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ABSTRACT: Results of photoelectron spectroscopy meas-
urements and density functional theory complemented with
correction scheme calculations on electron binding energy
(EBE) spectra of anionic AlnMo, n = 3−5 and 7, clusters are
presented and analyzed. The analysis points to the important
role of dynamical fluxionality and multiplicity of structural
forms as contributing factors in the measured spectra. Using
the example of Al4Mo− as a paradigmatic case, the separate
roles of size, structure/symmetry, and composition in evolving
the EBE spectra of precursor pure clusters (in this case, Al4

−

and Al5
−) into those of bimetallic clusters are demonstrated

utilizing a new methodology we developed recently (J. Phys.
Chem. C 2017, 121, 16665).

■ INTRODUCTION

Clusters of metallic elements continue to be the subject of
intense fundamental research, both experimental and theoreti-
cal/computational (see, e.g., refs 1 and 2 and citations therein).
The interest in them is fueled by the remarkable variety of all
their propertiesstructural, electronic, magnetic, optical,
chemical and othersand the dramatic changes in these
properties as a function of cluster size. Their small- and
medium-size systems are actually not metals from the materials
point of view because they are devoid of features characteristic
of the bulk metallic state. These features then “grow in” as the
clusters grow in size (see, e.g., refs 3−6 and citations therein).
The phenomenon of size-induced transition to metallicity
remains a fascinating subject. The variety and variability of
properties and, consequently, functionalities also impart metal
clusters and nanoparticles a central role in new emerging
technologies.
A particularly rich area of metal cluster/nanoparticle

research is the field of nanoalloys (see, e.g., refs 2 and 7−9
and citations therein) where, in addition to size and structure,
another knobcompositioncan be used for tuning proper-
ties and characteristics. It is not surprising then that in recent
years the center of activity in metal cluster/nanoparticle
research has shifted to nanoalloys.
Among the techniques and methodologies used in studies of

metal clusters, and more generally finite-size systems, photo-
electron spectroscopy (PES) emerged as a particularly

powerful tool (see, e.g., refs 10 and 11 and citations therein).
Photodetached electrons provide information on a broad
variety of properties. This is particularly true when PES
measurements are combined with theoretical/computational
studies (cf. refs 3−5 and 11−15 and citations therein). This
combination allows for characterization of: (1) electronic
structure and geometric (isomeric) form, or forms, of a system
generated under specific experimental conditions; (2)
investigation of the changes in the electronic and geometric
structure with the size of the system; and (3) exploration, in
the case of nanoalloys, of the changes in the electronic
structure and conformation (both isomeric and homotopic16)
of a system caused by adding or substituting some of its atoms
by atoms of another element. The majority of the PES studies
of metal clusters is still on one-component systems, although
the number of experiments on nanoalloys is increasing.15,17−24

A complicating aspect in the interpretation of results is that all
three factorssize, structure/symmetry, and composition
have a simultaneous effect on measured PES data. The
function of theoretical/computational studies in this respect is
central. As has been demonstrated recently,15 these studies can
provide insight into the separate roles of size, structure/
symmetry, and composition, even though they are coupled, in
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explaining the differences in measured PES results. These
differences are often dramatic even in cases of “neighboring”
cluster systems.
In this paper we present the results of a combined

experimental/theoretical study on the EBE spectra of AlnMo−,
n = 3−5 and 7. The methodological details are outlined in the
next section. These are followed by the results of our
measurements and calculations and their analysis. A brief
summary is given in the conclusion.

