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ABSTRACT:

A long-range corrected density functional theory (LC-DFT) was applied to study the geometric
structures, relative stabilities, electronic structures, reactivity descriptors and magnetic
properties of the bimetallic NiCus-1 and Ni2Cux-2 (n = 3-13) clusters, obtained by doping one
or two Ni atoms to the lowest energy structures of Cux, followed by geometry optimizations.
The optimized geometries revealed that the lowest energy structures of the NiCux-1 and Ni2Cux-
2 clusters favor the Ni atom(s) situated at the most highly coordinated position of the host
copper clusters. The averaged binding energy, the fragmentation energies and the second-order
energy differences signified that the Ni doped clusters can continue to gain an energy during
the growth process. The electronic structures revealed that the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of the LC-
DFT are reliable and can be used to predict the vertical ionization potential and the vertical
electron affinity of the systems. The reactivity descriptors such as the chemical potential,
chemical hardness and electrophilic power, and the reactivity principle such as the minimum
polarizability principle are operative for characterizing and rationalizing the electronic
structures of these clusters. Moreover, doping of Ni atoms into the copper clusters carry most

of the total spin magnetic moment.



Introduction

During the last few decades, transition-metal clusters have attracted much attention
because of their physical and chemical properties that are different from those of bulk metals.
The typical advantage of the clusters involves catalytic activities, stability and easy recovery.
Since the clusters have the large surface-to-volume ratio leading to the unique geometries,
electronic and magnetic properties, a detailed study of the evolution of the structural, relative
stabilities, electronic and magnetic properties of the clusters is always indispensable to bridge
our understanding over atoms, nanoparticles and the bulk.!*

Nowadays there is a growing demand on nonprecious-metal catalysts due to a limited
amount of precious metals, and the catalytic activity of copper nanoclusters has emerged as
one of the promising candidates in various areas of sensing,*>* biolabeling,’ and catalysis.5*
This is apparent reason that copper clusters are currently the hot topics in research. However,
the controlled synthesis, stabilization and characterization of small clusters is a cumbersome
task,'>!% and quantum chemical studies provide the geometric, electronic, and chemical
properties to understand the origin of the exceptional catalytic activity. To this end, the
reactivity of copper clusters, and its evaluation with the number of atoms in the cluster, has
been investigated theoretically!’ ¢ but much more need still to be done to design a better
catalyst.

In 1960s, the concept of bimetal was proposed, and since then bimetallic alloys have
been receiving much interests due to their wide range of applications in heterogeneous catalysis.
The addition of a second metal to the host metal surface can sometimes dramatically improve
the selectivity, activity, and stability in surface-catalyzed reactions.'>!® Similarly, in cluster
chemistry, cluster size, shape, composition and oxidation state are important parameters
responsible for affecting the metal cluster properties.”’*! These properties may dramatically
change when doped with another metal atom. The previous studies have shown that bimetallic
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nanoalloys are better catalyst than pure metals and they are in demand in various commercial
electrocatalytic and catalytic processes.’>** Therefore, researchers envisioned that copper
clusters doped with different transition-metal atoms will be a new kind of molecular
architecture to provide the desired structural, electronic, magnetic, optical and catalytic
properties for potential applications in nanotechnology, materials science, microelectronics,
biology, medicine and solid-state chemistry.>16:3

Recently, Ni-doped copper alloys have been investigated to exploit their untapped
potential for better catalytic performance. For instance, Nerlov et al.**’ reported that the Cu-
Ni catalysts are 60 times more active for CO2 activation compared with the pure copper, while

Liu et al.’®

found that Pd, Rh, Pt, and Ni metals are able to promote the methanol production
on Cu(111). Yang et al.*? noted that the Cuzo nanoparticles with or without ZnO support exhibit
a higher catalytic activity than Cu(111) for the methanol synthesis via CO2 hydrogenation. It
indicates that doping of Ni atoms into Cu clusters would be more promising for the catalytic
hydrogenation of CO: into methanol than the pure copper ones. Moreover, Cheng and his co-
workers* theoretically studied the role of composition and geometric relaxation in CO2 binding
to the Cu-Ni (CusaNi, Cu42Nii3) bimetallic clusters. It was concluded that icosahedral Cu42Nii3
cluster exhibits the strongest CO2 adsorption ability with respect to Cuss and CusaNi clusters.
On the other hand, Austin et al.*’ demonstrated that doping of Ni on the surface of CuNi
(Cu4sNii2, Cui2Nisz Cu42Niis, CuisNis2) bimetallic nanoparticles can significantly enhance the

CO> adsorption. Derosa et al.*!

computationally studied a planar configuration of Cu-Ni
clusters containing up to five atoms and concluded that Cu clusters with small concentration
of Ni could be the best adsorbents for hydrogens. However, Han et al.*? performed the spin-
polarized density functional theory (DFT) calculations using the Projector augmented-wave

(PAW) method*** and Perdew-Burke-Ernzerhof (PBE) functional® to study the chemical

activities of CuxNi clusters (n = 1-12) toward the COz adsorption. Since the PAW method was



conceived for solids, its accuracy to deal with molecular systems might be less than that of both
DFT and a wave function theory using atom-centered basis functions, and their results may not
be directly comparable. In light of above mentioned work, a systematic, in-depth study of the
structural evolution and properties of Ni-doped copper clusters are still lacking. This study is,
therefore, urgently warranted for designing cheaper and more efficient Ni-Cu catalyst.

