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ABSTRACT: In nanocatalysis, growing attention has recently been
given to investigation of energetically low-lying structural isomers of
atomic clusters, because some isomers can demonstrate better
catalytic activity than the most stable structures. In this study, we
present a comparative investigation of catalytic activity for NO
dissociation of a pair of the energetically degenerated isomers of Cu13
cluster having C2 and Cs symmetries. It is shown that although these
isomers have similar structural, electronic, and optical properties, they
can possess very different catalytic activities. The effect of
isomerization between cluster isomers is considered using state-of-
the-art automated reaction pathway search techniques such as an
artificial force induced reaction (AFIR) method as a part of a global
reaction route mapping (GRRM) strategy. This method allows
effectively to locate a large number of possible reaction pathways and transition states (TSs). In total, 12 TSs for NO
dissociation were obtained for Cu13, of C2, Cs, as well as Ih isomers. Sparse modeling analysis shows that LUMO is strongly
negatively correlated with total energy of TSs. For most TSs, LUMO has the antibonding character of NO, consisting of the
interaction between π* of NO and SOMO of Cu13. Therefore, an increase in the strength of interaction between NO molecule
and Cu13 cluster causes the rise in energy of the LUMO, resulting in lowering of the TS energy for NO dissociation. The
combination of the automated reaction pathway search technique and sparse modeling represents a powerful tool for analysis
and prediction of the physicochemical properties of atomic clusters, especially in the regime of structural fluxionality, where
traditional methods based on random geometry search analyses are difficult.

1. INTRODUCTION

Clusters consisting of up to several hundred atoms are known
to possess nonscalable physicochemical and catalytic properties
that are strongly dependent on size and composition; this is of
interest in the search for new materials for optoelectronic
devices, sensors, and catalysts.1,2 Metals are known to possess
catalytic properties through adsorption and exchange of
electrons between small gas molecules and a variety of organic
molecules; this is also true for noble or coinage metals known
to be very inert in their bulk counterparts. Thus, for example,
gold is known to catalyze CO oxidation at the nanometer
scale,3,4 leading researchers to explore its possible use in

nanocatalysts.5 The advantage of nanoclusters for catalysis is

their potential to tailor the desired properties through

appropriate choice of the number of atoms. With this ability,

one can design new catalysts using abundant elements such as

Cu, Fe, and Ni, instead of precious metals such as Pt, Pd, or

Rh, with the latter being most widely used for three-way

catalysis (TWC) in automobile exhausts.

Received: September 11, 2018
Revised: November 19, 2018
Published: December 12, 2018

Article

pubs.acs.org/JPCACite This: J. Phys. Chem. A 2019, 123, 210−217

© 2018 American Chemical Society 210 DOI: 10.1021/acs.jpca.8b08868
J. Phys. Chem. A 2019, 123, 210−217

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

H
O

K
K

A
ID

O
 U

N
IV

 o
n 

Ja
nu

ar
y 

11
, 2

01
9 

at
 0

6:
27

:3
9 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.8b08868
http://dx.doi.org/10.1021/acs.jpca.8b08868
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


Theoretical studies have been indispensable in advancing
understanding and design of novel cluster-based materials.
Conventionally, a theoretical study of clusters begins by
searching for the lowest energy structure for a given
composition, followed by an investigation of physical and
chemical properties. Many global structural searching methods
e.g., the basin-hopping (BH) method6,7 or genetic algo-
rithms,8,9 have been developed and utilized for global
optimization, allowing identification of new most stable
clusters for pure and multicomponent systems.10−14 In
contrast, recent theoretical studies have shown the importance
of metastable low-energy isomers, in addition to the lowest
energy isomer, by showing that the latter is not necessarily the
best catalyst and low-energy isomers may have lower activation
barriers.15,16 Isomerization among low-energy isomers for
clusters has also recently been discussed.17 Although system-
atic reaction pathway searches are ideal for lowest energy
isomers, computational complexity and costs have long
represented significant constraints. With the advent of
automated reaction pathway search methods,18−20 we can
better explore cluster catalysis, including low energy isomers
and isomerization among them.21−24

