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We report a joint photoelectron spectroscopic and theoretical study of the PtAl− and PtAl2− anions.
The ground state structures and electronic configurations of these species were identified to be C∞v,
1�+ for PtAl−, and C2v, 2B1 for PtAl2−. Structured anion photoelectron spectra of these clusters
were recorded and interpreted using ab initio calculations. Good agreement between theory and ex-
periment was found. All experimental features were successfully assigned to one-electron transitions
from the ground state of the anions to the ground or excited states of the corresponding neutral
species. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873160]

INTRODUCTION

Small bimetallic clusters containing precious metal el-
ements are of great interest in catalysis (see, for example,
Refs. 1–8). Indeed, doping is being explored as one of the
most promising means of tuning the catalytic activity of clus-
ters and nanoparticles of Pt, Pd, and Au, although often in
an empirical way. To understand the catalysis mechanism of
these binary metallic clusters, to explore the reason why they
are better than single element clusters, and to know how their
properties depend so radically on their size and composition,
determining their electronic structures, and realizing how they
change with doping are the first steps. These types of stud-
ies, however, are scarce. It is purported that doping the sec-
ond metal can be used to tune the electronic structures by ad-
justing the position of the d-band center.4 Çakır and Gülseren
studied the electronic structures of TiO2 supported Pt2Aum (m
= 1–5) clusters, and found that the presence of the Pt dimer
remarkably enhances the binding energy and limits the mi-
gration of Au atoms on the titania surface.5 A first-principle
study of CO oxidation catalyzed by TiO2 supported Pd4Au
and Pd5 clusters showed that the bimetallic Pd4Au has en-
hanced catalytic activity due to doping the Pd cluster with a
Au atom.6 Nakajima et al. reported the anion photoelectron
spectroscopic studies of Pd, Ni, Zn, Cu, and Mg doped Aun

clusters,7, 8 providing electronic structure information on both
the anion and neutral clusters.

Among these bimetallic clusters viewed as potential cat-
alysts, the Pt-Al system is also an interesting candidate. In
1981, Worrell and Ramanarayanan reported that Pt2Al and
Pt3Al alloys have special stability, which is because substan-
tial bonding can be achieved with little electron configuration
promotion.9 Recently, Rees et al. found that Pt3Al alloy used
as fuel cell catalyst can facilitate the O2 reduction catalysis.10

a)Electronic addresses: kbowen@jhu.edu, Telephone: 001-410-516-8425 and
ana@chem.ucla.edu, Telephone: 001-310-825-3769.

Even though the above two studies focus on Pt-Al alloys and
not small clusters, they nevertheless provide insight into this
interesting bimetallic system. Additionally, Ouyang et al. per-
formed a first principle theoretical study of PtAl dimer, iden-
tified its 2∑+ ground state, and calculated values of its bond
length, vibrational frequency, and dissociation energy.11 In
the present work, we report a combined theoretical and an-
ion photoelectron spectroscopic study of PtAl− and PtAl2−

dimer and trimer anions. Experimental and theoretical results
are compared and utilized to characterize the electronic struc-
tures of both of these species.

METHODS

Experimental

The present work utilizes negative ion photoelectron
spectroscopy as its primary probe. Anion photoelectron spec-
troscopy 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 tech-
nique 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,12 consists of one of sev-
eral ion sources, a linear time-of-flight mass spectrometer, a
mass gate, a momentum decelerator, a neodymium-doped yt-
trium aluminum garnet (Nd:YAG) laser for photodetachment,
and a magnetic bottle electron energy analyzer. Photoelec-
tron spectra were calibrated against the well-known photo-
electron spectrum of Cu−.13 The PtAl1,2

− anions were gen-
erated using a pulsed arc cluster ionization source (PACIS),
which has been described in detail elsewhere.14 In brief, a
∼30 μs long 150 V electrical pulse applied across anode and
sample cathode in the discharging chamber vaporizes the Pt
and Al atoms. The sample cathode was prepared in a nitrogen

0021-9606/2014/140(16)/164316/4/$30.00 © 2014 AIP Publishing LLC140, 164316-1
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protected glove box, where fresh Pt and Al powders were
mixed and firmly pressed onto an aluminum rod. About 150
psi of ultrahigh purity helium gas then propelled the Pt-Al
plasma mix down in a 15 cm flow tube, where it reacted,
formed clusters, and cooled. Anions generated by this method
were then mass-selected prior to photoelectron spectroscopic
studies.