Currently, the generalized Kohn-sham (KS) method*® using the long-range corrected*’
(LC-) DFT has solved many deep-seated problems in conventional DFT methods such as a
poor description of van der Waals bonds,*® an underestimation in excitation energies by time-
dependent (TD) DFT,*- poor evaluations of hyperpolarizabilities’' and valence orbitals
energies.””>* Despite its huge potential, LC-DFT has not been extensively used for metal-
cluster catalysis, to the best of our knowledge. This prompted us to employ such a state-of-the-
art DFT functional for both quantitative and qualitative calculations. Therefore, in this work,
our purpose is to study Ni-doping effects on geometric, relative stabilities, electronic structures,
reactivity descriptors, and magnetic properties for the most stable structure of small copper
clusters, Cux (n = 3-13), using the long-range corrected DFT. For comparison, the most stable
structure of pure copper clusters, Cu, (n = 3-13), are also systematically studied so that this
work could provide practical guidelines for experimental researches in near future.

The paper is organized as follows: in next section 2, a brief description of computational
methods is provided. Section 3 is devoted to the results and discussion and in Section 4, we

draw our conclusions.



Computational Details

The LC-DFT method, LC-BLYP,*”>> was employed in conjunction with LANL2DZ
basis sets,’® for computations of all clusters of NimCunm (m = 0-2; n = 3-13). The range
separation parameter for the LC-BLYP was set 0.47, which is the optimum value for the ground
state calculation. To test the reliability of LC-BLYP, vertical ionization potentials (VIPs),
vertical electron affinities (VEAs), bond lengths (Re), vibrational frequency (we) and binding
energies (Do) of dimers (Cuz, CuNi and N2) were calculated using LC-BLYP,*> B3LYP,>"-
BLYP,””° B3PW91,°%%° MO6L,°! M062X.*> BHandHLYP,*> PBEPBE,*” PBEhIPBE,*
PW91P86% and PW91PW91% methods with LANL2DZ basis sets. VIPs and VEAs were
estimated from the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energies (gnomo and gLumo), as well as the energy difference of the
neutral (EN), cationic (Ec) and anionic states (Ea). An SCF=XQC option was used to converge
self-consistent-field (SCF) calculations. The most stable copper clusters, Cu, (n = 3-13), were
obtained by geometry optimization for the reported most stable structures®® with several
possible spin multiplicities at the level of LC-BLYP/LANL2DZ. To search the lowest energy
structures of the Ni-doped cluster NimCun-m (m = 1, 2; n = 3-13), initial geometries were
generated by substituting one or two Cu atoms in the most stable copper clusters with Ni (the
number of geometries is a combination, »Cm, for NimCusm), and geometry optimization was
performed for all possible isomers with several possible spin states at the same level. Harmonic
vibrational frequencies were computed to verify that the optimized structures have no

imaginary frequency. All computations were performed using the Gaussian 16 package.®



Results and Discussion

Geometric Structures

Table 1 shows VIPs, VEAs, bond lengths, vibrational frequency and binding energies
of Cuz, CuNi and Niz, calculated by several methods. It is clearly shown that the LC-BLYP
results are in best agreement with the experimental values,’**” indicating that LC-BLYP is the
best choice for the current molecular systems. The spin multiplicity of the ground states of Cua,
CuNi, and Ni2 are verified to be singlet, doublet, and triplet, respectively. The relative energies
of the dimers at different spin states are given in Figure S1 (in supporting information). The
calculated bond lengths of these dimers are in good agreement with the corresponding
experimental values.®®¢” The Ni-Ni bond length in Ni2 is shorter than the Cu-Cu in Cuz in the
experiment, but the LC-BLYP result of Ni-Ni bond length is 0.02 A longer than the Cu-Cu in
Cuz. This bond-length discrepancy is also reported in pervious theoretical studies,*!**® which
may be attributed to the presence of a lot of electronic states lying very close to the ground
state. The Cu-Cu and Cu-Ni bond length differ with the corresponding experimental results by
0.00 A and 0.02 A, respectively, while the Ni-Ni distance is underestimated by 0.04 A.

As far as the bond dissociation energies of Ni2 dimer are concerned, M062X and
BHandHLYP results show negative values. This simply implies that density functionals
containing greater than or equal to 50% HF exchange predict wrong bond dissociation energies.
It warrants the use of such DFT methods and an optimum balance of HF exchange in the DFT

functional are essential for the study of the metal clusters.



Table 1. The VIPs, VEAs, equilibrium bond lengths, vibrational frequencies, and binding
energies of Cuz, CuNi and Ni2 dimers, calculated by several functionals. The experimental
values are also given.

Cu-Cu Dimer
VIP (eV) VEA (eV) Re We Do
Functional
-gnomo  Ec—En  -sumo  EN—Ea (A) (cm™) (eV)
LC-BLYP 7.66 7.6 0.42 0.45 2.22 282 1.87
BLYP 4.47 8.02  2.85 0.63 2.25 262 2.23
B3LYP 5.58 7.98 2.34 0.65 2.26 256 1.97
B3PWO91 5.49 779  2.12 0.61 2.26 260 1.88
MO6L 4.19 7.7 2.09 0.37 2.22 275 2.56
MO062X 6.09 7.54 1.53 0.58 2.36 216 1.82
BHandHLYP 6.06 7.45 1.37 0.4 2.29 243 1.61
PBEPBE 4.48 7.98 2.79 0.69 2.25 267 2.27
PBEh1PBE 5.61 7.72 2 0.58 2.26 260 1.88
PWI1P86 4.72 8.26 3.04 0.87 2.23 273 2.45
PWI1PWI1 4.57 8.07  2.86 0.72 2.24 269 2.3
Experiment? 7.9 2.22 264 2.01+0.08
Cu-Ni Dimer
LC-BLYP 7.61 7.38 0.46 0.5 2.25 276 1.72
BLYP 4.41 7.65 291 0.69 2.26 270 2.16
B3LYP 5.55 7.5 2.35 0.67 2.29 249 1.83
B3PWO91 5.5 749  2.16 0.64 2.26 270 1.87
MO6L 4.19 7.57  2.24 0.56 2.24 284 2.31
M062X 6 7.47 1.54 0.62 241 217 1.7
BHandHLYP 6 7.38 1.41 0.45 2.34 233 1.48
PBEPBE 441 7.66  2.85 0.75 2.25 276 2.25
PBEh1PBE 5.58 727  2.04 0.62 2.29 251 1.75
PWO91P86 4.64 7.89 3.1 0.94 2.24 282 2.4
PWI1PWI1 4.49 7.71 2.92 0.79 2.24 278 2.27
Experiment? 7.36 2.23 2731 2.05£0.10
Ni-Ni Dimer
LC-BLYP 7.61 7.41 0.44 0.5 2.24 300 1.88
BLYP 4.26 797  2.85 0.64 2.12 334 2.33
B3LYP 5.61 7.9 2.37 0.7 2.08 361 1.25
B3PWO91 5.52 7.88 2.21 0.69 2.08 363 1.13
MO6L 4.16 6.76 2.2 0.62 2.11 339 2.04



