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Abstract

The c-aromaticity of M3™ (M = Cu, Ag, Au) is analyzed and compared with that of Lis"
and prototype c-aromatic system, H3*. Ligands (L) like dimethyl imidazol-2-ylidene, pyridine,
isoxazole and furan are employed to stabilize these monocationic M3" clusters. They all bind M3"
with favorable interaction energy. Dimethyl imidazol-2-ylidene forms the strongest bond with
M;" followed by pyridine, isoxazole and furan. Electrostatic contribution is considerably more
than that of orbital contribution in these M-L bonds. The orbital interaction arises from both
L—M o donation and L<M back donation. M;" clusters also bind noble gas atoms and carbon
monoxide effectively. In general, among the studied systems Aus* binds a given L most strongly
followed by Cu;* and Ag;*. The computation of nucleus-independent chemical shift (NICS) and
its different extensions like NICS-rate and NICS in-plane component vs NICS out-of-plane
component shows that the c-aromaticity in L bound M3" increases compared to that of bare
cluster. The aromaticity in pyridine, isoxazole and furan bound Au;* complexes is quite
comparable with that in the recently synthesized Zn3(Cs(CH3)s);". The energy gap between the
highest occupied molecular orbital and the lowest unoccupied molecular orbital also increases in
binding with L. The blue-shift and red-shift in C-O stretching frequency of M3(CO);" and
M;(0C)s", respectively, are analyzed through reverse polarization of the 6- and m-orbitals of CO
as well as the relative amount of OC—M ¢ donation and M—CO = back donation. The electron

density analysis is also performed to gain further insight into the nature of interaction.
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Introduction

While elaborating the debate on bonding in C, and other systems among Frenking, Shaik,
Hoffmann and Rzepa, Alvarez commented that “chemistry is all about connecting and
disconnecting atoms to form new molecular or supramolecular objects. So understanding the
ways in which atoms and molecules can be held together should play an important role in
developing new chemistries”." It is indeed so and the concept of aromaticity has a dictating role
about relative preference of the nature of connectivity between two atoms and the overall
geometry of the molecule. Even before fully understanding the structural and bonding principles,
the aromaticity, a concept introduced by Hofmann? in 1855, was used to rationalize the structure,

stability and reactivity of a wide range of organic molecules.

It was first introduced to explain the unusual reactivity of benzene compared to their
aliphatic analogues. During the early nineteenth century it was realized that despite being an
unsaturated compound, benzene shows less reactivity and higher stability than those of normal
alkenes and alkynes. Then, Kekulé® in 1865 proposed that benzene possesses a ring like texture
having single and double bonds in alternating positions and since there persists two ways to
obtain such arrangement, it was argued that benzene is an equilibrium mixture of two structures.
However, this argument was not enough to explain the extra stability of benzene. Many scientists
including Dewar with his Dewar’s structure* and Robinson with his aromatic sextet theory” tried
to explain the exceptional stability of benzene in subsequent years. After that, valence bond
theory® was also employed which tends to explain the stability through resonance hybrid of two
Kekulé’s structures (80%) and three Dewar’s structures (20%). However, it could not explain the
fact that despite the electronic conjugation, cyclobutadiene does not show extra stability. Then,
through his molecular orbital theory, Hiickel’ in 1931 proposed a generalized definition of
aromaticity, (4n + 2) m-electron rule, for monocyclic planar systems which is widely applauded
by the scientific community even today. The aromaticity criterion has since then become a very
popular qualitative tool to account for an “extra stability” of a particular class of organic
compounds. But, further advancement of ideas along with the growth of computational chemistry
shows that the given term can be expanded into several dimensions. The aromaticity concept
cannot be a monopoly of the organic chemists and can be used as well to explain the stability of

purely inorganic compounds. In fact, the initial m-aromaticity concept now is expanded into ©-,
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O- and three-dimensional auromalticity.8 In addition to that, the extension of this fascinating
aromaticity concept to an all-metal Al,> system was first attempted by Boldyrev, Wang and
coworkers’ and they launched the term, ‘all-metal aromaticity’. It was then followed by a galaxy
of metal clusters, which show either multiple aromaticity, conflicting aromaticity or only ©t- or G-

|
aromaticity. "

Actually, now-a-days the aromaticity concept is used so extensively that renowned
scientist, Hoffmann!' remarked that “today, an inflation of hype threatens this beautiful
concept”. His opinion is that aromatic molecules should not be reactive, and they should be
bench-stable or bottleable. However, Boldyrev and Wang'? strongly rejected his opinion
remarking that aromaticity should not be reserved only for benzene and the related derivatives.
Most of the scientists support the argument given by Boldyrev and Wang and opine to enjoy the
many flavors of aromaticity in different systems.12 Although aromaticity is a popular concept, it
is not properly defined and accordingly cannot be computed theoretically or measured
experimentally. There exists no linear hermitian operator corresponding to aromaticity in
quantum mechanics. There are, however, several indirect criteria to appreciate this fascinating
concept, viz., energetic or stability criterion, geometrical or symmetry criterion, magnetic
criterion, reactivity criterion, etc. Surprisingly no aromatic system but for the prototypical

benzene obeys all such criteria.