Computational

Geometry optimization for the studied anions was car-
ried out using the PBEPBE15 and B3LYP16 density functional
theory (DFT) methods, as well as MP2.17 LANL2DZ18 and
aug-cc-pvTZ-pp19 basis sets were employed. Geometries ob-
tained with different methods agree very well. Complete ac-
tive space self-consistent field (CASSCF)(m,n)20/LANL2DZ
single point energy calculations were also done to check
whether or not the wavefunctions of the systems are single
Slater determinants. The active space was chosen to be (6,6)
for PtAl− and (5,6) for PtAl2−. For PtAl−, the wavefunction
was found to be primarily single-configuration, with the HF
component contributing to the CASSCF expansion with the
coefficient of 0.92. Therefore, single-reference methods are
reliable for the diatomic anion. However, PtAl2− was found
to be more mixed, with the HF-configuration having a coef-
ficient of 0.83 in the CASSCF expansion, and another con-
figuration contributing most of the rest. Ideally, this cluster
would require an extensive multi-reference treatment with
static and dynamic electron correlation included. Unrestricted
broken-symmetry DFT calculations are the most reliable in
the present repertoire. The vertical electron detachment en-
ergy (VDE) is the energy difference between the optimized
anion and the neutral with the anion structure. VDE was
calculated using DFT and MP2 methods, as well as single
point coupled-cluster single double triple (CCSD(T))21/aug-
cc-pvTZ-pp level of theory. For the calculations of the other
vertical transitions from the deeper valence molecular orbitals
(MOs), time-dependent DFT calculations were performed to
identify the excited states of the neutral species, which were
then added to the VDE of the anion. For the doublet PtAl2−,
electron detachments resulting in both the singlet and triplet
states were calculated. The excited states of the anions were
calculated using TD-PBEPBE and TD-B3LYP, with the aug-
cc-pvTZ-pp basis set. MOs were obtained at the HF/aug-
cc-pvTZ-pp level, and their order was chosen in agreement
with the calculated transitions. Calculations were done using
Gaussian 09.22

FIG. 1. Photoelectron spectra of PtAln− (n = 1, 2) recorded using 355 nm
(3.49 eV) photons.

RESULTS AND DISCUSSION

Photoelectron spectra

The resulting photoelectron spectra of PtAl1,2
− are pre-

sented in Figure 1. In each spectrum, one can observe several
peaks, these corresponding to transitions (photodetachment)
from the ground state of the anion to different states of its cor-
responding neutral. For PtAl−, we observe several peaks cen-
tered at 2.1, 2.6, 3.15, 3.3 eV, while for PtAl2−, these peaks
are located at 1.1, 2.8, 3.4 eV. The lowest EBE peak in each
spectrum is the VDE while the other peaks correspond to the
photodetachment from deeper MOs of the anion. All of these
experimental values are tabulated in Tables I and II.

Structures

The geometry and spin state of the PtAl− anion were ob-
tained at various levels of theory. It is a singlet, and the op-
timized triplet and quintet are at least 1.5 eV higher in en-
ergy. The bond length values, R(Pt-Al) = 2.24/2.24/2.19 Å
(at B3LYP, PBE, and MP2 levels, respectively) in the singlet
state, are in good agreement with an existing study.9 For the
PtAl2− anion, three geometries were considered: a triangular
C2v structure, and two linear ones, Pt-Al-Al− and Al-Pt-Al−.
The Al-Pt-Al− one is not a minimum. The spin state that al-
lows the retention of the symmetry of this cluster is a quartet
(D∞h, 4�g+), which is a second-order saddle point. The nor-
mal mode of its doubly degenerate imaginary frequency leads

TABLE I. Calculated VDEs of PtAl− in eV comparing with those from the experiments. For the calculations, the aug-cc-pvTZ-pp basis set was used through-
out. VDEs were calculated for structures optimized at the same level of theory unless stated otherwise.

