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ABSTRACT

The purpose of most of the computational material science studies is to determine the
relationship between structure and property alteration. The knowledge of the property
variation with geometry also allows one to carry out material computer experiments to
design new stable nanoparticles with desired properties. The DFT study carried out in
the present work on the small bimetallic anionic ConPtm-ethynyl nanoparticles reveals
that Pt content in the lowest energetic nanoparticles lead to increase in chemical stability
of the structures that play significant role in nanoparticles for preserving current
condition. The highest HLG belongs to [PtsC2H]" which indicates their chemical
stability. Furthermore, the vibrational frequency calculations will guide future
spectroscopic experiments.

Keywords: DFT, Organometallic Nanoparticles, Subnanoalloys, Computational Material
Science Engineering, Ethynyl Molecules.
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1. INTRODUCTION

Computational methods are widely used tools for the fields of chemistry, physics, and material
science engineering. The increasing speed and availability of computational resources in
grouping with newly developed and increasingly accurate models provides scientists and
engineers to solve and rationalize chemical phenomenon. The purpose of most of the
computational material science studies is to determine the relationship between structure and
property alteration. The knowledge of the property variation with geometry also allows one to
carry out material computer experiments to design new stable NPs with desired properties.
Additionally, computer simulations allow us to investigate probabilities to check whether the
exciting properties of nanoparticles (NPs) are preserved in different environments. For instance,
it can be determined whether the high magnetic moments of gas-phase NPs will be retained
when they are deposited on a substrate. It also allows one to check whether highly stable NPs
can be assembled to form solids. This type of approach can lead us to the development of novel
NPs based materials. Another point is that the experiments on NPs especially on gas-phase NPs
yield little information about their structures. In this regards, simulations complement the
experiments by providing structural input. From the application point of view, the interaction
between NPs and substrate matrix is of paramount importance. The properties of such systems
are governed by many body electron ion interactions.

In recent years, a great deal of effort for studying magnetic CoPt nanoalloy clusters [1-29] has
been shown by engineers and scientists due to their potential usage in ultra-high density
magnetic storage applications [30]. The characterization of the magnetic anisotropy energy
distribution of a diluted assembly of CoPt NPs with a mean diameter of 3 nm by using
superconducting interference device magnetometry was reported by Tournus et al. They found
experimental evidence of a magnetic anisotropy constant dispersion with a comparison of
unselected CoPt clusters and size-selected Co clusters [31]. Tizitzios et al. reported the
production of 3D ferromagnetic CoPt nanostructures [14]. A theoretical study was conducted
by Feng et al. [32]. They examined magnetic and electronic properties of CoPt NPs having
equal number of Pt and Co atoms.

Using ligand functional groups adsorbed metal atoms surface allows binding NPs and the
construction of functional nanoassemblies to various substrates surfaces. Besides, ligand
environment affects the electronic properties of the clusters. There is huge amount of studies
available for subnanoalloy or pure metal NPs but much less computational emphasis has been
devoted to the ligation of these NPs. This computational study may be a contribution to the
understanding of the role of ligands on the stabilization of metal NPs to design new stable
structures with desired properties. Consequently, Investigation of CoPtC2H metalorganic
subnanoalloys will be worthy to identify the mechanism and find more details on the formation
of these NPs.

2. METHODOLOGY

The low energetic local stable isomers are calculated by NWChem 6.0 software [33] within the

framework of Density Functional Theory (DFT). Furthermore, we have calculated total

energies, vibration frequencies, and HOMO-LUMO energy gaps (HLG). In order to reduce the

number of electrons in the computation, which reduces time cost, for Pt and Co elements,

CRENBL [34] basis set and relativistic effective core potential (ECP) have been used while for
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C and H atoms, the split valence 6-31G* basis set has been used. The reliability of the basis
sets were checked by the reference [34]. 1x10° Hartree for energy and 5x10* Hartree / ao for
energy gradient have been employed in the calculations. Becke's 1988 exchange functional [35]
and Lee-Yang-Parr correlational functional [36] have been used. The structures are relaxed
without any geometric constraints in various magnetic moments.