Owing to their application as luminescent materials and to design supramolecular
networks, cyclic trinuclear complexes (CTC) of M* (M = Cu, Ag, Au) are very common in
literature.'® The first Au(I) CTC complex, [Au(I);(p-1,2-piridyl)s] was reported by Valughaln14 in
1970 in which Aus has roughly a D3, symmetry. It was then followed by the syntheses of [M3(p-
L);] (M =Cu", Ag", Au*; L = anionic ligands like pyrazolate, imidazolate, triazolates, pyridiniate
and others), and their aggregates.'>® The corresponding structures and properties are related to
the closed-shell M(I)-M(I) (dlo—dlo) interaction and M(I)-L interaction. Very recently, Frenking
and coworkers' performed theoretical studies to explore the nature of bonding in those [Mj3(u-
L);] and they noticed aromaticity in core Ms** units. In 2012, Robilotto et al.'® synthesized N-
heterocyclic carbene (NHC), 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene stabilized Aus",
which is an isolobal analogue of c-aromatic Hs*. In a further recent paper, Shayeghi and

coworkers!” detected Ar supported Ag;*, Aus* and their mixed clusters. Freitag et al.'® observed
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c-aromaticity in Zn; and Zn,Cu moieties in experimentally synthesized Zn;Cp*;* and
Zn,CuCp*; (Cp* = Cs(CHj3)s) complexes in a very recent work.

In this article, we have studied the structure, stability, variation of G-aromaticity and
nature of bonding in NHC (dimethyl imidazol-2-ylidene), isoxazole (I0Z), pyridine (Py), furan
(Fu), noble gas (Ng = Ar-Rn) and carbon monoxide (CO) bound M3" (M = Cu, Ag, Au) clusters.
Further, the c-aromaticity of the studied systems is compared with that of Lis*, prototypical c-
aromatic system, H;" and recently reported Zn3Cp”<3+.18 Particular emphasis is given on the
shifting of C-O stretching frequency upon complexation with M3* compared to the free CO. On
the appearance of C-O stretching frequency in IR-spectra the metal-carbonyl complexes are
divided into two main groups. One of them is known as “classical” metal carbonyl complexes,
which have C-O stretching frequency less than that in free CO due to the OC«M =m back
donation whereas there are many examples of metal carbonyls having C-O stretching frequency
larger than that in free CO, termed as “non-classical” or “abnormal” calrbonyls.19 This increase in
the C-O stretching frequency followed by a decrease in the C-O bond length in non-classical
carbonyls has a long history of debate. The reason behind this effect is not only due to the
OC—M o donation but also the electrostatic effect and inverse polarization in CO moiety is
liable for increase in C-O stretching frequency.” Theoretical studies on experimentally obtained
M*—(CO), (M = Cu, Ag, Au) systemslgd'lgf’zoa’20Cl show that significant ¢ donation from anti-
bonding type HOMO of CO to M center and negligible © back donation from M to CO cause an
increase in C-O stretching frequency compared to free CO. Recently, Frenking et al.”! reported
OCBeO and OCBeCOs complexes in which the C-O stretching frequency is larger than its

normal gas phase value and termed them as ‘non-classical’ carbonyls.

Dissociation energy along with the thermochemical parameters like dissociation enthalpy
(AH) and free energy change (AG) are evaluated to know the stability of the present systems.
Energy decomposition analysis (EDA)** in conjuction with the natural orbitals for chemical
valence (NOCV),23 electron density and natural bond orbital (NBO) analyses are performed to
explore the nature of interaction. There are many indicators to theoretically describe the
magnetic properties of a system. Here, we have mainly used nucleus-independent chemical shift

(NICS)24 and its different extensions like zz-component of NICS tensor, NICSZZ,25 NICS-rate*®
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and NICS in-plane component (NICS;,_piane) Vs NICS out-of-plane (NICSqyt-of-piane) component.27

For M3" systems, ring current maps are also generated.