M062X 6.06 6.87 1.65 0.79 2.1 359 -0.61

BHandHLYP 6.12 6.33 1.53 0.61 2.05 392 -0.61
PBEPBE 4.29 7.57  2.83 0.77 2.12 336 2.57
PBEh1PBE 5.64 7.61 2.11 0.69 2.07 369 0.96
PWO91P86 4.51 8.13 3.07 0.91 2.11 343 2.67
PWOIPW9II 4.38 8.13 2.9 0.77 2.11 339 2.56
Experiment? 7.36 2.20 280+20  2.068%0.01

a) Refs. 66,67.

The optimized geometries of copper clusters, Cu, (n = 3-13), in the ground state are
presented with the electronic term in Figure 1. Note that Cus to Cus have 2D (two dimensional)
structures, while Cu7 to Cuiz have 3D (three dimensional) structures. The minimum and
maximum Cu-Cu bond lengths (Rmin and Rmax, respectively) for each cluster size are shown in
Table 2. As the cluster size grows, the Cu-Cu bond lengths increase ranging from 2.252 A to
2.660 A. It was found that the three-dimensional clusters approach to the experimental Cu-Cu

distance of bulk, 2.556 A.

Cu, Cu, Cus Cu, Cug
232 IAg 2AI lAll
Cuyy Cuy,

lA] ZB 1A1 2A

Figure 1. The lowest energy structures of the Cu, (n = 3-13) clusters and their corresponding

electronic states.



Table 2. The minimum and maximum bond lengths (Rmin, Rmax) in A for the most stable

structures of the Cux, NiCuxs-1 and Ni2Cup-2 (n = 3-13) clusters.

Cluster Cu-Cu Ni-Cu Ni-Ni
Rmin Rmax Rmin Rmax R
Cus 2.28 2.6
Cu4 2.25 2.4

Cus 2.36 2.43
Cue 2.36 2.43
Cuy 243 2.48
Cus 243 2.45
Cuy 2.39 2.57
Cuio 2.41 2.53

Cuii 2.41 2.6
Cun 2.38 2.66
Cuis 2.4 2.58
NiCu 2.27 2.27 2.31 2.58

NiCus 241 241 2.26 241
NiCu4 2.38 242 2.36 2.39
NiCus 2.36 2.43 2.37 2.44
NiCus 243 2.47 242 2.49
NiCuy 242 2.46 243 2.49
NiCus 2.39 2.49 242 2.49
NiCug 241 2.56 2.39 2.51

NiCuio 242 2.6 24 2.47
NiCuii 241 2.66 2.38 2.46
NiCui2 242 2.6 2.39 2.51
Ni2Cu 2.29 23 2.62

Ni2Cu2 2.39 2.39 2.27 241 242
Ni2Cus 2.38 2.44 2.36 241 237
Ni2Cus 2.35 2.35 237 243 2.12
Ni2Cus 245 248 243 244 249
Ni2Cus 244 2.47 243 245 2.53
Ni2Cur 241 2.59 2.35 2.65 237
Ni2Cus 243 2.57 2.39 248 243
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Ni2Cuo 243 2.61 24 2.49 2.44
Ni2Cuio 242 2.65 24 2.54 2.45
Ni2Cuii 24 2.6 2.39 2.51 242

When a single Ni atom is doped into the most stable structure of Cux clusters, many
isomers are possible. Figure 2 shows the lowest energy optimized structures of the NiCuy-1
clusters (n = 3-13) with their corresponding electronic terms. It is worth pointing out that
NiCus-1 geometries are very similar to those of Cux (n = 3-13). In a case of copper clusters,
odd-numbered clusters have the doublet and even-numbered clusters have the singlet ground
state while the odd-numbered and even-numbered NiCux-1 (n = 3-13) clusters prefer to have
the triplet and doublet spin states, respectively. In these clusters, mainly two different bond
lengths (Ni-Cu and Cu-Cu) are obtained, and Table 2 shows that NiCus has the minimum Ni-
Cu bond length, 2.26 A, and NiCuz has the maximum Ni-Cu bond length, 2.58 A. On the other
hand, the NiCu: has the shortest Cu-Cu bond length of 2.27 A and the NiCuu: cluster has the

longest Cu-Cu bond length of 2.66 A.
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NiCu, NiCuy NiCu, NiCug NiCug NiCu,

v &

NiCug NiCu, NiCu,,

3Al ZA]

3A 2A 3A
Figure 2. The lowest energy structures of the NiCun1 (n = 3-13) clusters and their

corresponding electronic states. The brown and green color represent Cu and Ni atom,

respectively.

