought to lie in catalytic water
splitting, a process which depends critically on the activation
of water molecules. A variety of molecular and cluster catalysts
are known to be effective in aqueous media,’”-® on surfaces,®19
and in gas phase environments.'"!? Single-atom catalysts pro-
vide yet another approach. While single-atom catalysts have
been found to facilitate water splitting on surfaces,'>~1¢ water
activation and splitting by single atoms in the gas phase have
gone virtually unexplored. Here, we investigate this topic,
addressing both water activation and water splitting by single
metal atomic anions.

We had originally been inspired by experiments in which
sub-nano-size platinum clusters deposited onto semiconductor
nano-rods and submerged in water were found to be effective
water splitting photocatalysts.!”~!° There, the overall catalytic
process was H,O + Pt,™ = %2 H, + Pt, + OH™. Rather than
studying water activation by platinum cluster anions, however,
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we chose to focus on the simplest set of relevant reactants,
i.e., a single water molecule, a single metal atom (M), and a
single excess electron (e™), all interacting together within the
sub-nano crucible of gas phase [M(H,O)]™ cluster anions. By
extending these studies beyond platinum to include nickel and
palladium, as well as several other transition metal atoms, we
explored the activation and splitting of single water molecules
by single atomic metal anions. Our joint experimental and
theoretical effort has resulted in strong evidence for both water
activation and water splitting by single atomic platinum anions
and for water activation (but without splitting) by single nickel
and palladium anions.

RESULTS AND DISCUSSIONS

Experimental studies of [Pt(H,O)]~ were conducted using
a laser vaporization ion source, time-of-flight (TOF) mass
spectrometry, and anion photoelectron spectroscopy.’” Source
details are presented in the supplementary material. The left
panels in Fig. 1 present the mass spectra of the [Pt(H,O)]™
mass region along with the expected isotopic mass distribu-
tion pattern of [Pt(H,O)]™ in its top panel. Mass spectra A,
B, and C show the effect of increasing the vaporization laser
power in three steps (6, 8, and 11 mJ). Note that mass peaks
due to PtO™ appeared and became stronger with increasing
power. Control experiments without water, but under the same
vaporization laser power conditions, did not result in the for-
mation of PtO~ (Fig. S1), suggesting that PtO™ had formed as

Published by AIP Publishing.
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FIG. 1. The top left panel presents a stick mass spectrum showing the simulated isotopic mass distribution of [Pt(H,O)]™. The panels below it show the mass
spectra of [Pt(H,O)]™ species formed under three different laser vaporization power source conditions; mass spectrum A was recorded under low vaporization
laser power, B under moderate vaporization laser power, and C under high vaporization laser power. In all cases, laser vaporization was carried out using the
second harmonic (2.33 eV/photon) of a Nd:YAG laser. The top right panel presents the anion photoelectron spectrum of the Pt~ atomic anion. The panels below
it show the anion photoelectron spectra of [Pt(H,O)]™ species a, b, and ¢, where in each case the [Pt(H,O)]™ anions had been generated under the same laser
vaporization power conditions used to record their corresponding mass spectra A, B, and C, respectively. In all cases, the anion photoelectron spectra were

measured using the fourth harmonic (4.66 eV/photon) of a Nd: YAG laser.

a result of the reaction between Pt~ and H,O. The identities
of the two putative PtO™ mass peaks (m =210 and 211) were
confirmed by measuring their anion photoelectron spectra (see
Fig. S2) and comparing them to a previous report.”! The fact
that the anion photoelectron spectra at these two masses were
identical also indicates that no PtOH™ was present in the beam,
since it would have appeared at m = 211.