3. RESULT AND DISCUSSION

The lowest energetic structures of [CoxPt,CoH]™" (2<x+y<3) NPs are given in Figure 1,
considering various spin multiplicities and initial configurations. Furthermore, in Table 1, spin
moments, binding energies per atom (BE), HLGs, vertical detachment energies (VDE) and
range of vibrational frequencies of the NPs are listed.

Table 1 The electronic properties of CoxPty-ethynyl clusters

Clusters Spin BE HOMO- VDE Lowest and Highest
momen  per LUMO (eV) Vibrational
t atom Gap Frequencies (cm™)
(ps) ev) (V)
[Co.CoH] Present 4 4.46 0.33 1.25  55-3360
Work
Literature 1.53"
Exp. 1.50°
[CoPtCH] 3 5.08 0.63 253  37-3369
[Pt2CoH] 2 5.26 0.28 2.66  43-3384
[CosCoH] Present 7 4.29 0.03 152  64-3368
Work
Literature 1.59"
Exp. 1.81°
[CozPtCoHT 4 4.71 0.73 1.47  68-3154
[CoPt,CoH] 3 4.89 0.72 2.26  56-3387
[PtsCoH] 0 5.06 1.05 1.64  41-2968
*[8]

3.1 [COthyCZH]_l (X+y:2)

Some of the low-lying isomers of anionic CoxPty-ethynyl (x+y=2) clusters are displayed in
Figure 1. The C-C bond distance of the free ethynyl molecule is calculated as 1.25 A. The
obtained results show that when the molecule is adsorbed on an atop side, this bond length is
not changed so much.

The lowest energetic structure of [Co2C2H]™* NPs is identified as a linear structure with Cs
symmetry. When C>H molecule approaches to Co dimer, the C atom at the end of the molecule
binds to the Co atom. In this structure the Co-C bond distance is 1.92 A, the Co-Co bond
distance is 2.38 A and the magnetic state is the quintet state (4 ug spin moment). The Co-Co
bond distance of pure diatomic cobalt particle is given between 1.99 A and 2.13 A in the
literature. These calculated values of bond lengths are in good agreement with the previous

theoretical calculations of the Co-Co bond length as 2.43 A and the Co-C bond length as 1.95
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A [8]. The BE and VDE of this structure are calculated as 4.46 eV and 1.25 eV (see Table 1).
The magnetic moment of 1C is 6 pg while 1A and 1B are 4 ug and 1B has a relative energy of
0.91 eV with respect to the lowest energy structure 1A.

The ground state configuration of [CoPtC,H]™ is a linear structure with Cs group symmetry.
The C2H is adsorbed onto the Co atom rather than the Pt atom where the C-Pt bond distance is
2.28 A. The elongation between Co-Pt distance upon ethynyl molecule absorption is by 0.04 A
while the Co-Pt bond length in pure bimetallic CoPt nanoalloy is 2.24 A. The second low-lying
minima of [CoPtC,H]? is also a linear structure, which has 0.59 eV higher energy than the
lowest one. The magnetic moments of 2A and 2B are 3 and 1 pg respectively and the third
isomer 2C has 3 pgs, which has 0.78 eV higher energy than the ground state. The ground state
configuration of the anionic Pt dimer-ethynyl cluster with Cs symmetry is nonlinear planer
structure in the triplet magnetic state. The angle between Pt-Pt-C atoms is 160°. The Pt-Pt
distance in the pure Pt dimer is 2.21 A. The adsorption of ethynyl molecule leads to a stretch in
the Pt-Pt bond length where the Pt-Pt bond distance becomes 2.46 A. In addition, bridge site
adsorptions have higher energy than atop site adsorption, which continues for the trend that
atop site adsorption has lower energy than bridge site adsorption. The elongation for Pt-Pt and
C-C distance is by 0.24 A and 0.05 A respectively in bridge site adsorption whereas there is no
significant change for the typical Pt-C distance in both adsorption types.