Figure 3 shows the most stable isomers for Ni2Cux-2 (n = 3-13) with the electronic
terms, where two Ni atoms are doped to the most stable structure of Cux clusters. It is noted
that geometries of Ni2Cux-2 are also similar to those of Cux. Here, Ni2Cu, Ni2Cus, Ni2Cus, and
Ni2Cuy are quartet in the ground state, while Ni2Cuz, Ni2Cu4, Ni2Cus, and Ni2Cus are triplet in
the ground state. However, Ni2Cu7 and Ni2Cui1 are doublet in the ground state, which is lying
0.03 eV below the quartet state, whereas Ni2Cuio is quintet with the triplet lying only 0.33 eV
above and the septet is just 1.36 eV above the quintet. The relative energies of the clusters in
different spin states are given in Figures S2-S4 (in supporting information). In Table 2, three
different types of bond lengths, namely, Ni-Ni, Ni-Cu and Cu-Cu are tabulated for Ni2Cux-2 (n
= 3-13). The Ni-Ni bond length has the longest (2.62 A) and shortest (2.12 A) for Ni2Cu and
Ni2Cus, respectively. In general, as the structure changes from 1D to 2D and from 2D to 3D,

Ni-Ni bond lengths decrease while Ni-Cu bond lengths increase from 2.27 A to 2.65 A and the
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Cu-Cu bond lengths change from 2.35 A to 2.65 A. The optimized parameters are compiled in

Tables S1-S3 (in supporting information).

Ni,Cu;  Ni,Cu, Ni,Cu, Ni,Cu, Ni,Cug Ni,Cuy
An r 4A|| 3An
Ni,Cu, Ni,Cug Ni,Cu, Ni,Cu,, Ni,Cuy,

‘@%@E

Figure 3. The lowest energy structures of the Ni2Cus2 (n = 3-13) clusters and their

2A

corresponding electronic states. The brown and green color represent Cu and Ni atom,

respectively.

Recently, Lin et al.®® employed a combination of far-infrared multiple photon
dissociation (FIR-MPD) spectroscopy and quantum chemical calculations to determine the
structures of small isolated yttrium-doped gold clusters Au.Y (n = 1-9). Consequently, the
computed vibrational spectra of the lowest energy Cun, NiCuxn-1 and Ni2Cux-2 (n = 2-13) clusters
are shown in Figure 4. The Cuz and Ni2 dimers have no absorption peaks because these dimers
merely have a stretching vibration without change of a dipole moment. With regard to the
clusters having planar or highly symmetrical geometries, the absorbed peaks are less than those
of others. In case of Ni-doped copper clusters, the characteristic frequencies appeared in a
higher region than the counter part of the pure copper clusters. The vibrational fundamentals

of all the clusters are observed in the range of 5 to 350 cm™!.
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Figure 4. Computed vibrational spectra of the lowest energy structures of the Cun, NiCux-1 and Ni2Cun-2 (n = 2-13) clusters are plotted
with 2 cm ™! infrared (IR) peak full width at half-height, and the peaks intensities have been extracted here in multiple of 10*° esu? cm?.
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Relative Stabilities
In order to predict and compare the relative stabilities of the lowest energy structures of
the clusters, it is significant to compute the binding energy per atom (EBe). This can be defined as

follows

nEcy—Ecuy
Egg(Cup) = % (D)

(n—1)Ecu + ENi—ENicup_q
n+1

Egg(NiCu,_q) =

2)

(n—2)Ecy + 2ENi—ENiyCup_p
n+2

Egg(NiCuy_p) = 3)

where Ecy, Ecy,> Eni> ENicu,_,» ENi,cu,_, denote the total energy of Cu atom, Cun, Ni atom,
NiCus-1 and Ni2Cuyx-2, respectively. The calculated binding energies per atom for the lowest energy
structures of the Cun, NiCus-1 and Ni2Cux-2 clusters are shown in Figure 5. The results indicate
that EBg increases as a function of the number of atoms in clusters and at n =9, the clusters possess
relatively lower binding energies than the clusters at n = 8. EBe of the single Ni-doped copper
clusters is greater than Ese of pure copper clusters, but lower than those of the doubly Ni-doped
copper clusters. This implies that the doped clusters can continue to gain an energy during the

growth process.
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Figure 5. (a) Averaged binding energy (EBE), (b) fragmentation energies (Efag), and (c) size
dependence of the second-order energy difference (A2F) for the lowest energy structures of the

Cun, NiCup-1 and Ni2Cus-2 (n = 3-13) clusters.
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Another parameter to understand the stability of the cluster is the fragmentation energies
(Efag). Fragmentation processes may involve dissociation barriers. However, from a purely
energetic point of view, the fragmentation energies (Efag) of the most stable clusters can be

expressed as

Efrag(cun) = ECun_1 + Ecy — ECun 4)
Efrag(Nicun—l) = ENiCun_z + Ecy — ENiCun_1 (5)
Efrag(Ni;Cuyp_3) = Eniycu,_s + Ecu — Eniycu,_, (6)

Where E¢y,,_, and Eyi,cu,_, are the total energy of the Cun-1 and Ni2Cux-3 clusters, respectively.
When the fragmentation energies are negative, the parent clusters are unstable and could dissociate
spontaneously by releasing an energy of |Efag|. In this work, all the clusters have positive
fragmentation energies, implying that the parent clusters are stable and one must supply energy to
induce fragmentations. Generally, a higher fragmentation energy leads to lower the stability of the
cluster.

The Efag values for the lowest energy structures of Cun, NiCus-1 and Ni2Cux-2 as a function
of cluster size are shown in Figure 5. It is found that the Cus, NiCu2 and Ni2Cu clusters have the
lowest fragmentation energies while Cuio, NiCus and Ni2Cus have the largest fragmentation
energies of 2.88 eV, 2.98 eV and 3.76 eV, respectively.