The top panel on the right-hand side of Fig. 1 presents
the photoelectron spectrum of the platinum atomic anion, Pt™.
This spectrum is presented for reference and agrees with pre-
vious reports.>> The lower three panels on the right-hand side
of Fig. 1 exhibit anion photoelectron spectra of [Pt(H,O)]™,
i.e., a, b, and ¢, where in each case the subject [Pt(H,O)]™
species had been generated under the same laser vaporiza-
tion (source) power conditions that had been used to measure
their corresponding mass spectra A, B, and C, respectively.
All [Pt(H,O)]™ spectra were taken at mass = 216 to ensure
that the photoelectron signals were solely from [Pt(H,O)]".
These three photoelectron spectra of [Pt(H,O)] ™~ clearly differ
substantially from one another, strongly suggesting the pres-
ence of [Pt(H,O)]™ isomers, whose generation depended on
laser vaporization (source) power. As will be explained below,
the anion photoelectron spectra a, b, and ¢ have been labeled
with the identities of their [Pt(H>O)]™ isomers.

Potentially, the anionic metal-water complex, [M(H,0)]~,
could exist in three different structures: (i) one in which

M is “solvated” by a physisorbed water molecule, resulting in
M~(H,0), (ii) a structure where one of the O—H bonds in H,O
has been broken, resulting in HMOH™, and (iii) a structure in
which both O-H bonds in H,O have been broken, resulting in
H,MO™. As we will show, all three of these structural isomers
were found to exist in the ion beam. The anionic complexes
that result from one or both O-H bonds having been broken
and the detached atom(s) having been reattached are water
activation products. These activated species are intfermediates
along the reaction pathway that leads to H, formation, i.e.,
water splitting.

We utilized anion photoelectron spectroscopy to dis-
tinguish between these isomers.”> Typically, when weak
physisorption (“solvation”) interactions occur between an
anion and a water molecule, i.e., in anion-molecule complexes,
the photoelectron spectral pattern of the resulting hydrated
anion closely resembles that of the anion alone, except for it
having been shifted to slightly higher electron binding energy
(EBE) values and its features broadened. This is because M~
remains the chromophore for photodetachment; no truly chem-
ical interactions have occurred. Photoelectron spectrum a on
the right-hand side of Fig. 1 is an example of such an inter-
action. Its spectrum displays the same spectral pattern as the
photoelectron spectrum of Pt™, which sits above it in Fig. 1,
except for its peaks being slightly blue-shifted and broad-
ened. The [Pt(H,O)]™ isomer in photoelectron spectrum a is
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thus seen to be the platinum atomic anion-water “solvation”
complex, Pt™(H,0).

At higher laser vaporization (source) power, PtO™ begins
to appear in mass spectrum B of Fig. 1. Photoelectron spectrum
b exhibits both the hydrated anion spectral peaks of spectrum
a and new features, the most prominent of which are marked
with red stars at EBE values of 2.98 eV and 3.83 eV. This new
feature is due to another (a second) isomer.

At still higher laser vaporization (source) power, mass
peaks due to PtO™ in mass spectrum C have become even
stronger. In its corresponding anion photoelectron spectrum,
i.e., ¢, the peaks due to the solvated anion, Pt™(H,0), have
completely disappeared and four new peaks have appeared.
One of them, marked with a blue star at EBE = 3.34 eV,
is due to yet another, i.e., a third, isomer of [Pt(H,O)]~, while
the other three peaks, marked with black dots, exhibit EBE val-
ues that are identical to those in the photoelectron spectrum
of PtO™ [see Fig. S2 and Ref. 21]. There are two possible
explanations for the appearance of the PtO™ photoelectron
spectrum within photoelectron spectrum c: (1) These peaks
may have arisen due to two-photon processes, in which the
first photon dissociated the newly formed, third [Pt(H,O)]™
isomer, producing PtO~, while a second photon photode-
tached an electron from PtO~. (2) Due to the relatively high
source-laser power being used in this case, another possibil-
ity is that metastable [Pt(H,O)]™ was formed in the source
and that it dissociated along the time-of-flight drift path,
resulting in PtO™, which continued to travel at the veloc-
ity of the TOF-extracted [Pt(H,O)]™ anions into the pho-
todetachment region.”* Since photoelectron spectrum ¢ was
taken at the unambiguous mass of [Pt(H,O)]™, this evidence
alone implies that the newly formed (third) isomer in pho-
toelectron spectrum ¢ must have been HoPtO™ and that the
other fragment must have been H;. Together, anion photo-
electron spectra a, b, and ¢ thus revealed the presence of
three structural isomers of [Pt(H,O)]~, the hydrated Pt~ anion
complex and two others, both of which involved O-H bond
breaking.