Computational Details

The geometry optimization of the presently studied systems, except for the Ng bound
analogues, is carried out with hybrid meta-GGA MO06-2X functional of Zhao and Truhlar®® in
conjuction with the Ahlrichs’ triple-{-quality basis set, def2-TZVP.? On the other hand, due to
the weak interaction the Ng bound Ms" clusters are studied at the MP2/def2-TZVP level. A
quasi-relativistic pseudopotential is used for Ag, Au, Xe and Rn atoms.”® Harmonic vibrational
frequencies are computed to characterize the nature of stationary points and to make the zero
point vibrational energy (ZPE) corrections. The absence of imaginary frequency suggests that all
the systems studied here correspond to the minima on the potential energy surface. Natural
population analysis (NPA) is performed to compute the charge (q) at each atomic center. The
correction from basis set superposition error (BSSE) is done by using the method proposed Boys

BSSE) corrected from both

and Bernardi.’' Here, we have reported dissociation energy values (D
ZPE and BSSE. AH and AG are computed at 298 K and one atmospheric pressure. All these
computations are done by using Gaussian 09 program package.’> EDA-NOCYV is performed at
the PBE-D3/TZ2P taking the optimized geometries at the M06-2X/def2-TZVP or MP2/def2-
TZVP level® using ADF2013.01 program package® and the scalar zero-order regular
approximation (ZORA)® is considered for the heavier atoms. In EDA-NOCYV, the total

interaction energy (AE™) is decomposed into physically meaningful terms as equation (1).

AEint: AEPauli + AEelstat + AEorb + AEdisp (1)

Pauli

In equation (1), Pauli repulsion (AE™) represents the repulsive Pauli interaction between the

elstat

occupied orbitals of the interacting fragments; electrostatic term (AE™) represents the classical

electrostatic interactions between two fragments having the electron densities of the fragments at
the frozen geometries that they have in the complex; orbital term (AE®®) accounts for the
interactions between occupied molecular orbitals of one fragment with the unoccupied molecular
orbitals of another fragment, termed as charge transfer, as well as the mixing between empty and

occupied orbitals on the same fragment, termed as polarization; and dispersion term (AE®*P)

5
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describes the dispersion interaction between two fragments. The EDA-NOCV scheme further
decomposes the differential density (Ap(r)) into deformation densities (Api(r)) and it represents

orb

the direction of flow of electron density. Corresponding to each Apji(r) channel, AE™" can also be

decomposed into AE;°®,

The electron density analysis is performed at the M06-2X/def2-TZVP level (MP2/def2-
TZVP level for Ng bound analogues) by using Multiwfn software.*® Laplacian of the electron
density (Vzp(rc)) is generally used to categorize a bond as covalent or noncovalent one. While a
negative value at the bond critical point (BCP) implies electron density concentration, hence a
covalent bond, a positive value indicates electron density depletion and therefore a noncovalent
bond. But for the molecules involving heavier atoms or even for simple molecules, this criterion

does not always work to represent a bond.”” Cremer et al.,”

thereafter, suggested that if the total
energy density (H(r.)) at the BCP is negative, the bond might be considered as of partial covalent
type. H(r.) is the sum of local kinetic energy density (G(r.)) and local potential energy density

(V(ro).

NICS values are calculated at the M06-2X/def2-TZVP level of theory through the gauge-
independent atomic orbital method (GIAO).* According to Schleyer’s proposal,* NICS is the
negative of the isotropic shielding constant (cis,) and equivalent to the induced magnetic field
where the magnetic field is induced by the electrons of the molecule itself. There are several
generally used NICS indices and NICS being a tensor, one can consider different components of
the tensor as appropriate indices of aromaticity. NICS calculated at the ring center (NICS(0)) and
1 A above the ring center (NICS(1)) are among the most used NICS indices. We have calculated
NICS(0) by doping the dummy atom at the center of the ring and NICS(1) at 1 A above the ring.
Being a tensor, NICS can be decomposed into three components along the three coordinates as
NICS = —1/3(6xx + Oyy + 6,,), Where 6xy, Gyy, 04, are the isotropic shielding constants along x, y
and z directions, respectively. Negative and positive NICS values of planar rings suggest
aromaticity and antiaromaticity, respectively, whereas the near-zero values are associated with
nonaromatic species. The ‘perpendicular to the ring plane’ components of NICS, NICS,, is
known to give precise results towards predicting aromatic nature.” NICSoia1 and NICS,, scans
are performed from the ring center to 5 A above of the ring center to obtain the additional
information about the aromaticity of the studied systems. Recently, Tiznado et al.?’ calculated

free of in-plane component NICS (FiPC-NICS) by plotting the NICS;,piane V8 NICSout-of-plane

6
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components. If the molecule is aligned in xy plane and the z axis is perpendicular to the
molecular plane then the previous component is described as, NICS;y piane = —1/3(0xx + Oyy) and
the latter one, NICSoyof-plane = —1/3(6,,). According to that study aromatic rings have negative
NICSut-of-plane Values and antiaromatic rings have positive NICSgyeof-plane Values. Previously
Noorizadeh and Dardab®® introduced the NICS-rate as an aromaticity index where the
maximum/minimum in the NICS-rate curve (ANICS/Ar versus r) of a molecule indicates
aromaticity/antiaromaticity of the system. NICS-rates are calculated from the difference between
two successive NICS values. We have also applied the FiIPC-NICS and NICS-rate approaches to
verify the aromaticity in the studied systems. Multicenter bond indices (MBIs)* of Ms* clusters

are further computed using Multiwfn software.”® The MBI is used as an aromaticity descriptor*'
which is defined for the bonds involving A, B, C,------, L atoms as
MBIapc.1.=2" X cab e Bl eL ToII. ... I ()
where IT is an idempotent matrix.
Ring current density plots are generated with AIMAII software package.** The .wfx and
.fchk files are generated from NMR calculations using the GIAO method® at the M06-2X/def2-
TZVP level by the Gaussian 09 program package.’” The molecules are placed in the xy plane and

the magnetic field is applied in the —z direction (from the bottom side of the molecular plane).