In this study, we present a case study of Cu13, using an
artificial force induced reaction (AFIR) method18−20 as part of
a global reaction route mapping (GRRM) strategy18,25 to
overcome some of the above-mentioned difficulties, by
efficiently locating reaction pathways and therefore transition
states (TSs). Catalytic properties of pure and doped Cu
clusters have recently been studied in industrially important
catalysis fields, such as TWC for automobile exhaust
conversions or methanol synthesis;26−31 some of these studies
have shown that Cu is one abundant element with possible
catalytic properties for NO dissociation.26,29,30 NO dissocia-
tion is said to be the most difficult, reaction-limiting step.32,33

Precious metals are known to have best performance in TWC;
however, they are expensive and rare and we therefore now
need environmentally friendly and cost-effective alternatives,
such as Cu. Experimental studies of nanocluster catalysts,
combined with quantum chemical computations, improve our
understanding and even the design of novel catalysts, while
theoretical studies on Cu clusters have focused on lowest-
energy isomers.34−39 With regard to catalytic activity of Cu
clusters/nanoparticles, recent theoretical studies have reported
CO2 reduction with Cu79

31 or CO oxidation with Cu20.
40

This study focuses on Cu13 and the NO dissociation reaction
to explore the potential application of the Cu13 cluster, utilizing
automated reaction pathway searches. With this method, we
can obtain many reaction pathways and related “big data”. In
recent years, informatics has begun to focus on handling large
numbers of computational results in materials science.41 In this
study, we utilize sparse modeling for understanding complexity
in the catalytic activity of fluxional clusters.

2. COMPUTATIONAL DETAILS
Density functional theory computations were performed
mainly at the RI-B3LYP level42−44 using the def-SV(P) basis
sets,45 as implemented in TURBOMOLE.46,47 The B3LYP
functional provides the best agreement with experimentally
reported NO dissociation energies.48 To obtain low energy
isomers of Cu13, we performed BH geometry searches,6,7

starting from an icosahedral structure using the Atomic
Simulation Environment (ASE)49 with both BP8650,51 and
B3LYP functionals, with these giving similar results. Isomer-

ization pathways of bare Cu13 clusters between lowest energy
isomers were obtained using the single-component AFIR (SC-
AFIR) method,18−20 starting from C2, Cs, and Ih structures with
force parameter of γ = 3.109 eV (specified as 300 kJ/mol in an
input file). All calculations gave the same lowest energy
isomerization pathway. For isomerization from the Ih structure,
the double-sphere AFIR (DS-AFIR) method18,25 was also
used. For searching dissociation pathways of NO with Cu13, we
utilized multicomponent AFIR (MC-AFIR) methods,52,53

where Cu13, N, and O are defined as separate fragments and
artificial forces (AF) were set as positive between Cu13 and N
or O, and negative between N and O, to dissociate N and O
atoms, with an artificial force parameter of γ ≤ 6.219 eV (600
kJ/mol). The terminate criterion NFault was set at 39 for NO
dissociation pathway searches; the calculation finishes when
already-obtained structures are found 39 times. This value
corresponds to three times of the number of atoms, which was
empirically suggested to obtain sufficient number of path-
ways.25 A small number such as 3 is too small to confirm the
presently obtained pathway/minima/TS are really good
enough. All reaction pathway searches were performed utilizing
a development version of the GRRM program.18,54 In this
program, geometries that are identical under the permutational
symmetries (PS) are taken as the same equilibrium geometry.
For example, a pathway connecting two geometries that are
identical under the PS, is represented by EQi − EQi. Although
not mentioned in eq 5 of ref 25., the number of isomers that
are identical under the PS are counted in the Boltzmann
distribution. To obtain isomerization pathways, network
analysis was performed using the NetworkX library.55 It
should be noted that for reaction pathway searches, we use the
Fermi smearing technique implemented in TURBOMOLE for
determining electronic occupations without fixing the spin
multiplicity. These pathways are refined with spin-fixed
computations. However, the spin-consistent pathway was not
found and therefore intersystem crossings were included in
isomerization of the Cu13 cluster starting from Ih structure.
To extract key factors for the catalytic activity of Cu13 on