Normally, the neutral products of a gas-phase reaction
can only be indirectly deduced by counting the atom differ-
ence between reactants and charged products. Here, however,
to search for the presence of Hy, which had been implied by
our observations, we utilized an electron bombardment ion-
izer located along the beam path between the source and the
TOF ion extractor. There, we changed appropriate voltages
and polarities in order to record positive ion mass spectra so
that neutral Hy could be ionized to Hy*™ and observed by our
mass spectrometer. Nevertheless, when the laser vaporization
(source) power was low, no Hy* was seen. The only cations
that we observed were He*, O*, OH*, and H,O" as seen in
Fig. 2(a), all of which had formed due to ionization of HO/He
backing gases from the source. However, when the laser power
was increased to the level used to record mass spectrum C, Hy*
was detected as shown in Fig. 2(b). This observation provided
direct evidence that a single platinum atomic anion reacting
with a single water molecule had produced H,.

The photoelectron spectra of [Pt(H,O),]™ and [Pt(H,0)3]~
are presented in Fig. S3. The absence of new features in these
spectra suggests that when Pt~ reacts with either a water dimer

J. Chem. Phys. 149, 221101 (2018)

(a) He* H,0*
OH*
2
i )
g ¢ L TR e y oty i : Jnom
s |(b) He* OH"|H,0"
Ho*
O+
iy Uil o JIJ T u.ll Mm llmhm
2 4 6 8 10 12 14 16 18 20
Mass (amu)

FIG. 2. Positive ion, electron bombardment ionization mass spectra of the
species made under low vaporization laser power (a) and high vaporization
laser power (b).

or trimer, it only interacts with a single water molecule, while
the other water molecules just solvate the [Pt(H,O)7].

Parallel experimental studies were also conducted on
[Ni(H,0O)]™ and [Pd(H,O)]™. Their experimental mass spec-
tra are presented in Fig. S4, along with their expected isotopic
mass distributions. Unlike in the case of [Pt(H,O)]~, neither
NiO™ nor PdO™ was observed even at elevated source laser
powers. Additionally, no Hy* was observed in either of these
cases, indicating that H, was not formed. Figure 3 presents the
anion photoelectron spectra of [Ni(H,O)]™ and [Pd(H,0)]~,
along with those of their corresponding atomic anions, Ni~
and Pd™. As in anion photoelectron spectrum b, in the case
of [Pt(H,0)]~, the photoelectron spectra of [Ni(H,O)]™ and
[Pd(H,O)]~ exhibit spectral features that are due to both the
solvated anion complexes, Ni~(H,O) and Pd™(H,0), and addi-
tional structural isomers, these being marked by red dots in
Fig. 3. As will be explained below, the anion photoelectron
spectra of [Ni(H,O)]~ and [Pd(H,O)]~ have been labeled with
the identities of their isomers.

In addition to measuring the anion photoelectron spectra
of [IM(H,0O)]~, where M =Pt, Ni, and Pd, we also measured the
photoelectron spectra of [M(H,0)]~, where M = Cu, Ag, Au,
Fe, Co, and V. These latter [M(H,O)]~ species were formed
utilizing the same source laser power protocol used to make
[Ni(H,O)]~ and [Pd(H,O)]™ and photoelectron spectrum b in
the case of [Pt(H,O)]". The anion photoelectron spectra of
[M(H>0)]", where M = Cu, Ag, Au, Fe, Co, and V, are dis-
played along with their atomic anion photoelectron spectra in
Fig. S5. All of them are simple anion-molecule (physisorbed)
complexes, i.e., M~ (H,0). It is important to note that none of
them showed any photoelectron spectral features beyond those
expected for an anion-molecule complex.