c-aromaticity in M;*

M;* (M = Cu, Ag, Au) systems possess D3, symmetry and 1A1’ electronic state in their
global minimum geometries (see Fig. 1).*** M;s* has 16 occupied molecular orbitals (MOs) and
among which 15 MOs consist of d-atomic orbitals with bonding, nonbonding and antibonding
types resulting in the net bonding effect zero.*8* The a, highest occupied molecular orbital
(HOMO) of M3" is sum of ns-AOs of three M, which is 6-type and totally delocalized over M;
unit (see Fig. 1-SI). Therefore, the HOMO corresponds to a three center-two electron (3c-3e)
bond. In that sense they are similar to prototype G-aromatic system, H;" and its heavier congener,
Liz** The M-M bond distance in Ms* is found to be slightly larger than those of the
corresponding covalent bond distances.*> The M-M bond distance (ra-m) follows the order as rey.

cu < Tau-au < T'agag. The decreased rayau value compared to rag.ae is due to the fact that the
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covalent radius of Au is around 0.1 A less than that of Ag.*’ Very large relativistic effect in Au

causes a contraction of valence 6s orbital followed by an expansion of inner 5d orbital which
results in a reduced covalent radius.*® The Wiberg bond index (WBI)47 for M-M bond shows that
almost half a covalent bond is formed therein. Consequently, H(r.) value at the BCP of M-M
bond in M;" is negative (-0.005 au for Cu-Cu, -0.004 au for Ag-Ag and -0.011 au for Au-Au

bonds) supporting a partial covalent character.

Now, we have assessed the aromaticity of these M3 clusters and compared with H;" and

Li;" systems. It may be noted that there has a controversy regarding the aromaticity of Lis".

44b 4
1.48

Although Lis" has 2-delocalized o-electrons and negative NICS values,” Havenith et a
termed Liz" as nonaromatic based on its ring current map. The c-aromaticity in all these M3*
molecules is indicated as the NICSy,—scan plots initially show large negative NICS value at the
ring center (see Fig. 2a). Moreover, the NICS values gradually increase to zero upon the
increased distance from the ring center. FiPC-NICS plots show that in these molecules in-plane
components of the NICS are the maximum contributors towards the total aromaticity (see Fig.
2b). A single hump is found in NICS-rate plots for these molecules near the vicinity of ring
center (< 0.7 A) pointing towards the c-aromaticity (see Fig. 2c). In can be noted that due to the
small ring size of M3;" and the presence of d orbitals on M, NICS,,—scan plots might be
misleading. NICS—scan with only in—plane components predicts similar characteristics of these
systems like NICS,—scan. Among these triatomic cationic rings, H3* shows the maximum o-
aromaticity, being the smallest molecule. On the other hand, M3" is significantly more aromatic
than Lis". Upon the increased distance from the center, NICS value falls very sharply in case of
H;*; however, in M;" it falls much slowly. Furthermore, on applying a magnetic field
perpendicular to the plane of the ring, it can induce a current density in and parallel to the
molecular plane. An aromatic species is identified with the diatropic ring current circulating over
the ring frame. In H;*, Cus*, Ags™ and Aus”, the diatropic ring current circulates around the
molecular ring. However, in case of Lis*, similar to the results of Havenith et al.*® only local
diatropic ring circulates over the atoms but lacks any global circulation within the plane of the
ring (see Fig. 3). Therefore, in H3" and M3" the HOMO electrons contribute global circulation
whereas the same in Li;" contribute a local circulation. This observation confirms the aromaticity

in M;" systems. MBI, which is known to be another descriptor of alromalticity,41 is generally high
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for aromatic systems whereas it is quite small in antiaromatic systems. The related values depend
on the size of the ring. While in H;* MBI was reported as 0.222,41a in five- and six-membered

41b . . ..
In our cases, MBIs in M;* show quite similar values

aromatic rings it varies in the 107 order.
(0.284 in Cuz", 0.282 in Ags™, 0.230 in Aus") to that in H3* (0.296) at the same level confirming

the presence of a 3c-2e bond.

Yong and coworkers®’ computed the resonance energy (RE) in Cu;* due to G-aromaticity

by following the reaction as
CusCl (Cay, 'A1) = Cuy (D=, 'Yg) + CuCl (Ca, 'Y) (3)

Previously, Alexandrova and Boldyrev**" also used a similar reaction to compute RE in Lis*. The
RE values following the above reaction in Mj" cases are found to be 41.0, 35.5 and 24.4

kcal/mol in Cus", Ags" and Aus™, respectively.