Feature Expt. MO Resultant e-configuration TD-B3LYP TD-PBEPBE MP2 CCSD(T)

X 2.1 HOMO . . . 1σ 21π42σ 21δ43σ 1 1.88 1.98 1.95 2.06a

A 2.6 HOMO-1 . . . 1σ 21π42σ 21δ33σ 2 2.46 2.43
B 3.15 HOMO-2 . . . 1σ 21π42σ 11δ43σ 2 3.04 3.11
C 3.3 HOMO-3 . . . 1σ 21π32σ 21δ43σ 2 3.20 3.30

aAt the geometry of the anion optimized using MP2/aug-cc-pvTZ-pp.
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TABLE II. Calculated VDEs of PtAl2− in eV comparing with those from the experiments. (For the calculations, the aug-cc-pvTZ-pp basis set was used
throughout.) VDEs were calculated for structures optimized at the same level of theory unless stated otherwise.

Feature Expt. MO Resultant e-configuration TD-B3LYP TD-PBEPBE MP2 CCSD(T)

X 1.1 HOMO . . . 2a1
21a2

23a1
22b2

24a1
22b1

0 1.02 1.12 0.96 1.01a

A 2.8 HOMO-1 . . . 2a1
21a2

23a1
22b2

24a1
12b1

1b 2.64 2.69 2.73 2.73a

B 3.4 . . . 2a1
21a2

23a1
22b2

14a1
22b1

1b 3.31 3.41
C . . . 2a1

21a2
23a1

12b2
24a1

22b1
1b 3.72 3.75

. . . 2a1
21a2

13a1
22b2

24a1
22b1

1b 3.98 4.04

aAt the geometry of the anion optimized using MP2/aug-cc-pvTZ-pp.
bTriplet state.

to the C2v species. The linear Al-Al-Pt− species (C∞v, 4�+),
is a minimum with the energy ∼2.2 eV higher than the global
minimum. In it, R(Pt-Al) = 2.22 Å, R(Al-Al) = 2.48 Å. The
triangular species is the global minimum in its doublet spin
state (C2v, 2B1); R(Pt-Al) = 2.32/2.31/2.28 Å, � (Al-Pt-Al)
= 71.53◦/74.47◦/75.29◦ (at PBE, B3LYP, and MP2, respec-
tively). The quartet is ∼1.4 eV above the doublet global min-
imum. The bent structure was also attempted, but relaxes to
the triangular structure.

Calculated spectra

Calculated VDE and other transitions at different levels
of theory are shown in Tables I and II. The agreement with
the experiment and across the utilized theoretical methods is
good, and all experimental features are successfully assigned
to one-electron transitions from the ground state of the anions.

For PtAl− (C∞v, 1�+), the ground state valence elec-
tronic configuration is [core]1σ 21π42σ 21δ43σ 2. The valence
MOs are shown in Figure 2(a). The theoretical spectrum ap-
pears to have the VDE of ∼1.9 eV, which corresponds to the
electron detachment from the HOMO (3σ ). It is a very low-
intensity peak in the experimental spectrum. All deeper tran-
sitions are perfectly described by the detachment of electrons
from the valence MOs of the cluster. The experimental feature
(marked by B) centered at 3.15 eV shows a resolved vibronic
progression of ∼620 cm−1 and ∼480 cm−1, and the error, 140
cm−1 is within the range of our apparatus’ resolution. This vi-
bronic progression makes sense, since the HOMO-2 (2σ+) is
a strongly bonding σ -MO between Pt and Al. Removal of an
electron from this MO should result in a significant change in
the vibrational frequency of the neutral cluster as compared
to that of the anion. We did not pursue the calculations of the
vibrational frequency of this excited state of the neutral clus-
ter. The ground state of the neutral clusters has the calculated
harmonic vibrational frequency of 397 cm−1.