3.2 [CoxPtyC2H] ! (x+y=3)

The VDE of the particles for x+y=3 ranges from 4.29 to 5.06 eV (see Table 1). The doping of
the Pt atom in these structures leads to increase in VDE. Furthermore, the C-C bond distance
in ethynyl molecule in the lowest ground state isomers is between 1.24 and 1.44 A where the
C=C bond of acetylene (1.20 A) [37] and the C=C bond of ethene (1.33 A) [38].

Different research groups calculated the lowest energy structure of bare cobalt trimer and
reported a triangular structure and a linear structure [39-43]. Yoshida et al. reported Co-Co
distances of the anionic bare Co trimer in the linear structure between 2.25-2.50 A in their
experimental and theoretical calculations [44]. The lowest energy structure (4A) of the anionic
Coz-ethynyl nanoparticle is a planar Y-like structure with a BE of 4.29 eV and it has high point
group symmetry, Coy with 7 ug spin moment. The average Co-Co bond distance in this ground
state structure, which has a perfect isosceles triangular Cos unit, is 2.4 A. Furthermore, the
addition of one Co atom to the [Co.C2H] leads to increase in VDE where the VDE in the
structure 4A is 1.52 eV that is consistent with the results in Ref [8] (see Table 1). The second
isomer 4B and the third isomer 4C have approximately the same relative energies with respect
to the ground state energy although they are in different magnetic states. The forth isomer 4D
is constructed by the bridge side binding of the terminal C atom of the ethynyl molecule, which
is in the octet magnetic state. The Co-C bond lengths are 2.04 and 1.96 A in this structure.

As a Co atom is changed with a Pt atom in the structure, the ground state of anionic CozPt-
ethynyl NP becomes the structure of a triangular bimetallic unit including a Pt atom at the apex
and two Co atoms at the base with average Co-Pt bond length of 2.44 A. While the distances
between Co and Pt atoms are stretched slightly as the amounts of 0.06 and 0.11 A, the separation
between Co atoms is shrunk as much as 0.15 A after the adsorption of ethynyl molecule. Its BE
is 4.71 eV/atom where the quintet magnetic state is the same with the bare Co.Pt cluster. In the
second isomer 5B where ethynyl molecule binds atop site, the Co-C bond distance is 1.92 A

37



with a relative energy of 0.49 eV with respect to the lowest energy structure. The third isomer
5C and the forth isomer 5D have average Co-C bond lengths of 1.91 A and 1.98 A, respectively.

As Pt doping increases, the BE of anionic CoPtz-ethynyl increases to 4.89 eV. For this species
(6A), ethynyl molecule prefers energetically to bind Pt atom rather than Co atoms, which is
different from the bridge side adsorption of the previous case.

The BE of anionic Pts-etynyl cluster is calculated as 5.06 eV which is the highest value for
x+y=3 systems. According to the calculations, doping of Pt atom to the NPs lead to increase in
BE value. However, the difference in the BE of [CoPt,C2H]™* and [PtsC2H] ™! (0.17 eV) is close
to that of [Co2PtC,H]* and [CoPt,C2H]* (0.18 eV) while it is smaller than that of [CosC2H]*
and [CozPtC,H]? (0.42 eV). In this structure, four coordination of Carbon that indicates sp?
hybridization resulting from delocalized electrons in ethynyl molecule was seen for the first
time among all nanoparticles we have mentioned so far. This triggers to expand the C-C bond
length in CoH molecule importantly. In addition, the second isomer 7B has the same singlet
magnetic moment as the case of the isomer 7A (see Figure 1) while the magnetic state of the
third isomer 7C is triplet.
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3.5 Energetic Calculations

To calculate the binding strength of the studied NPs, the BE ranging from 4.29 eV to 5.06 eV
are given in Table 1 and shown in Figure 4. The BE is calculated in the following way:

£ E[H]+ 2E[C] + xE[Co] + yE[Pt] - E[Co,Pt,C,H]
- X+Yy+3

(1)

where E[*] is the lowest energetic structure of energy of H, C, Co, and Pt atoms and the NPs
respectively. The lowest BE of the NPs is [CosC2H] while the highest BE of the structures is
anionic Ptz2-ethynyl. Alloying Co with Pt increases the binding strength of the structures.