NO dissociation, we performed sparse modeling analysis,
namely, L1 regularized regression for 12 TSs of NO
dissociation catalyzed by Cu13. TS energy from the most
stable NO adsorption structure was regressed with the
descriptors listed in Table 1. These parameters include
structural and electronic properties that are often used to
analyze reactivity. Because the number of descriptors (N = 87)
was larger than the number of sample TS structures (12),
leading to an underdetermined system, the standard least-
squares regression method could not be adopted. In the L1

Table 1. Descriptors Used in the L1 Regularized Regression
of TS Energy for NO Dissociation on Cu13

descriptor
no. of

variables

HOMO energy [H] and LUMO energy [L] 2
dipole moment [D] 1
Mulliken charge [M(N, O, Cu1−13)] 15
natural charge [N(N, O, Cu1−13)] 15
NO distance [RNO] 1
distance from N [RN(Cu1−13)] and O [RO(Cu1−13)] 26
Wiberg bond index for NO [WNO] 1
Wiberg bond index for N−Cu [WN(Cu1−13)] and
O−Cu [WO(Cu1−13)]

26
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regularized regression, as typified by the least absolute
shrinkage and selection operator (LASSO),56 descriptor
selection and model construction (regression) were simulta-
neously performed by minimizing the following l(β):

∑β β β β= − − +
=

l py X y X( ) ( ) ( ) ( )
i

N

i
T

1 (1)

where y represents the objective variable vector, with 12 TS
energies in this case, X is the normalized descriptor matrix, and
β is the regression coefficient vector. The last term of eq 1 is
the penalty term allowing descriptor selection; in the LASSO
case:

β λ β= | |p ( )i i
LASSO

(2)

λ is a regularization parameter, where larger λ leads to a smaller
number of selected descriptors. We also adopted smoothly
clipped absolute deviation (SCAD)57 and MC+

58 regressions,
which adopt the following penalty terms:
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respectively, to reduce the larger penalty of descriptors having
an absolutely larger regression coefficient. The ncvreg
package59 in R software was used for LASSO, SCAD, and
MC+ regressions.

3. RESULTS AND DISCUSSION
First, we will show that the two lowest energy isomers are very
similar in terms of geometric and electronic structures, as well

as electronic and optical properties. We also show isomer-
ization pathways for these isomers. We then show that even
though these basic physicochemical properties are similar,
catalytic activity for NO dissociation step can differ. It is
important that we consider isomer effects in cluster catalysis

studies, but this is difficult to do with theoretical methods that
randomly sample low-energy structures, because it is necessary
to trace trajectories for any structural changes in order to
discuss chemistry. The power of automated reaction pathway
searches will be demonstrated in this case. The complexity
arising from fluxional metal clusters can also be overcome
using statistical analysis.

3.1. Lowest Energy Isomers of Cu13. Figure 1 shows the
optimized structures of Cu13 obtained by BH geometry
optimizations. The Ih structure is the starting geometry of
the BH optimization and the C2 and Cs structures are the two

Figure 1. Optimized structures of Cu13, together with molecular
symmetry and relative energy in eV.

Table 2. Relative Total Energies in eV of Ih, C2, and Cs Isomers for Different Computational Levels

B3LYP/def-SV(P) BP86/def-SV(P) PBE/def-SV(P) BP86/ecp-10-mhf

Ih 0.990 0.507 0.464 0.933
Cs 0.002 0.000 0.000 0.000
C2 0.000 0.003 0.002 0.010

Figure 2. Interatomic distances of three isomers of Cu13.