NHC, pyridine, isoxazole and furan bound M;*

Owing to cationic charge, the electron affinity (EA) of M;" is large ranging from 6.43-
7.52 eV reflecting their large attraction towards an electron and, hence, towards a nucleophile.
Therefore, suitable ligands are needed to stabilize them. Robilotto et al.'® found that NHC bound
Aus"is relatively inert compared to bare Aus* with larger energy gap between the HOMO and the
lowest unoccupied molecular orbital (LUMO). The crystal structure of (NHC);Aus" roughly
corresponds to a Ds point group. Here, in addition to (NHC)3;Au;*, we have considered
(NHC);Cus* and (NHC)3Ag;*. Similar to Au analogue, though both of them adopt D3 symmetry,
a slight structural difference is found in Cu analogue from those of Ag and Au complexes.
Unlike the latter ones in the former complex, the imidazolylidene rings of NHC link with Cu
centers in a tilted manner (see 1 in Fig. 1). The similar geometry for Cu as those of Ag and Au
analogues (2) is 1.1 kcal/mol (including ZPE correction) higher in energy than 1. On the other
hand, M3(Py);", M3(I0Z);* and M3(Fu);* correspond to D3, Cs, and Cs point groups, respectively,
with equal M-M and M-Ligand(L) bond distances, except for the Auz(I0Z);" case (see Fig. 1).
One Au-Au bond in Aus fragment of the latter complex gets a little bit squeezed (by 0.003 A)

compared to other two bonds forming an isosceles triangle and the overall complex adopts a C;
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point group. For all these complexes, we have searched for a possible number of structures. The
other structures are either higher energy minima or they possess imaginary frequency. The
related results of the studied complexes are provided in Table 1. It may be noted that all the
ligands reduce EA of M3" significantly. Except in Cuz(NHC);*, HOMO-LUMO energy gap is
also found to be larger in M3(L);" than those in bare clusters reflecting larger electronic stability
SSE

values per L reveal that NHC ligand forms the strongest bond with M3"

followed by Py, IOZ and Fu. For a given L, it follows the order as Aus(L);" > Cus(L);" >
BSSE

in former ones. DOB

Ags(L)3", except for the Fu case for which Dy value is slightly larger in Cuz(Fu);" than that in

Au analogue. Corresponding AH and AG values also follow the same order as that of Dy®>°F.
Note that the dissociation processes producing 3L and M;* are endergonic in nature at room
temperature and one atmospheric pressure, for all cases. Upon coordination with different L, the
v values get changed only slightly (< 0.04 A) compared to those in Ms*. For a given L, the
bonding distance between M and the binding site of L (ry.1) follows the order as rey.r < raur <

TAg-L-

There is a degree of net electron transfer from L to M center resulting in a decrease in
positive charge of M. Such electron transfer is found to be maximum for NHC and minimum for
Fu whereas it is almost same for Py and IOZ. Being a carbene, NHC would be obviously the best
electron donor. As O center in Fu is more electronegative than those of N centers of Py and 10Z,
the electron transfer is less in former one. The WBI values corresponding to M-L bonds are
largest in case of NHC among the other ligands. It indicates that the M-C bonds in M3(NHC);*
are most covalent one among the other M-L bonds under consideration. It may also be noted that
the degree of covalency in Au-C bond is larger than those in Cu-C and Ag-C bonds in
M;(NHC);" as indicated by the respective WBI values. In fact, for a given L it follows the order
as WBIau.L > WBIcuL > WBI41 in all cases. The electron density analysis shows that Vzp(rc) is
positive at BCPs either in M-L bonds or in M-M bonds; however, H(r,) values are negative
reflecting the partial covalent character (see Table 2). Upon coordination with L, the H(r,) values
become slightly more negative for M-M bonds compared to those in M;*. For a given M, the
negative value of H(r.) is larger in M-C bonds of M3(NHC);" than the other L bound complexes.
It supports the argument regarding the larger covalency in M-C bonds compared to the other M-

L bonds. Apart from that in case of Cus(Fu);", H(r,) value is only slightly more negative than

10
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that in Aus(Fu);*, similar to order of WBI, H(r.) also follows the same order in moving from Cu

to Au for same L.

Now, to obtain more insight into the bonding situation let us look at the EDA-NOCV
results performed considering L as one fragment and M;L," as another fragment (see Table 3).
AE™ is the energy difference between L-bound system and the sum of its fragment energies
restricting to the same geometry constrained to that of L-bound complexes. For all cases, the
contribution from AE™® is maximum (ca. 58-71%) towards the total attraction whereas AE""
contributes around 26-36% of total attraction. AE™P contributes negligibly. Similar to the degree
of electron transfer, the C center in NHC makes the largest orbital interaction with M among the
other L whereas O center in Fu makes the smallest orbital interaction with M. It may also be
noted that for a given L, the orbital interaction follows the same order as that of WBI i.e.,
Auz(L);" > Cuz(L);" > Agz(L);*. The plots of the Ap(r) for M3(NHC);" and M;(Py);" are
displayed in Fig. 4 (the corresponding results for M3(I0Z);* and M3(Fu);* are given in Fig. 2-SI).