Figure 2 The BE per atom of [CoxPtyCoH]™ for 2<x+y<3

In terms of the stability of the NPs, second finite difference in energies (D), which is a measure
of the relative stability of clusters are calculated as

D=E +E 2E (2)

X+1,y-1 x-1Ly+l X,y

Here, Exy is the lowest energies of studied clusters. D are given in Figure 3. We have found
[Co2PtC,H] ™! NP is more stable when compared the neighboring NPs.

To understand the adsorption ability between Co-Pt species and ethynyl molecule, adsorption
energies (Eads) of [CoxPtyC2H] ™! nanoalloys are calculated as

E. = E[Co, Pt ]+ E[C,H *]-E[Co,Pt,C,H™] (3)
Here, E[*] is the lowest energies of given structures. Eads Show a decreasing behavior with the
increasing ratio of Co/Pt for the studied species. The trend has no exception for the species

having dimer and tetramer metallic units. The adsorption energy of [Co.CoH]™ cluster
corresponds to a dip (see Figure 3).
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Figure 3 The second finite energies and CoH™ adsorption energies of [CoxPtyCoH]

Dissociation energy (Edis) is another sensitive quantity of reflecting relative stability. Within
studied range, we have calculated dissociation energies:

E,, = E[Co, , Pty_bCZH “]+ E[Co,Pt,]-E[Co,Pt,C,H ] (4)

Dissociation channels and Egis are listed in Table 2. The minimum dissociation energies refer
to the most favorable dissociation channel. It can be inferred that the dissociation energy of Pt
is larger than that of Co. This is consistent with the trend seen in the BEs. Furthermore, the
most favorable reactions are

Co3CoH > Co.CoH + Co
Co3C2H = CoPtCoH + Co
Co4CoH" = C02C2H + Co2

since the dissociation energies of these reactions are the least values in Table 2 while the least
favorable reactions are

CoyPt,CoH = CoCoH + Pty
CosPtCoH > CosCoH + Pt
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Table 2 The dissociation channels of selected anionic CoxPty-ethynyl clusters

[CoxPtyC2H] Dissociation Channel Edis (€V)
[CosCoH] CoCoH + Co 2.44
[Co2PtCoH] CoCoH  + Pt 4.97
[CoPt2CoH] CoPtCH + Pt 3.96
[Ptz:CoH] Pt,CoH + Pt 4.07
[Co4CoH] CoCoH  + Coe 2.68
[CosCoH] CozCoH" + Co 2.88
[CosPtCoH] Cos3CoH" + Pt 5.14
[CosC2H] CoPtC;H + Co 2.61
[Co2Pt2CoH] CoPtCoH + CoPt 3.53
[CozPt.CoH] Pto.CoH" + Co 3.99
[CooPt2CoH] CoCoH  + Pt 5.29

Larger HLGs correspond to better stability. The HLGs are presented in Table 1. HLGs and
VDEs of [CoxPt,C,H]* species are given in Figure 6. [CosC2H]™* has the lowest HLG with the
value 0.03 eV in the given study. According to the Table 1, [PtsC2H]? cluster possesses high
chemical stability due to their large HLGs (1.05 eV).

VDE is expressed as the energy difference between neutral and ionic clusters at optimized
geometry of the anion clusters. The VDE values in Table 1 are in an agreement with the
experimental and theoretical results. The dip is, see Figure 5, seen at [C02C2H]? (1.25 eV).

We have calculated the vibrational frequencies of all the species, which is given in Table 1 to
distinguish transition state isomers.

e HOMO-LUMO Gap
s J =-o=VDE A4

Figure 4 The HOMO-LUMO gaps and VDEs of [CoxPtyC2H]
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4. CONCLUSIONS

In summary, we have investigated the adsorption of ethynyl anion(C2H") to CoPt NPs using
density functional theory calculations. For CoxPty-ethynyl subnanoalloy organic structures
(1=x+y<2) having low symmetric properties, we have found that Pt content leads to increase in
BEs. According to the second finite energies calculations, The species [Co2PtC2H] is found to
be more stable structure when comparing their neighboring. The lowest and highest vibrational
frequency calculations will guide future spectroscopic experiments.
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