Table 3. HOMO−LUMO gap (HLG) energy, natural charge
(Q), and dipole moment (d) of Ih, C2, and Cs isomers
obtained with B3LYP/def-SV(P)

HLG (eV) Q d (Debye)

Ih 1.29 −0.172/0.014 0.00
Cs 1.03 −0.098 − 0.166 0.23
C2 0.99 −0.078 − 0.130 0.33

Figure 3. (a) Projected density of states for Cu13 of Ih, Cs, and C2
isomers from top to bottom. Color labels are used to show weight of
angular momentum for each KS orbital. The position of HOMO is
indicated by the dotted line and (b) HOMO for these isomers. The
positive and negative isosurfaces are shown by yellow and blue colors,
respectively.
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lowest energy isomers among many others. Table 2
summarizes relative total energies of these isomers obtained
at the level of B3LYP, BP86, and PBE functionals along with
def-SV(P) basis sets, and BP86 functional using 10-electron
effective core potential. Cs and C2 isomers are consistently
energetically almost degenerate while the Ih isomer is about 0.5
to 1 eV higher in energy than these lowest energy isomers. The

Ih isomer was once reported to be the lowest energy isomer for
neutral Cu13.

34 However, the later studies identified lower
energy isomers than the Ih one.35,36,38 The lowest energy
isomers were found to have similar shapes to that reported in

Figure 4. Simulated absorption spectra for Cu13 of Ih, Cs, and C2
isomers (top to bottom). Line spectra are convoluted by a Lorentzian
of width 0.05 eV.

Figure 5. Isomerization pathway (a) from Cs to C2 and (b) from Ih to
Cs. Relative total energy in eV, compared to the lowest energy for each
diagram. Solid and dashed lines are obtained with BP86 and B3LYP
functionals, respectively. Molecules shown below and above the line
are the equilibrium and transition state geometries, respectively. Stars
indicate an intersystem crossing, i.e., with spin states changing along
the pathway.

Figure 6. Transition states for NO dissociation at Cu13 in order of
total energy (in eV). Relative total energy to the sum of the lowest
Cu13 and NO (in eV) is shown, along with corresponding geometries.
Blue, green, and gold spheres represent O, N, and Cu atoms,
respectively.

Figure 7. Dependence of LASSO regression coefficients for TS
energies of NO dissociation on Cu13 cluster on the regularization
parameter, λ. The cross validation score shows a minimum at ln(λ) =
−2.7, shown with a vertical dashed line. M, N, Wo, and Ro represent
Mulliken charge, natural charge, Wiberg bond index, and distance
from the O atom, respectivelysee also Table 1.

Table 4. Selected Pearson Correlation Coefficients, r

descriptor r

M(Cu9) +0.725
M(Cu10) +0.690
M(Cu13) +0.618
L −0.612
N(Cu10) +0.584
WO(Cu13) +0.582
M(Cu4) −0.547
M(Cu8) +0.544
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previous studies,36 while the energy difference in our case is
smaller than reported in this study. The Cs isomer was
previously reported as the lowest energy isomer of Cu13,

35,38

and together with C2, these isomers are the energetically
lowest. The use of different optimization techniques and/or
different methods like functional, basis sets, and software leads
to the different computational accuracy and convergence
criteria. From these reasons, in the present study, we have
checked several different functionals and basis sets, but all the
methods give the same trend.
Figure 2 plots interatomic distances up to 5.5 Å. All clusters

show similar distributions, with those of Cs and C2 isomers
broadened due to the lower molecular symmetry. Nearest
neighbor Cu−Cu distances are about 2.5 Å. The Ih isomer has
a core atom but all atoms in Cs and C2 isomers are on the
surface. Because of the high symmetry of the Ih isomer, unique
adsorption sites are very limited and this is thus a good simple
model. C2 and Cs have a number of sites due to their lower
symmetry.
3.2. Electronic and Optical Properties. Table 3

summarizes the HOMO−LUMO energy gap, natural charge,
and dipole moment for these three isomers at B3LYP/def-

SV(P). With regard to stable spin states, the Ih isomer is sextet
and its HOMO is 5-hold symmetry hg orbital, while C2 and Cs
isomers are doublet. Figure 3 shows the projected density of
states (PDOS) onto the angular momenta of cluster and
frontier orbitals. For PDOS, the Kohn−Sham (KS) orbitals for
these clusters were projected onto spherical harmonics in a
real-space grid. A capital letter is used to label the angular
momentum of KS orbitals. S- and P-states (i.e., angular
momentum of 0 and 1) are found below and above the 3d-
band consisting of KS orbitals with angular momentum >6
because they have many nodes due to the localized nature of
3d atomic orbitals of Cu. HOMO of these clusters is mainly
Dz