It is found that both L—M electron donation and L<M electron back donation contribute

orb

towards the total AE™. AE$™ corresponds to LM & donation and this is responsible for 54-
69% of total AE®™. In the plot, the electron density shifts from red to blue. Ap,(r) in Fig. 4
shows the electron density is shifted from L to attached M center and from which it is further
transferred to the adjacent M centers. On the other hand, Ap,(r) (n = 2, 3, 4) corresponds to the
L<M electron back donation, Ap,(r) and Ap4(r) being & type back donation and Aps(r) being G

Eiorb

type back donation. The associated A values with these Ap,(r) reveal that L<M back

donation contributes around 31-36% of total AE”™®. Note that AES™ corresponding to LM 6

donation follows the same order as those of AE™ and/or DOBSSE

values, either for a given M with
different L or for a given L with different M. However, the ability to accept electron via L<M
back donation is found to be the highest for NHC ligand among others following the order as

NHC > 10Z > Py > Fu, for a given M.

NICS;oa—scan plots show that, in general all the L bound M3" complexes show more
aromatic nature compare to the bare M3 species (see Fig. 5). The increase in aromaticity is even
more significant in AuzLs;* complexes. However, in comparison to the recently studied
Zn;Cp*;*,'® the present M3L;* (M = Cu, Ag) complexes show somewhat less aromaticity than

the former one whereas aromaticity in AusL;* (L = Py, IOZ, Fu) complexes is very close to that

11
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in Zns complex. FiPC-NICS scan (see Fig. 3-SI) and NICS-rate plots (see Fig. 4-SI) also verify

the similar characteristics as found in NICS,;—scan plots.

Noble gas bound M;*

Similar to bare M3", M3Ng;" complexes possess a D3, symmetry and 'A/ electronic state
(see Fig. 6). By symmetry, each of the M centers in any M3 possesses an equal amount of charge
of + 0.33 |el. It is found that Ms* clusters can form stable Ng compounds.*’ D%
Ng atom are 3.9 (Cu), 2.2 (Ag) and 5.4 (Au) kcal/mol for Ar, 6.4 (Cu), 3.9 (Ag), and 9.8 (Au)
kcal/mol for Kr, 9.6 (Cu), 6.5 (Ag) and 15.9 (Au) kcal/mol for Xe, and 11.2 (Cu), 8.1 (Ag) and

19.0 (Au) kcal/mol for Rn (see Table 4). Therefore, for a given Ng, the Ng binding ability of M;"

values per

follows the order as Au;"> Cuz* > Ag;". On the other hand, for a given M, the stability of the Ng
bound M;* complexes gradually increases in moving from Ar to Rn. The increase in
polarizability of Ng along the same is presumably the reason for this observation. All the
dissociation processes are endothermic in nature and the corresponding AH values also follow

the same trend as that of DOBSSE

either upon moving from Cu to Au or along Ar to Rn. It may be
noted that formation of both M3;Ng* and M3Ng," will also be feasible in experimental situation.
But, since Shayeghi et al. observed that the intensity of AusAr;* is larger than the other smaller
complexes in mass spectrum, here we have only considered tri-Ng bound analogues. Quite small
D25 value in case of AgsArs* supports the fact that Shayeghi et al.'” obtained very small peak
for AgsAr," (n =1, 2, 3) in mass spectrum. Nevertheless, if one considers the heavier congeners
of Ar, the corresponding Ng bound analogues are more likely to be formed. Except for CuzAr;",
AgsAr;" and Ag;Kr;* cases, the dissociation processes of the rest of the systems are found to be
endergonic in nature at room temperature and one atmospheric pressure. Computation of the
HOMO-LUMO energy gap implies that HOMO-LUMO energy gap improves upon Ng binding
compared to the bare clusters indicating their increased electronic stability (see Table 4). The

electron affinity of M3" also decreases in Ng bound analogues.

On analyzing NPA charge values we have found a loss of positive charge on M center
and a development of positive charge on Ng atom concurrently, which illustrates the degree of

electron transfer from Ng to M. The amount of charge transfer from Ng to M center is lower for
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lighter Ng atoms and it consistently increases with shifting toward heavier one. Owing to the
variation in polarizability this trend is expected. The WBI values range from 0.11 to 0.26 for
Cu3Ngs™, 0.08 to 0.23 for AgsNgs*, and 0.14 to 0.35 for AusNgsz™ with gradual increase in
moving from Ar to Rn. For a given Ng, bond length of Ng-Cu is the shortest and is the longest
for Ng-Ag following the order as Cu-Ng < Au-Ng < Ag-Ng. Upon Ng binding, the M-M bond

distances get slightly shortened compared to those in the free M3".