In cluster physics, the second—order energy difference (A2F) is used to measure the relative
stabilities of the most stable clusters. For Cus, NiCus-1 and Ni2Cux-2 clusters in the ground state,
A2E can be calculated as

AZECun = ECun_l + ECun+1 - 2E’Cun (7)

AzENicu,_, = Enicu,_, T Enicu, — 2ENicu,,_, ()

17



AZENizcun_z = ENizCun_3 + ENizcun_l - ZENizcun_z (9)

where E is the total energy of the ground-state clusters. The calculated second-order energy
differences as a function of the cluster size are illustrated in Figure 5. It is obvious that the even-
numbered clusters are more stable than the odd-numbered ones. However, the introduction of two
Ni atoms into copper cluster alters the stability pattern of the host clusters significantly for the 5 <

n<7andn=11, 12. Therefore, three maxima are observed for Ni2Cu3, Ni2Cus and Ni2Cus clusters.

18



HOMO-LUMO Gaps and Charge Transfer

The HOMO-LUMO gap is an important parameter to examine the chemical stability of the
clusters. A large energy gap usually correlates with remarkable kinetic stability. The calculated
values of the HOMO-LUMO energy gaps for the lowest energy structures of Cun, NiCux-1 and
Ni2Cuxr-2 clusters are plotted in Figure 6. It is interesting to notice that the energy gap trends are
similar in all three cases with exceptions of Ni2Cuio and Ni2Cuni clusters. The chemical inertness
increases from 1D to 2D clusters and then keeps decreasing as structural transitions from 2D to
3D clusters. The clusters containing seven atoms seem unique by showing more reactiveness
among the clusters having # values in the range of 2 to 8 because of highly symmetric geometry.
However, the Ni-atom doping into the copper clusters reduces the chemical inertness and the
results show that copper clusters doped with two Ni-atoms are more reactive than those doped with
a single Ni-atom and pure copper clusters. In the pure copper clusters, there is observed odd-even
alternation in the HOMO-LUMO energy gaps because of the electron pairing effect. Moreover, in
Niz2-doped copper clusters case, quartet, triplet and quintet are the ground states while in single Ni-
doped copper cluster, doublet and triplet are the most stable spin states for even-numbered and
odd-numbered clusters, respectively. It means that higher spin states make the HOMO-LUMO gap
narrower, and so Ni2Cuio is the most reactive clusters because its spin state in the ground state is

quintet. Similarly, the clusters with n = 6 are the most inert clusters.
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Figure 6. HOMO-LUMO gap of the lowest energy structures of the Cux, NiCus-1 and Ni2Cux-2 (n

= 3-13) clusters.

The natural charges obtained in natural bond orbital (NBO) analyses®® for Ni-doped copper
clusters can provide a reliable charge-transfer information. Here, natural charges of the dimers and
Ni atoms in the most stable NiCu,-1 and Ni2Cux-2 clusters were investigated. The calculated results
are listed in Table S4. For the dimers case, Cuz and Ni2 are neutral but in CuNi dimer, Cu and Ni
atoms bear negative and positive charge of the same magnitude, respectively. It indicates that the
charge transfer takes place from Ni atom to Cu atom though Ni atom has the larger
electronegativity than that of the Cu atom. To make it clear, the natural electronic configurations
given in Table S4 illustrate that Ni-4s orbital donates charge to Cu-4s orbital, making it an electron
acceptor. On the contrary, charges are transferred from Cu atoms to the Ni atoms in Ni-doped

copper clusters of size larger than a dimer.
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Electronic Properties
The vertical ionization potential (VIP) and the vertical electron affinity (VEA) are two
important factors to get insight into the electronic property and can be calculated as follows

VIP = Ecation = Eneutral (10)
VEA = Encutral = Eanion (1 1)

Where Ecation and Eanion are energies of the cationic and anionic systems, respectively, calculated at
the optimized geometry of the neutral system with the energy Eneural. By introducing Enomo
(HOMO energy) and ELumo (LUMO energy), the above equations can be rewritten using the
Janak’s theorem’® and the linearity condition for orbital energies’" as

VIP = —Enomo = Ecation — Eneutral (12)
VEA = —ELUMO = Eneutral = Eanion (13)

According to these equations, VIP and VEA were calculated for the lowest energy Cun, NiCux-1
and Ni2Cux-2 clusters, which are shown in Table 3, along with the available experimental data. As
an overall, the calculated VIPs of pure copper clusters show a very good agreement with the
experimental values.”>’> HOMO and LUMO energies are a measure of the accuracy of DFT
methods, and in this context, the excellent agreement for VIP and VEA confirms the reliability of
the results. This indicates that the orbital energies by LC-DFT are reliable and can be used to
predict the VIP and VEA. For odd-numbered clusters, the energy of LUMO for B-spin orbital

represents VEA.
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Table 3. Vertical ionization potential (VIP) and vertical electron affinity (VEA) of the lowest
energy structures for the Cun, NiCus-1 and Ni2Cun2 (n = 3-13) clusters. Here EN, Ec and Ea

represent the total energies of neutral, cation and anion clusters, respectively.