■ METHODOLOGICAL DETAILS
Experimental. Our PES apparatus consists of a pulsed arc

cluster ionization source (PACIS), a time-of-flight mass
spectrometer, a Nd:YAG photodetachment laser, and a
magnetic bottle electron energy analyzer with a resolution of
∼35 meV at 1 eV electron kinetic energy (EKE); the details
can be found in refs 25 and 26. The known atomic transitions
in Cu−27 were used for calibration of the photoelectron
spectra.
The AlnMo− cluster ions were generated in the PACIS. In

this source, a strong current is discharged through a sample,
which in our case was a mixture of aluminum and molybdenum
powders pressed onto an Al rod. The carrier gas was helium,
which was supplied by a pulsed gas valve behind the discharge
region. The carrier gas cools down the initially hot clusters, but
their temperature is difficult to evaluate. We roughly estimate it
to be ∼150 K above room temperature.
The PES measurements were performed by crossing a beam

of mass-selected AlnMo−, n = 3−5 and 7, with a fixed-
frequency photon beam and energy analyzing the photo-
detached electrons. The photon energy was 3.49 eV. The EBEs
were obtained from the energy balance equation

= +hv EBE EKE (1)

where hv is the photon energy.
Theoretical/Computational. The calculations were per-

formed within the gradient-corrected density functional theory
(DFT) with the Becke exchange28 and Perdew correlation29

functionals (BP86) and the Stuttgart pseudopotentials/basis
sets30 for Al and Mo as implemented in the Gaussian 03
package.31 The choice of BP86 was based on tests that
included the BPW91 and PBE functionals as alternatives and
evaluated the calculated properties of the Al and Mo atoms as
well as Al2 and Mo2 dimers against the available experimental
data (see Table S1 in the Supporting Information). The
restricted and unrestricted formalisms were used in cases with,
respectively, even an odd number of electrons.
The DFT framework was complemented by a correction

scheme32 to obtain the true electron eigenenergies Ei and
electron binding energies EBEi from the nonphysical Kohn−
Sham eigenenergies εi, where i labels the orbitals/electrons.
The scheme is rigorous in that it uses only data obtained
within DFT as a ground state theory, and it yields orbital-
specific corrections Δi. The knowledge of the latter allows for
determination of the EBEi and Ei values using the equation

ε= − = − + ΔEEBEi i i i (2)

Low-energy equilibrium configurations of the clusters were
obtained through gradient-based optimization with no
symmetry constraints imposed. A large number of initial
guess structures were used, and various spin states were
considered. In the case of bimetallic AlnMo−, different
locations of Mo within a given geometric (isomeric) form

were considered, and the energetically most preferred ones
were determined. The binding energies EAlnMo−/Aln+1

−
b of the

mixed Al/Mo and pure Al cluster anions were calculated as

= + −−
+

− − − −
+

−E n E E E( )b
Al Mo /Al Al Mo /Al Al Mo /Aln n n n1 1 (3)

where EAl, EMo
−
/Al

−, and EAlnMo
−
/Aln+1

− are the energies of the Al
atom, Mo− or Al− anion, and AlnMo− or Aln+1

− cluster,
respectively (in the case of mixed Al/Mo anions the extra
electron was associated with the Mo atom because its electron
affinity is higher than that of the Al atomsee Table S1).
The values of the calculated Kohn−Sham eigenenergies and

correction terms together with the corresponding electron
binding energies obtained using eq 2 are listed for the lowest
energy structures of AlnMo−, n = 3−5 and 7, and Aln

−, n = 4
and 5, as well as Mo and Al atoms (these are the systems
analyzed in detail in the next section) in Tables S2−S9.
Inspection of the correction terms indicates that in general
they are different in different systems, and within each system
they are orbital-dependent. The degree of orbital dependence,
however, decreases as the size of the systems increases. For
that reason, the EBEi and Ei values of Al3Mo−, Mo, Al, and Al4

−

we present and analyze in the next section were calculated with
the actual orbital-specific corrections (cf. Tables S2 and S6−
S8). For AlnMo−, n = 4, 5, and 7, and Al5

− a constant
correction term equal to that for the system’s corresponding
HOMO level was applied to all the Kohn−Sham eigenenergies
(cf. Tables S3−S5 and S9). These recipes were employed for
all the structures (not only the lowest energy ones) used in the
analysis (see below).