The results of the EDA taking Ng as one fragment and M3Ng," as another fragment are
provided in Table 5. Among the attractive terms, while the contributions from AE®® (ca. 43-
53%) and AE®™™ (ca. 42-56%) terms are found to be almost equal towards the total attraction,
the contribution from AE®*? term is negligible towards the same. Therefore, the M-Ng bonds in
M;Ng;" may be considered as a mixture between electrostatic interaction and covalent
interaction. This is very similar to those in Ng-M bonds in NgMX (X = F, CI, Br) or NgMCN.50
The plot of Ap(r) is provided in Fig. 7 and the associated AE;"® values are also mentioned. It is
found that electron density is accumulated in between M and Ng centers. This observation is
quite similar to those of the studies on NgAuF and NgAu" by Belpassi et al.’! and on NgMCN by
Pan et al.’” The corresponding AE;"® value associated with this accumulation of electron density

gradually increases along Ar to Rn indicating larger covalent contribution along the same.

The results of electron density analysis reveal that though Vzp(rc) is found to be positive
in all cases, except for the Ag-Ar bond H(r,) is negative for all other bonds implying the partial
covalent character (see Table 6). It may be noted that the corresponding M-Ng bond distances
become quite close to those of the typical M-Ng covalent bond distances (rq,y) for Xe and Rn
cases. In Ng bound analogues, the negative values of H(r.) only get slightly increased in M-M

bonds compared to the bare clusters.

The change in aromaticity upon the binding with Ng atoms is studied and the related
results are provided in the supporting information (see Figs. 5-SI, 6-SI and 7-SI). It is found that

M;Ngs* complexes are slightly more aromatic in comparison to the M3".

Carbon monoxide bound M3*

13
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The optimized geometries of M3(CO);" and M3(OC);" along with their geometrical
parameters are provided in Fig. 8. All the structures correspond to D3, point group and 'AY
electronic state. While the C-O bond distance in M3(CO);" gets decreased compared to that in the
free CO, the C-O bond distance becomes longer in M3(OC);". In cases of Cu3(CO);* and
Ag3(CO);", C-O bond becomes shorter by 0.008 A than that in free CO whereas in Au3(CO)s"

C-O bond gets slightly less shorter (0.007 A) compared to others. On the other hand, the C-O
bond distances in M3(OC);* undergo gradually larger lengthening in moving from Ag (0.007 A)

to Au (0.008 A) to Cu (0.009 A). The computed Do®55E value per CO in M;3(CO);" is by 10.4
kcal/mol for Cu, 7.7 kcal/mol for Ag and 17.4 kcal/mol for Au larger than that in M3(OC)s*
depicting the larger stability of the former isomer than that of the latter (see Table 7). For
M3(CO)5*, DoF value follows the order as Auz(CO);* > Cus(CO)s* > Ags(CO)s* whereas for
M;(0C);" the order becomes Cuz(CO);* > Ausz(CO);* > Agz(CO);". The computed AH and AG
values for the dissociation process of the respective complexes also follow that order. Now, a
very interesting aspect would be the vibrational frequency corresponding to the C-O stretching
mode. The C-O stretching frequency of free CO at the studied level of theory is 2269 cm™. For
all the three sets, M3(CO);" has a blue-shifted C-O stretching frequency (Avco > 0) whereas
M;(OC);* exhibits a red-shifted C-O stretching frequency (Avco < 0). By symmetry, there are
two types of C-O stretching mode, one being doubly degenerate IR active asymmetric stretching
mode (E’) and another being IR inactive symmetric stretching mode (A;"). The vco
corresponding to A’ is slightly larger than that of E” (see Table 7). The blue-shift is largest in
Cu3(CO);* following the order as Cuz(CO);™ > Agz(CO);* > Aus(CO);" whereas in case of red-
shift, the order is Cuz(CO);" > Auz(CO);" > Agz(CO)3™. It follows the same order as those of C-O
bond shortening and elongation. It may be noted that though CO is more strongly bonded with

Aus* than Cus®, Avco is higher in latter complex than that in the former.