Clusters VIP (eV) VEA (eV)
Ec-Exn  -HOMO  Exp? Ex-EA -LUMO

Cus 5.53 5.63 5.80+0.05 0.92 0.76
Cus 6.32 6.52 7.15+0.75 0.96 0.78
Cus 6.03 6.31 6.30+0.05 1.28 1.07
Cus 7.06 7.45 7.15+0.75 0.64 0.44
Cur 5.65 5.95 6.07+0.05 1.22 0.95
Cus 6.85 7.27 7.15+0.75 0.61 0.46
Cuy 5.85 6.16 5.36+0.05 1.72 1.42
Cuio 5.67 6.01 6.07+0.05 0.89 0.63
Cun 5.62 5.96 5.91+0.05 1.73 1.43
Cuinz 5.91 6.3 6.30+0.05 1.44 1.14
Cuis 5.34 5.7 5.66+0.05 1.7 1.38
Ni2Cu 5.52 5.66 0.91 0.74
Ni2Cuz 7.75 6.51 0.92 0.75
Ni2Cus 5.92 6.28 1.29 1.01
Ni2Cuas 5.84 7.4 1.52 0.22
Ni2Cus 5.56 5.87 1.09 0.82
Ni2Cus 6.51 7.16 0.17 0.43
Niz2Cuy 5.61 6.69 1.48 1.16
Ni2Cus 5.56 6.02 0.89 0.53
Ni2Cuo 5.51 5.85 1.64 1.27
Ni2Cuio 4.98 5.35 2.09 1.66
Ni2Cuii 7.17 6.39 1.63 1.3
NiCuz 5.51 5.63 0.92 0.75
NiCus 6.3 6.49 0.95 0.73
NiCus 6.26 6.27 1.22 1.01
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NiCus 7.14 7.4 0.63 0.43
NiCus 5.61 591 1.18 0.88
NiCuy 6.56 7.2 0.61 0.42
NiCus 5.8 6.13 1.75 1.36
NiCuo 7.82 6.02 0.99 0.59
NiCuio 5.56 59 1.68 1.33
NiCuii 5.56 6.31 1.54 1.04
NiCui2 5.29 5.65 1.67 1.28

) Refs. 72, 73.
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Reactivity Descriptors

In conceptual density functional theory, chemical potential (1), chemical hardness (77) and
electrophilicity index (w) are indicators of the reactivity and stability.”* All of these are well
established to represent global quantities in chemical reactivity and our interests here to exploit
these concepts to rationalize the behavior of the clusters. Using a finite difference method 7 and
Koopmans theorem’®, the formal expressions for chemical potential, chemical hardness and

electrophilicity index are

__ —VIP-VEA _ HOMO + LUMO

= — - (14)
VIP — VEA LUMO - HOMO
n=—F—= 5 (15)
u?
=£ 16
w =7 (16)

The chemical potential measures the escaping tendency of the electrons from a system; the charge
transfer from the higher 4 of a system to the lower x of another system takes place until the
chemical potential becomes constant through the space. The chemical potential, derived from
equation (14), for the lowest energy Cux, NiCus-1 and Ni2Cun-2 (n = 3-13) clusters are presented in
Table 4. The chemical potential calculated on the basis of HOMO and the LUMO energies are
given in the bracket. It is expected that the open-shell clusters will have maximum values of u and
after one electron transfer, these systems will have a closed-shell, and the resulting systems will
be more stable than the original open-shell clusters. In general, Table 5 shows that the odd-number
open-shell clusters present higher values of u than the even closed-shell neighboring clusters.
Similar trends are observed in all three kinds of clusters. When Cu atoms are replaced by Ni atoms,
then the chemical potential of the clusters decrease with those of the pure copper clusters of the

same size. However, some abnormal chemical potential, calculated on the basis of VIP and VEA
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values, were observed for Ni2Cuz and NiCug clusters. We attribute this discrepancy due to
somewhat overestimated total energies of the anionic clusters given by DFT methods. Overall, the
Ni2Cui1 cluster has the lowest chemical potential and the clusters containing three atoms have the
highest chemical potential. These results also seem to show that the chemical potential of the
clusters calculated from HOMO and LUMO energies are in close agreement with those of the
chemical potential derived from VIP and VEA. Therefore, HOMO and LUMO energies obtained
by LC-DFT can be directly used not only to predict the chemical potential of the systems but also

to check the correct values of VIP and VEA of the systems.

Table 4. Chemical potential («), chemical hardness (77) and electrophilicity index (@) of the lowest
energy structures of the Cun, NiCus-1 and Ni2Cux-2 (n = 3-13) clusters, using the VIP and VEA

values. The results in brackets were obtained using the HOMO and LUMO energies.

Chemical Potential (eV)

n Cun NiCup1 Ni,Cun-

3 -3.22(-3.20) -3.22(-3.19) -3.14(-3.20)
4 -3.64 (-3.65) -3.63 (-3.61) -4.33(-3.63)
5 -3.65 (-3.69) -3.74 (-3.64) -3.61(-3.65)
6 -3.85(-3.95) -3.88(-3.91) -3.68(-3.81)
7 -3.43 (-3.45) -3.40(-3.40) -3.33(-3.34)
8 -3.73 (-3.87) -3.58(-3.81) -3.34(-3.79)
9 -3.79 (-3.79) -3.77 (-3.75) -3.55(-3.93)
10 -3.28 (-3.32) -4.40(-3.30) -3.22(-3.27)
11 -3.68 (-3.69) -3.62(-3.62) -3.57(-3.56)
12 -3.68 (-3.72) -3.55(-3.67) -3.53(-3.51)
13 -3.52(-3.54) -3.48(-3.46) -4.40(-3.85)

Chemical Hardness (eV)
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n Cun NiCup-1 Ni,Cu,-

3 2.31(2.44) 229(2.44) 2.39(2.406)
4 2.68 (2.87) 2.67(2.88) 3.41(2.88)
5 2.38(2.62) 2.52(2.63) 2.31(2.64)
6 321(3.50) 3.26(3.49) 2.16(3.59)
7 2.22(2.50) 2.21(2.51) 2.23(2.53)
8 3.12(3.41) 298(3.39) 3.17(3.36)
9 2.07(2.37) 2.03(238) 2.07(2.76)
10 2.39(2.69) 3.41(2.72) 2.34(2.75)
11 1.94(2.27) 194(2.29) 1.94(2.29)
12 2.23(2.58) 2.01(2.64) 1.44(1.84)
13 1.82 (2.16)  1.81(2.18)  2.77 (2.55)