The details of our computational methods are presented
in the supplementary material. Briefly, to assess the potential
multi-reference nature of [M(H,O)]™ and its neutral counter-
parts, we initially relied on the internally contracted Multi-
Reference Configuration Interaction (icMRCI) level of the-
ory. The resultant mainly single reference character implied
by those icMRCI calculations allowed us to employ the
size-extensive, coupled cluster singles and doubles with
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FIG. 3. Photoelectron spectra of the
atomic metal anions, M~, (in the
upper panels) and their correspond-
ing [M(H,0O)]” anions (in the lower
panels), where M = Ni and Pd. All

of these anion photoelectron spectra
were measured using the third har-
monic (3.49 eV/photon) of a Nd:YAG
laser. Dotted tie-lines link M~ peaks
to the corresponding blue-shifted peaks
in their M~ (H,O) anion-molecule com-
plexes. Additional structural isomers are
marked by red dots.
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perturbatively connected triples [CCSD(T)] approach to cal-
culate vertical detachment energies (VDEs), where VDE is the
vertical energy difference between an anion’s ground state and
its neutral counterpart at the structure of the anion.

The EBE values of the peak maxima in the photoelec-
tron spectra are their VDE values. We have calculated VDE
values for both HMOH™ and HyMO~™ isomers (M = Pt, Ni,
Pd) and compared them with the measured VDE values of
the new spectral features. These are presented in Table I. For
the HMOH™ isomer, good agreement was obtained between
experimental and calculated VDE values, indicating that the
water-activated isomers, HPtOH™, HNiOH™, and HPdOH™,
were all present in their respective ion beams.

As for the HoMO™ isomer, there is strong evidence for the
presence of HoPtO™ in photoelectron spectra of [Pt(H,O)]".
The peak at EBE = 3.34 eV in anion photoelectron spectrum
¢ is in good agreement with the theoretically calculated EBE
values of 3.40 eV and 3.45 eV. The high intensity of PtO™ in

TABLE I. Experimentally determined VDE values for [Pt(H,0)]™,
[Ni(H2,0)]™, and [Pd(H,0)]” compared with the computed CCSD(T)/aug-
cc-pVTZ VDE values. In the case of [Pt(H,0)]~, experimentally measured
VDE values for the isomer features found in photoelectron spectrum b are
labeled separately from that of the isomer feature found in photoelectron
spectrum c¢. Experimentally determined VDE values for the hydrated-anion
complexes (isomers), Pt”(H,0), Ni~(H;0), and Pd™(H,0), are not included
in this table.

Theoretical VDE (eV) Expt. VDE (eV)

HPtOH- 2A —3A 3.02 HyPtO- 2B —3B; 3.45 2.98b
A IA 301 2B, — 1A; 340 3.34c¢
2A 5 23A 370 3.83b