The PtAl2− (C2v, 2B1) cluster has the following va-
lence electronic configuration: [core]1a1

21b2
21b1

22a1
21a2

2

3a1
22b2

24a1
22b1

1. Electron detachment from the doublet can
result in the singlet and triplet final states. All transitions cor-
responding to the formation of triplet states are calculated and
reported in Table II. The lowest energy detachment to the sin-
glet state results from the removal of an electron from the
HOMO of the doublet, and the corresponding VDE of ∼1.1
eV is easily calculated. However, when the detachment hap-

pens from deeper MOs, the resultant singlet states are dirad-
ical, i.e., having wavefunctions that contain at least a two or
potentially more (since the anion is multi-reference) config-
urations. These species cannot be adequately described with
single-reference methods, even in the unrestricted DFT for-
malism. Therefore, we do not report those detachment ener-
gies, and only the first channel resulting in the singlet neutral
cluster is reported in Table II. The assignment of the exper-
imental peaks is also consistent with this. The first peak, lo-
cated at 1.1 eV, corresponds to the transition from the dou-
blet anion to the singlet, ground state neutral, and the sec-
ond and third peaks at 2.8 and 3.4 eV match very well with
the transitions from the doublet anion to the triplet neutral,
while some minor unassigned features in the experimental
spectrum might be due to the singlet neutral resulting from
deeper MOs’ detachment.

Chemical bonding

Both PtAl− and PtAl2− exhibit significant polarization.
The extra electron resides on Pt, leaving the Al atom(s) more
or less neutral and in their unperturbed ground state. The Pt

FIG. 2. Valence MOs of (a) PtAl− (C∞v, 1�+), and (b) PtAl2− (C2v, 2B1).
Calculated atomic charges are also shown.
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atom in PtAl− has the 6s-AO populated with 1.52 electrons.
In PtAl2−, there are 1.27 electrons in the 6s-AO and 0.25
electrons in the 6p-AO. Atomic charges and natural or-
bital populations were calculated using Natural Population
Analysis23 at the B3LYP/aug-cc-pvTZ-pp level. Charges are
reported in Figure 2. The found charge distributions are in ac-
cordance with relative electronegativities of Pt and Al.

The analysis of valence MOs was used to realize how Pt
and Al bind in these clusters. In PtAl− (Figure 2(a)), there are
two σ -MOs formed mainly by the 5dz2-AO on Pt and the mix
of 3s- and 3pz-AOs on Al, the HOMO-4, and HOMO-2. Since
both the bonding and antibonding combinations are filled,
the net-bonding effect of these MOs is nearly zero. Then,
there is a degenerate pair of π -MO, the HOMO-3, formed
by the 5dxz/yz-AO on Pt and 3px/y-AO on Al. Both MOs are
bonding. Finally, the HOMO of the cluster is a bonding MO
that involves the 6s-AO on Pt (newly populated due to charge
transfer to it) and the 3spz-hybrid on Al. Thus, the formal
bond order between Pt and Al in this cluster could be con-
sidered equal 3: there is a σ -bond, and 2 π -bonds.

The bonding in the PtAl2− cluster is delocalized and
more complicated (Figure 2(b)). The HOMO-1,2,3,5,7,8 are
σ -MOs. Notice that 3s- and 3p-AOs on Al, and 6s- and four
different kinds of 5d-AOs on Pt contribute to these MOs, as al-
lowed by symmetry. The simplest linear combination of these
seven AOs should produce the total of seven (bonding and an-
tibonding) MOs. Only six of them are present in the valence
set of MOs. Therefore, there is a net-bonding effect coming
from this σ -set. The HOMO, HOMO-4, and HOMO-6 are
π -MOs. The AOs that mostly contribute to them are 3pz on
Al, and 5dxz, 5dyz, and 6p on Pt. Out of these four AOs, four
orthogonal linear combinations (MOs) can be produced, and
only three of those are populated. The most antibonding π -
MO is unoccupied. This indicates that the cluster also pos-
sesses delocalized π -bonding.

CONCLUSIONS

The experimental photoelectron spectra of the PtAl1,2
−

anions are reported. Experimental electron detachment fea-
tures are fully described by theoretical calculations. All peaks
in the spectrum correspond to one-electron transition from the
ground state of the anions to different states of the correspond-
ing neutral. For PtAl−, the resultant neutral electron config-
uration are mainly doublets, while for PtAl2−, the resultant
neutral electron configuration is a singlet from the HOMO
photodetachment. Photodetachments from deeper MOs re-
sulting in triplets were calculated, and they adequately de-
scribe experimental spectra, and those resulting in singlet di-
radicals were not calculated. It is possible that some minor
unassigned features in the experimental spectrum are due to
the transitions of the latter type. Chemical bonding in these
species was also explicated, and showed a significant charge
transfer to Al, as well as a mix of σ - and π -bonding.
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