Electrophilicity Index (eV)

n Cux NiCuy- Ni,Cup.,

3 2.25(2.09) 2.26(2.09) 2.07(2.09)
4 247(2.32) 246(226) 2.75(2.29)
5 2.81(2.60) 2.78(2.52) 2.81(2.53)
6 2.31(2.22) 2.32(220) 3.13(2.02)
7 2,66 (2.38) 2.61(2.30) 2.48(2.21)
8 2.23(2.19) 2.16(2.14) 1.76 (2.14)
9 3.47(3.03) 3.51(2.95) 3.04(2.79)
10 2.25(2.05) 2.84(2.01) 2.22(1.95)
11 347(3.01) 3.37(2.86) 3.30(2.77)
12 3.03(2.69) 3.14(2.56) 4.33(3.34)
13 3.40(291) 3.35(2.75) 3.49(2.91)

The chemical hardness is a global molecular property and provides information about
general feature of a reactive molecule. Therefore, the chemical hardness, #, of the most stable Cun,
NiCus-1 and Ni2Cux-2 (n = 3-13) clusters are calculated using equation (15) which are listed in
Table 4. The results obtained from HOMO and LUMO are shown inside the bracket. From Table

4, one can observe that the even-numbered clusters have higher values of hardness than their odd-
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numbered neighboring clusters. These trends are also similar to the fragmentation energy and the
HOMO-LUMO energy gap trends as mentioned-above. In general, Ni-doping makes the clusters
more inert against the host clusters. In addition, Cui3, NiCui2 and Ni2Cuio clusters show the lowest
chemical hardness in Cun, NiCup-1 and Ni2Cux-2 (n = 3-13) clusters, respectively.

The electrophilicity index, w, is another parameter to measure the electrophilic power of a system,
just as, in classical electrostatics, power = V?/R, and u and # serve the purpose of potential (V) and
resistance (R), respectively. The relation among @, u and # are shown in equation (16). The
computed w for the clusters are given in Table 4. The results show that the Ni2Cuio and Ni2Cus
clusters have the highest and the lowest electrophilicity index, respectively. The Ni-doping into
copper clusters affects the electrophilic power of the pure copper clusters. We have also checked

the minimum electrophilicity principle’’”®

for a small cluster containing three atoms, NiCuz, as
given below in Table 5. This result indicates that the more stable structure has the lower

electrophilicity value, hence the minimum electrophilicity principle is satistied.

Table 5. The electrophilicity values for the NiCuz clusters.

Triplet state
Symmetry GCs Cov
Total energy (a.u.) -560.916304 -560.915046
—HOMO (eV) 5.63 5.59
—LUMO (eV) 0.75 0.77
n (eV) 2.44 241
n(eV) -3.19 -3.18
o (eV) 4.178 4.204
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Polarizability and the Minimum Polarizability Principle (MPP)

The static polarizability is considered as one of the most important observables to measure
the distortion of the electron density under the effect of an external static electric field. The average
static polarizability, <o, is defined as’™

<a>= (axx + ay, + ay, )/3 (17)
In Table 6 we show the averaged static polarizability of the lowest energy structures of the Cun,
NiCus-1 and Ni2Cux-2 (n = 3-13) clusters using equation (17). We note that as going from n = 3 to
n = 13, the averaged static polarizability increases. The Ni-doping into pure copper clusters
increases <o> from n = 3 to n = 8 while opposite trends are observed from n =9 to n = 13. All in
all, the Cuis cluster has the largest averaged static polarizability followed by NiCui2 and Ni2Cuii

clusters and Cus has the lowest averaged static polarizability.

Table 6. The averaged static polarizability,< a >, in atomic units of the lowest energy structures

of the Cun, NiCup-1 and Ni2Cup-2 (n = 3-13) clusters.

< a> (au)
n Cun NiCup1 Ni2Cup-
3 142,69 145.23 147.30
4 14797 149.95 150.97
5 189.08 191.35 194.73
6 206.74 210.29 206.81
T 240.13 240.45 241.53
8  259.98 260.39 260.56
9 307.16 309.71 304.12
10 330.35 331.22 330.43
1T 365.09 362.69 363.00
12 385.54 384.22 406.87
1342043 417.77 415.07
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In order to show the consistency between the energetics and electronic descriptors, we
show a good linear relation between the binding energies per atom, Esk, and the average static
polarizability per atom, <a>/n, of the Cun, NiCun-1 and Ni2Cux-2 (n = 3-13) clusters in Figure 7 .
The results show that Cui3, NiCui2 and Ni2Cuii clusters have the largest Epz with minimum <a>/n
values in their corresponding classes of the clusters. Overall, Ni2Cui1 cluster has the largest
averaged binding energies of 2.06 eV at the lowest averaged static polarizability per atom value of
31.93 a.u. amongst all three kinds of clusters. This indicates that the clusters with strong bonds
(or high electronic delocalization degree) present minimum values of a polarizability per atom, in
agreement with the minimum polarizability principle (MPP) which states that’* 'the natural

direction of evolution of any system is towards a state of minimum polarizability.'
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Figure 7. Correlation between the averaged binding energy (EBe) and the averaged static

polarizability per atom (<a>/n) of the Cun, NiCuxs-1 and Ni2Cun-2 (n = 3-13) clusters.