■ RESULTS AND DISCUSSION

Figure 1 shows low-energy equilibrium configurations of
AlnMo−, n = 3−5 and 7, and their characteristics as obtained
in our calculations. For each cluster size, the figure displays the
corresponding most stable structure, and if available, additional
stationary conformations whose energies ΔE referred to that of
the most stable structure fall within the room-temperature
vibrational energy gap of (3m − 6)kT, where m = n + 1 is the
number of atoms in the cluster, k is the Boltzmann constant,
and T = 300 K (see Tables S10 and S11). We found 2, 1, and 5
such additional conformations for Al4Mo−, Al5Mo−, and
Al7Mo−, respectively. Even though the temperature of the
experiment was higher than room temperature, the sets of
structures in Figure 1 for the different cluster sizes fully
account for all the features in the corresponding measured PES
graphs (see below).
The case of Al4Mo− is particularly interesting. One of the

additional conformations is another minimum energy structure
that is only 0.055 eV higher in energy than the most stable one
and has the same symmetry and spin as the latter. The two,
however, correspond to different electronic states: 2A1 for the
most stable structure and 2B2 for the higher energy
configuration. The second additional conformation is a
transition state (TS) geometry with C4v symmetry whose
energy is only 0.010 eV higher than that of the 2A1 state
structure. This TS connects the 2A1 structure with another one
that is geometrically and electronically equivalent to it. The
additional conformations for Al5Mo− and Al7Mo− are all
minimum energy configurations. A common element in all the
structures of Figure 1 is that the Mo atom occupies a high
coordination site.
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Figures 2−5 display the measured PES graphs and the
corresponding calculated structure-specific EBE spectra. For all
cases, the calculated EBEs fall under the experimental graphs,
and the two also display a good qualitative agreement. The
accuracy of the calculated EBEs obtained with the corrections
as indicated above is estimated to be within about ±0.1 eV.
This estimate follows from the analysis of the calculated vs
measured data, especially for the electron affinities, presented
in Table S1, and the differences between the orbital-specific
and constant corrections in Tables S3−S5 and S9.
The figures indicate that, with the exception of the case of

Al3Mo−, the measured PES graphs incorporate contributions
from multiple structures depicted in Figure 1. Consider, for
example, the case of Al4Mo−. As is clear from Figure 3,
invoking the higher energy 2B2 state structure, in addition to
the most stable 2A1 state conformation, is essential for

understanding the measured PES graph, especially its segment
between ∼2.8 eV and ∼3.3 eV. In addition, because the barrier
between the equivalent forms of the 2A1 conformation is
smaller than the zero-point energy of the latter (this remains
true if one takes into account the zero-point energy of the TS
as well but also adds, even if only, the room-temperature
thermal energy (see Tables S10 and S11)), it is fluxional and
undergoes constant interconversion between its equivalent
forms. This interconversion is further helped by extra thermal
energy. The configurations traced out in the course of the
interconversion, including that of the TS, also contribute to the
measured spectrum. The bottom panel of Figure 3 displays the
EBEs calculated for the TS configuration.
The barrier height for conversion of the 2B2 structure into its

equivalent is high. However, the crossing point between the
2A1 and

2B2 electronic configurations of the cluster is just 0.060

Figure 1. Optimized low-energy structures of AlnMo−, n = 3−5 and 7 (Mo is shown in blue). Indicated are the energies ΔE in eV referred to the
energy of the corresponding most stable structure, the symmetry, the total spin s, the interatomic distances in Å, and, except when zero, the
individual atomic spins. TS denotes a transition state configuration.
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eV above the equilibrium energy of the 2A1 structure (see
Figure S1 in the Supporting Information), and consequently
the two C2v structures with different electronic configurations
also undergo interconversion. All these factors play a role in
defining the shape of the measured PES spectrum of Al4Mo−.
In the cases of Al5Mo− (Figure 4) and Al7Mo− (Figure 5), the
number of minimum energy conformations that contribute to
the measured PES graph is two and six, respectively.