2. For lower-symmetry C2 and Cs isomers, HOMOs mostly
consist of D orbitals but are hybridized with S orbitals, thus
having an S−D hybridized nature. The two lowest energy
isomers appear to show very similar electronic structures.
Figure 4 shows simulated optical absorption spectra for Ih,

Cs, and C2 isomers. The Ih isomer has a small number of peaks
compared to the others and no excited states are found around
0−2 eV. Although there are some minor differences, the two
lowest energy isomers (Cs and C2) show very similar structural
and electronic properties, and behavior. For the Ih isomer, the
peak around 2.5 eV is attributed to excitation from D
(HOMO) to P, F states, while excited states with energy >2.5
eV are from P to S and from D to P, F states. For Cs and C2
isomers, excited states up to 1.2 eV are interband transitions
within S−D states around the Fermi level, while higher excited
states are considered to be transitions from S−D to P−F
hybridized states. The excited state characters of Cs and C2
isomers are again very similar.

3.3. Isomerization. Figure 5 shows isomerization pathways
between Cs and C2 isomers and Ih and Cs isomers. This
pathway is the minimum energy path obtained by SC-AFIR
calculations using the BP86 functional. The total number of
pathways between C2 and Cs via intermediate states was
28,251, obtained from SC-AFIR calculations starting from Ih,
C2, and Cs isomers. The pathways consist of 12, 20, and 25
equilibrium structures, among obtained minima with total
numbers of 36, 99, and 93, respectively, for these calculations.
This minimum energy path was then updated using the B3LYP
functional. Though the intermediate states obtained through
IRC calculations with B3LYP starting from TSs were not
exactly identical, their structural and energetic differences were
marginal and can be considered negligible. As shown in Figure
5a, the pathways obtained with BP86 and B3LYP were similar,
but the energy barrier was somewhat smaller with B3LYP.
Although the two lowest energy isomers have almost the same
energies and similar geometries, there is still an energy barrier
of ∼0.3 eV with BP86 and ∼0.2 eV with B3LYP, suggesting
that isomerization is likely to happen at room temperature.
This result also indicates that, given the fraction of Cu13 in
experimental synthesis, there would be at least two isomers
with very similar electronic and optical properties, making it
very difficult to distinguish between them.
It would be of interest to investigate changes in the

appearance of the energy barrier from the high symmetry Ih
structure to the lower symmetry isomers. Figure 5b shows an
isomerization pathway from the Ih to the Cs isomer obtained
with DS-AFIR using Ih and Cs isomers as fixed ends. It should
be noted that the Ih isomer is sextet, while the TS next to the Ih
is quartet. Other structures are doublet. These intersystem
crossings are indicated by stars in the figure. The energy barrier
from Ih to the next lower symmetry structure is about 0.6 eV,

Figure 8. (a) LUMO for 12 TSs shown in Figure 6 in the same order.
For atoms, color code of red O, gray N, blue Cu is used. The positive
and negative isosurfaces of LUMO are shown by yellow and blue,
respectively. (b) MO diagram for interaction between Cu13 and NO is
schematically shown. Up and down spins are shown by arrows
pointing upward and downward, respectively. Both the Cu13 and NO
have singly occupied molecular orbital (SOMO) and the MO lower
energies are fully occupied. For NO−Cu13, the interaction between
SOMOs of Cu13 and NO leads to energy splitting of Δ, which is large
with stronger NO−Cu13 interaction.
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suggesting fast isomerization to the lower energy isomers,
although this isomerization should be accompanied by
intersystem crossings from higher to lower spin states. From
an academic point of view, if the Ih isomer happens to form
and immediately cool during the gas phase, this isomer could
be isolated by, for instance, soft-landing to an inert surface
such as graphite, under ultracold conditions.
3.4. Catalytic Activity for NO Dissociation and Sparse