30



Magnetic Properties

The magnetic properties of the metal clusters are always important to make nano-electronic
devices and high density magnetic storage materials. The total magnetic moment (utwt) in the
Russel-Saunders scheme is a combination of a total spin magnetic moment (S) and a total orbital
magnetic moment (L) which is defined as ot = (25 + L) us (us is the Bohr magneton). In the
Heisenberg model, one neglects the L contribution and then uot = geusS, where the gyromagnetic
ratio ge is 2.0023. Therefore, we consider the total magnetic moment, uwot = 25 us, to be equal to
the [na — np] us, where na and np are the total numbers of the up-spin and the down-spin,
respectively.

The total magnetic moments and total magnetic moments per atom calculated for the lowest
energy Cun, NiCus-1 and Ni2Cux-2 (n = 3-13) clusters are displayed in Figure 8. The lowest energy
copper clusters show an odd-even alternation as a function of the cluster size, n, in the total
magnetic moment. The magnetic moment for Cux clusters with even »n is completely quenched.
For the single Ni-atom doped clusters, the magnetic moment is non-zero and is larger than that of
the Cux clusters. In case of the doubly Ni-atoms doped copper clusters, the magnetic moments
become larger than that of NiCux-1 clusters. However, for larger clusters, Ni2Cu7 and Ni2Cui1, the
magnetic moment is equal to the magnetic moment of the Cuo and Cuis clusters, respectively, due
to the preferred singlet spin state. The Ni2Cuio cluster show the highest magnetic moment as it
prefers the lowest energy in quintet spin state. In general, this result indicates that the substitution

of Ni-atoms for Cu-atoms can enhance the magnetism of the host clusters.
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Figure 8. Size dependence of the total spin magnetic moment and the total spin magnetic moment

per atom of the lowest energy structure for of the Cun, NiCux-1 and Ni2Cuy-2 (n = 3-13) clusters.
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Conclusion

In this work, we have systematically investigated geometric structures, relative stabilities,
electronic structures, reactivity descriptors and magnetic properties of the single and double Ni
atoms doped into the ground-state structures of the Cu, (n = 3-13) clusters at the LC-
BLYP/LANL2DZ level.

Firstly, we searched the lowest energy structures of Ni doped copper clusters by doping
one or two Ni atoms to the lowest energy structures of Cu, with all possible atomic positions and
possible spin multiplicities, followed by geometry optimizations. The most stable structures
revealed that Cu-Cu, Ni-Cu and Ni-Ni bond lengths increase as the size of the clusters grows and
approaches to the experimental bulk metal distance. The computed vibrational spectra were
presented to identify the most stable structures.

In order to understand the relative stabilities of the clusters, the binding energy per atom,
the fragmentation energies and the second-order energy differences were computed. It was found
that Ni2-doped copper clusters and pure copper clusters have the highest and lowest binding
energies per atom, respectively. These results signified that Ni-doped clusters can continue to gain
an energy during the growth process. The positive fragmentation energies ensured that all the
clusters are stable and Cuio, NiCu9 and Ni2Cus have the largest fragmentation energies in their
corresponding classes of the clusters. The second-order energy differences indicated that the even-
numbered clusters are more stable than the odd-numbered ones. All in all, the results showed that
Ni2Cuii cluster is the most stable one among Cux, NiCuy-1 and Ni2Cux-2 (n = 3-13) clusters.

The HOMO-LUMO gap showed an oscillating behavior with the cluster size increasing.

The substitution of Cu by Ni in the copper clusters enhances the chemical reactivity of large
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clusters and Ni2Cuio is the most reactive one. On the basis of the calculated natural charges from
the NBO calculation, it was noticed that charges are transferred from Cu to Ni atoms.

Next we investigated the electronic properties of the clusters, i.e., vertical ionization
potential and vertical electron affinity. The VIPs calculated from HOMO energies give excellent
agreement with the experimental values while the LUMO energy gives well correspondence with
VEA values obtained from the energies of neutral and anionic clusters. These results revealed that
HOMO and LUMO energies from LC-DFT calculations are reliable and can be used to predict the
VIP and VEA of systems for which experimental results are not available.

The reactivity descriptors, such as chemical potential, chemical hardness and
electrophilicity index, are useful tools to get insights to more complex systems involved in
heterogeneous catalysis and in cluster’s fragmentation reactions. Ni2Cuii cluster has the lowest
chemical potential while Cui3, NiCui2 and Ni2Cuio clusters show the lowest chemical hardness in
Cun, NiCup-1 and Ni2Cux-2 clusters, respectively. Moreover, Ni2Cuio and Ni2Cus clusters have the
highest and the lowest electrophilicity index, respectively. The results show that Ni-doping into
copper clusters affects the chemical potential, chemical hardness and electrophilic power of the
pure copper clusters.

Moreover, we also found that the more stable cluster has the lesser static polarizability in
average. For example, Ni2Cui: cluster has the highest binding energies with the lowest static
polarizability per atom, which is in agreement with MPP. This showed that the minimum
polarizability principle is operative in the characterization of these clusters. We have also checked
the minimum electrophilicity principle for NiCuz isomers, and found that the more stable isomer

has the smaller electrophilicity value.
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Finally, the total spin magnetic moment of Cun, NiCus-1 and Ni2Cux-2 clusters have been
computed and Ni2Cuio cluster has the highest magnetic moment due to the lowest energy in quintet
spin state. In general, the results indicated that the substitution of Cu-atoms with Ni-atoms in Cux
clusters has conserved most of total spin magnetic moments. Based on these results, we conclude

that long-range exchange interactions play a significant role in the study of metal clusters.
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A systematic investigation of the lowest energy structures of Ni doped copper clusters are performed by
doping one or two Ni atoms to the lowest energy structures of Cu, with all possible atomic positions and
possible spin multiplicities. In LC-DFT computations, the vertical ionization potentials calculated from
HOMO energies give excellent agreement with the experimental values. It is shown that the substitution
of Cu by Ni in the copper clusters enhances the chemical reactivity of large clusters.
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