An important aspect of analysis and interpretation of
experimental cluster PES data is their “genesis”, that is, their

dependence on factors such as size, structure, and composition.
The task is to elucidate the separate role of each of these
factors even when they all are involved simultaneously.
Recently, we formulated a general methodology for accom-
plishing this task.15 Here we apply it to establish the genesis of
the spectrum of the Al4Mo− cluster. The latter can be obtained
from pure anionic Al clusters by adding a Mo atom to Al4

− or
substituting an Al atom by a Mo atom in Al5

−.
Figure 6 reproduces parts of earlier measured PES data33

(reproduced with permission) for Al4
− and Al5

− (cf. also ref

Figure 2. Measured (continuous graph) and calculated (vertical bars)
electron binding energy spectra of Al3Mo−. The calculated results are
for the most stable form of the cluster whose structure, symmetry, and
total spin s are also shown.

Figure 3. Same as Figure 2, but for Al4Mo−. The calculated results are
shown not only for the most stable structure but also for other low-
energy conformations of the cluster. See the text for details.

Figure 4. Same as Figure 3, but for Al5Mo−.

Figure 5. Same as Figure 3, but for Al7Mo−.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b06769
J. Phys. Chem. C 2019, 123, 7810−7817

7813

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06769/suppl_file/jp8b06769_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b06769


34). The figure also shows the structure-specific EBEs of these
clusters obtained in our present calculations. As clearly seen in
the figure, the calculated EBE spectrum of the most stable D2h
structure of Al4

− alone fully accounts for all the features in the
graph of the measured data. That is not the case for Al5

−: its
lowest energy planar Cs structure does not explain the third
peak in the experimental graph. It turns out, however, that this
Cs structure is separated from another Cs structure that is
geometrically and electronically equivalent to it by an energy
barrier of just 0.027 eV. As a consequence, similarly to the case
of Al4Mo− discussed above, Al5

− undergoes constant
interconversion from one Cs structure to another and back,
and that interconversion takes place via a TS that has C2v
symmetry (also shown in the figure). The importance of taking
into account the contribution of the TS is transparent: it is
responsible for the third peak in the experimental graph. It also
explains why the third peak is a minor one: the first two peaks
get contributions from both the most stable structure and the
TS conformation.
We turn now to the analysis of how the PES graphs of Al4

−

and Al5
− evolve into that of Al4Mo− upon addition and

substitution, respectively, of a Mo atom. For convenience we
display the three graphs together in Figure 7. It is clear that
they are very different. The graph of Al4

− contains a peak with
a shoulder followed by a second peak. The graph of Al5

−

contains, as already mentioned, two distinct major peaks
followed by a third minor peak. Finally, the graph of Al4Mo−

displays a first minor peak that is followed by a very broad
major second peak; the latter may be a result of an overlap of
many narrower peaks. The analysis of the evolution of the
graphs of Al4

− and Al5
− into that of Al4Mo− is performed

below in terms of segments/contributions associated with the
corresponding lowest energy structures of the clusters; the
calculated EBE spectra of these are also shown in Figure 7.
The schematics of the step-by-step conversion of the most

stable forms of Al4
− and Al5

− into that of Al4Mo− are shown in,
respectively, panels A and B of Figure 8. The first step in the
conversion of Al4

− is to transform it from its most preferred
planar structure with D2h symmetry into a three-dimensional
structure with a boat shape and C2v symmetry that is
“conditioned” to accept the Mo atom; the conditioned

structure of Al4
− is obtained from the most stable C2v structure

of Al4Mo− by removing the Mo atom. Next, the Mo atom is
added to the conditioned Al4

− to form Al4Mo−. The spectra of
the electron eigenenergies Ei calculated for the species involved
in these steps and the correlations between them are shown in
Figure 9. Apart from symmetry, the correlations are based on
the examination of the orbital character of the corresponding
one-electron levels. The boxes indicate groups of Ei’s that
underlie, or are precursors to, the peaks in the corresponding
experimental graphs.
As seen in Figure 9, the effect of conditioning Al4

−, which is
a structure/symmetry effect, is to shift the Ei’s that underlie the

Figure 6. Measured (continuous graphs, reproduced with permission
from ref 33) and calculated (vertical bars) electron binding energy
spectra of Al4

− and Al5
−. The calculated spectra are for the lowest

energy structures of the clusters (solid bars) and, in the case of Al5
−,

also for the C2v TS configuration (dashed bars). See the text for
details.