HNiOH~ 2A —3A 1.81 H,NiO~ 2B; —3B; 2.75 1.91
A TA 3.04 2B, > 'A; 243 3.24

HPdOH~ 2A —3A 264 H,PdO~ 2B; —3B; 249 2.50
ZA-tA 237 2B - 'A; 320

its corresponding mass spectrum, i.e., C, the appearance of
the photoelectron spectrum of PtO~ within the mass-selected
photoelectron spectrum of [Pt(H,O)]~, and the observation of
H,*, all under relatively high source laser powers, are consis-
tent with the presence of HyPtO™ and with its decay into PtO™
and H,. However, the case for the presence of HyPtO™ at mod-
erate source laser powers is less clear. While mass spectrum B
exhibits PtO~, although at relatively lower intensities than does
mass spectrum C and while traces of H,* are detected under
moderate source laser power conditions, the theoretically pre-
dicted telltale HyPtO™ peak at EBE ~3.4 eV, easily seen in
photoelectron spectrum ¢, was not evident in photoelectron
spectrum b. Instead, the EBE ~3.4 eV region in photoelec-
tron spectrum b is an intensity valley, although its floor does
exhibit considerable intensity. Also, the PtO™ peaks seen in
photoelectron spectrum ¢ are absent in photoelectron spec-
trum b. We conclude that if H,PtO™ is formed under moderate
source laser power conditions, there must be much less of it
made than under higher laser power conditions. Additionally,
Table I and Fig. 3 provide no significant evidence for the pres-
ence of H;NiO™ and H,PdO™ isomers in the beam. Also, since
neither NiO~, PdO™ nor H,* were observed in [Ni(H,O)]~ and
[Pd(H,O)]™ experiments, even at high source laser powers, the
implication is that they were not formed.

High level electronic structure calculations provide
insight into the reaction mechanisms and detailed rationaliza-
tions of the similarities and differences between the different
metal anions. Figure 4 shows the calculated potential energy
pathways and key structures involved in the reactions of Ni™,
Pd~, and Pt atomic anions with a single water molecule. The
coordinates and energies of these structures are provided in the
supplementary material. For example, Fig. 4 provides a possi-
ble explanation for why only H,PtO™ was formed among the
three group 10 systems we studied. Figure 4 shows that only
H,PtO™ is definitively exothermic relative to M~ + H,O.

Unlike the conversion of M*(H,O) cationic complexes
to HMOH* (M = Pd, Pt), which according to theory is
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endothermic,” the transformation from M~(H,O) anionic

complexes to HMOH™ is exothermic in all three (M = Nij,
Pd, Pt) cases shown in Fig. 4. The transition state, TS, how-
ever, is higher in energy than the energies of both M~ + H,O
and M~ (H;O) in all three cases. The barrier to be overcome
is ~0.5 eV, i.e., the energy of TS; minus the energy of the
reactants, M~ + H,O or ~1.0 eV, the energy of TS minus the
energy of M~ (H,O). These computed barriers include zero-
point vibrational and spin-orbit corrections. Many reactions
are known to proceed with barrier heights that are similar to
these values.?6~%°

Let us further consider our results when the highest
source-laser power was utilized, i.e., see panels C and c¢ in
Fig. 1. Under those circumstances, excess energy was available
to the system, and in the case of H,PtO™, the excess energy was
used to both make it and drive the reaction to the final products,
PtO™ and H,. The excess energy is also likely responsible for
the formation of metastable H,PtO™ complexes, these having
been discussed above. While the origin of the excess energy
that became available under these high source-laser power con-
ditions is not fully resolved, the options are thermal excitation,
electronic excitation, or both.

CONCLUSION

To summarize, we have investigated water activation and
splitting by various single atomic anions, which were not
previously explored in the gas phase. We demonstrated that
platinum is special among all investigated metals and that a
single platinum atomic anion can both activate and split a sin-
gle water molecule, while single palladium and nickel atomic
anions only activate water molecules.

In the electrolysis of water, H, gas forms at the cathode,
which is typically platinum, while O, forms at the anode. It is
interesting to contemplate the relationship between the micro-
scopic interaction between a single platinum atom, a single
electron, and a single water molecule and the more compli-
cated, macroscopic interaction between a platinum cathode

J. Chem. Phys. 149, 221101 (2018)

FIG. 4. The calculated potential energy
pathways and stationary points involved
in the reactions of Ni~, Pd™, and Pt~
with a single water molecule, H,O.
Zero-point vibrational and spin-orbit
corrections are also included.

Ni
Pd
Pt

and liquid water during electrolysis. Respectively, both pro-
cesses involve surmountable energy barriers and low over-
potentials, which are characteristically exceptional properties
of platinum.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed experimental
and theoretical methods and supporting experimental and
theoretical results including Tables S1-S11 and Figs. S1-S11.
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