Modeling Analysis. Figure 6 shows the 12 TSs for NO
dissociation pathways obtained by the automated reaction
pathway search for C2 and Cs isomers, as well as the manually
obtained pathway for the Ih isomer, and the relative total
energies to the sum of the lowest Cu13 and NO in eV. We first
tried to correlate the energy ordering to physical values such as
bond length, natural charges, or other structural and electronic
properties, but this proved to be difficult. We therefore
resorted to regression techniques to find physical values that
are well correlated with these energy orderings. Energy
diagram for these NO dissociation steps is shown in Figure
S1 along with the structures for the lowest energy dissociation
step for each Cu13 isomer. For these dissociation steps, the
activation energies are 0.82, 1.25, and 0.51 eV for Cs, C2, and Ih
isomers, respectively. For estimating the activation barrier for
NO dissociation, one should take the energy difference from
the lowest energy molecular NO adsorption state and the
lowest energy transition state. The estimated reaction barrier is
1.70 eV. This activation energy is somewhat lower compared
to the Cu(111) case (1.9 eV),60 perhaps due to the structural
fluxionality of small clusters, i.e., the geometry change in the
Cu13 cluster can be relaxed upon adsorption, lowering the
energy of TSs, while Cu(111) is likely more rigid. The energy
seems to be still larger than that of Rh(111) (1.25 eV),61

notwithstanding different computational levels. In gas-surface
reactions with bulk metal surface, nonadiabatic effects can be
important owing to the continuous electronic states of
metal.62−64 However, in the present case, as shown in Figure
4, the lowest excited state energies of Cu13 are larger than 0.5
eV and therefore the nonadiabatic effects would not become
dominant contributions compared to metal surfaces.
Figure 7 shows the dependence of the regularization

parameter (λ) of regression coefficients by LASSO for TS
structure energies for NO dissociation on the Cu13 cluster.
These values were suitable for modeling the TS structure
energies, correlating well with the latter. The optimal λ value,
λopt, where the leave-one-out cross validation (LOO−CV)
score gives a minimum, is shown in the figure with a dashed
line. Table 4 also gives Pearson correlation coefficients for
several descriptors showing high correlation. Cu atoms are
numbered in ascending order of N−Cu distance. It can be
confirmed that the LUMO energy (L) shows a large negative
correlation over the wide range of λ. The Mulliken charges of
several Cu atoms show positive correlation, while it is
interesting that a strong correlation can be seen not only for
atoms near the adsorbed molecule but also for those away from
it. For example, the descriptors for Cu13 (the 13th Cu atom in
the order of distance from N), furthest away from the
adsorbate N, also appear to probably relate to the entire cluster
structure. Although the first-appearing descriptors in LASSO
[M(Cu9) and M(Cu10)] show absolutely large Pearson
coefficients, the LUMO energy (L) gives the largest negative
contribution through a wide range of λ values. The correlations
between calculated and predicted TS energies by LASSO,
SCAD, and MC+, as well as regression coefficients at the

optimal λ, are given in Supporting Information (Figures S2−
S4).
By plotting LUMOs of 12 TSs in Figure 8a, we found that

most of these orbitals have a NO antibonding nature.
Considering the molecular orbital diagram shown in Figure
8b, given that the interaction between the singly occupied
molecular orbital (SOMO) of NO and the valence band of
Cu13 cluster is strong, the bonding and antibonding orbital
energy splitting is large. The bonding orbital is buried below
the Cu13 valence-band orbitals, while LUMO can be between
the band gap of Cu13. The strong interaction between the Cu13
cluster and NO results in higher LUMO energy and also
stabilizes the Cu13−NO complex. This is the reason why
LUMO energy is negatively well correlated with the total
energy of Cu13−NO TS structures. Our study showed that
sparse modeling analysis can be utilized for interpretation of
quantum chemical calculation results.

4. CONCLUDING REMARKS
The present study demonstrates high potential of the AFIR
method for investigation of isomerization and catalytic
properties of atomic clusters. It is shown that although two
considered isomers of Cu13 possess similar structural,
electronic, and optical properties they demonstrate very
different catalytic activity. Our findings indicate the important
role of the structural isomers in catalysis. The present study
also demonstrates that the methods of sparse modeling analysis
become a powerful tool to overcome the complexity arising
from automated reaction pathway searches giving many TSs
for cluster catalysts, which in general make it difficult to trace
the correct descriptors of catalytic activity.
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