Figure 7. Measured (continuous graphs) and calculated (vertical
bars) electron binding energy spectra of Al4

−, Al5
−, and Al4Mo−. The

measured graphs for Al4
− and Al5

− are reproduced with permission
from ref 33. The calculated spectra are for the lowest energy
structures of the clusters.

Figure 8. Schematics of the step-by-step conversion of Al4
− (panel A)

and Al5
− (panels B and A) into Al4Mo−. See the text for details.
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first peak with a shoulder in the experimental graph of Al4
− to

somewhat higher values (or, equivalently, lower EBEs). The
accompanying change in the Ei that underlies the second peak
in the experimental graph is a somewhat larger in magnitude
shift to a lower value (i.e., a higher EBE). The addition of a Mo
atom to the conditioned Al4

− brings 6 extra valence electrons
in a 4d55s1 configuration. The consequence of this addition is a
substantial reordering of the orbitals. Unoccupied levels of the
conditioned Al4

− shift significantly downward, whereas those
of the Mo atom shift upward. They mix and become populated
in Al4Mo−. The net outcome of this major orbital reordering is
that the high spin s = 3 of the Mo atom becomes “diluted” in
Al4Mo− whose spin is s = 1. In terms of eigenenergy groupings,
the reordering results in three groups of Ei’s. The first one
underlies the first minor peak in the experimental graph of
Al4Mo−; the second contributes to the first peak and the lower
energy segment of the second broad peak; and the third one is
a contributor to the high energy end of the second peak.
The addition of Mo to the conditioned Al4

− involves a
change in both the size and the composition of the cluster. To
identify the separate roles of these in forming the pattern of the
Ei eigenenergies of Al4Mo−, we substituted in the latter the Mo
atom by an Al atom, keeping the structure of the cluster intact,
and calculated the Ei spectrum of the thus formed conditioned
C2v Al5

− (the substitution reduces the total number of
electrons by 29 and the number of valence electrons by 3).
The genesis of this spectrum can be understood as originating
from the Ei spectrum of the conditioned C2v Al4

− and subjected
to the size effect accompanying the conversion of the C2v Al4

−

into the C2v Al5
−. As illustrated in Figure 10, the principal

consequences of this size effect are a significant shift of some of

the unoccupied levels of the conditioned Al4
− downward and

mixing with the HOMO of the added Al atom that splits and
shifts upward, and an accompanying split and shift upward of
the LUMO of the Al atom that partially mixes with the
populated levels of the conditioned Al4

−. The net result in
terms of eigenenergy groupings in the C2v Al5

− is a broad box
of levels that span essentially the same energy range as the
levels of the second box in the Ei spectrum of Al4Mo− (cf.
Figure 9). The first and the third boxes in the spectrum of
Al4Mo− are missing altogether in the spectrum of the C2v Al5

−.
The levels of these boxes in the spectrum of Al4Mo− are
consequences of the composition effectreplacement of Al by
Mo in the C2v Al5

−.
The pathway of the stepwise conversion of the most stable

Cs form of Al5
− into the most stable C2v form of Al4Mo− is

depicted in panel B, in conjunction with panel A, of Figure 8.
The first step is to remove an atom from Al5

−. The atom that is
removed is the one that leaves behind an Al4

− in a Cs structure
that is only slightly different from the lowest energy D2h
structure of the cluster (it is a neutral Al that is removed
because its electron affinity is lower than that of the resulting
Al4; cf. Table S1 and Figure 11). In the second step, the Cs Al4

−

is converted into the conditioned C2v Al4
−. The final third step

is to add a Mo atom to the conditioned Al4
−.

The correlation diagram that corresponds to the first two
steps is shown in Figure 11. As seen in the figure, the effect of
the first step, which is a size effect, is to split and change the
order of the levels belonging to the two boxes that underlie the
first two peaks in the experimental graph of Al5

− and bring
them closer to each other so that they can be viewed as
forming a single box in the Cs Al4

−. Simultaneously, the doubly
degenerate a′ LUMO level of Al5

− splits, shifts downward, and
gets admixed with the populated levels. The deeper lying
doubly degenerate a′ level of Al5− splits and shifts upward in
the Cs Al4

−. Overall, the Ei spectrum of the latter is very similar

Figure 9. Electron eigenenergy Ei spectra and the correlations
between them for the lowest energy D2h structure of Al4

−, the
conditioned C2v form of Al4

−, the Mo atom under the C2v symmetry,
and the lowest energy C2v conformation of Al4Mo−. The boxes
indicate groups of eigenenergies that underlie (solid-line boxes) or are
precursors of (dashed-line boxes) the peaks in the measured PES
graphs. See the text for details.

Figure 10. Same as Figure 9, but for the conditioned C2v form of Al4
−,

the Al atom under C2v symmetry, and the conditioned C2v
conformation of Al5

−. See the text for details.
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to that of the most stable D2h form of the cluster (cf. Figures 7
and 9). The effect of the second step, which is a structure/
symmetry effect, is to shift the top group of populated Ei’s
slightly upward and spread it a bit. The deeper lying pair of a′
levels with different spins shifts significantly downward as they
migrate from the Cs Al4

− to the C2v Al4
−. Finally, the effects of

the third step are depicted in Figure 10 and are analyzed above.
[An alternative pathway from Al5

− to Al4Mo− is first to convert
the former from its most stable Cs form to its conditioned C2v
conformation discussed above and then replace in it the apex
Al atom by a Mo atom. The reader is invited to follow the
effects of these two steps (structure/symmetry effect and
composition effect, respectively) using the data depicted in
Figures 9−11.] As mentioned, the preceding analysis is
performed in terms of the most stable structures of the
clusters. Similar analyses can be performed for all the structures
that contribute to the experimental PES graphs.

■ SUMMARY
In this paper, we presented results of measurements and
calculations on EBE spectra of AlnMo−, n = 3−5 and 7, clusters
and their theoretical analysis. The experiment and calculations
are in good accord with each other. The analysis shows that
whereas in some cases (e.g., Al3Mo−) the size- and
composition-dependent features in the graphs of the measured
PES data can be explained in terms of the single most stable
form of the cluster, in others (as in Al4Mo−, Al5Mo−, and
Al7Mo−) they originate from multiple structural forms that
may be present in the beam under the experimental conditions.
In addition, dynamical fluxionality due to the zero-point
vibration, which exhibits itself as an ongoing interconversion
between geometrically and electronically equivalent forms of a
cluster via a low-energy TS conformation that connects them,
may play a role as well (as in Al4Mo− and its precursor Al5

−).

The role of the fluxionality is further enhanced by thermal
effects.
We also presented an analysis of the genesis of the EBE

spectrum of the bimetallic Al4Mo− considering it as a
paradigmatic case. Specifically, we characterized the separate
roles size, structure/symmetry, and composition play in
evolving the spectra of the precursor pure Al4

− and Al5
−

clusters into that of Al4Mo− as the former two are converted
into the latter through addition and substitution, respectively,
of a Mo atom. The knowledge of the separate effects of each of
these factors, even though they act simultaneously, and the
ability to predict them through calculations will play an ever
more important role as our control over nanoscale synthesis
increases. They will become indeed indispensable as Feyn-
man’s anticipation of being able to “arrange the atoms [one
might add, the desired type and number of atoms] one by one
the way we want them”35 gets closer to practical reality.
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