To inspect this reason and to get a detail insight into the bonding situation of this donor-
acceptor interaction, the results of EDA-NOCYV is analyzed (see Table 8). In both C-side and O-
side binding, the contribution from AE™™™ (ca. 51-62 %) is found to be larger than that of AE*™
(ca. 37-46 %). The stronger Au-CO bond than Cu-CO bond can be attributed to the larger orbital
and electrostatic interactions in Auz(CO);* than that in Cuz(CO)s™. It is well-known that OC—M

¢ donation tends to increase the vco whereas M—CO =© back bonding is responsible for the
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lowering of vco. The explanation for the latter observation is quite straightforward. As it
populates the antibonding w* orbital, it causes a lengthening of C-O bond length accompanied by
a red shift in vco. However, the reason for the former observation involves a confusion for a long
time. Initially, it was argued that the HOMO of CO, which is a c-orbital, possesses an
antibonding character.’” The shorter C-O bond length and higher vcoin CO™ and HCO" supports
this aurgument.53 However, the shape of HOMO and significant red-shift in vco in COH" opposes
the antibonding concept of HOMO.> Frenking et al.**® explained this in terms of an opposing
polarization in the o- and m-orbitals upon bonding with H" or M™ through either end of CO. In
free CO, the bonding orbitals remain polarized towards more electronegative O-end. Therefore, a
positive charge at the C-end will attract the electron density from O-end resulting in a less
polarized bond and hence a more covalent bond. On the other hand, a positive charge attached

with O-end results in a more polarized bond and hence a larger C-O bond distance.

As Frenking and coworkers'”* mentioned, there are two possible situations for being
Avco > 0: 1) relatively low M — CO = back bonding or 2) © back donation is significant but not
large enough to overbalance the ¢ donation. It was also observed that a small degree of m back
donation is enough to overshadow the ¢ donation resulting in a larger C-O bond length.”**** An
inspection of 6- and n-contributions towards AE® reveals that the OC—M;3(CO)," 6 donation is
14.3 kcal/mol larger in Au3(CO);* than that in Cu3(CO);*. However, at the same time
OC«M;(CO)," © back donation is 9.7 kcal/mol higher in former species than that in the latter
one. Therefore, larger m back donation is responsible for the lower Vcoin Auz(CO);* compared to
Cu3(CO);". In case of Agz(CO)3", though 6 donation is less by 3.7 kcal/mol than Cu3(CO);", the
7 back donation is also lower by 5.4 kcal/mol resulting in a vcoin Ag3(CO);* very close to that in
Cu3(CO);*. Now, in cases of M3(OC);" both the ¢ donation and m back donation are relatively
low compared to those in M3(CO);* isomer. One way to explain the red-shift in Vco in these
complexes is that due to poor ¢ donation, the m back donation becomes large enough to cause a
red-shift in vco. It may also be noted that the relative amount of red-shift in vco follows the same

order as that of @ back donation.

Let us check the alternative explanation®™ of opposing polarization in the o- and =-

orbitals to describe these observations. The computed partial charges on C and O centers imply
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that in C-side bonding the lone-pair donation from C center is compensated by the electron
redistribution within CO fragment and as a result the negative charge on O decreases. It may also
be noted that the charge separation in free CO is 1.00 le| which decreases to some extent in C-
side bonding of CO. On the other hand, in cases of O-side bonding the electron donation from O
center of CO is even overcompensated by the induced polarization within CO resulting in more
negatively charged O center and more positively charged C center than those in free CO.
Consequently, it increases the overall polarization within CO (charge separation more than
1.00] e]). This is the reason why the WBI value for M-C bond is considerably larger than that for
M-O bond. Therefore, the present results support the argument of opposing polarization.”*® Note
that larger the charge separation within CO, larger the red-shift is found. Fig. 9 displays Ap
corresponding to ¢ donation and © back donation. The shape of Ap(c) shows that though the
electron donation mainly takes place from C or O centers of CO for C-side or O-side binding,
respectively, the electronic charge at the other end also gets depleted as indicated by the red
color. The plot of Ap(m) also shows that in C-side and O side bonding the © back donation only
leads to the electron accumulation at the C and O centers of CO, respectively, whereas the
electron density from the other end of CO also comes to the binding end. It supports the induced
polarization occurred with CO moiety as obtained from NPA charge. There also exists another
orbital pair, which is related to the polarization of C-O ¢-bond (Ap(pol)). HOMO-LUMO energy

gap is found to be significantly improved in CO bound analogues compared to the bare clusters.

H(r,) values corresponding to the M-C bonds in M3(CO);" isomers are considerably more
negative than those of the M-O bonds in M3(OC);" (see Table 9). It shows that the former bonds
are more covalent in nature than the latter ones supporting the corresponding WBI values.
Nevertheless, upon CO binding H(r.) values of M-M bonds also become slightly more negative

than those in free M3*.

Similar to the other ligand bound complexes, CO and OC bound M3 complexes are also
found to be more aromatic in comparison to the unbound M3" clusters (see Figs. 5-SI, 6-SI and

7-S)).

Summary and conclusions
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Because of the fact that the HOMO comprises the sum of ns-AOs of three M, M3" (M =
Cu, Ag, Au) is a c-aromatic system. Nucleus-independent chemical shift (NICS) and its different
extensions like NICS-rate and NICS in-plane component (NICS;,piane) vs NICS out-of-plane
(NICSout-of-plane) component are computed to assess aromaticity. The aromaticity in Aus’ s
somewhat higher than that of Cus” and Ags*. A comparison with Li;" and prototype G-aromatic
system, H3" reveals that M;" clusters have lower aromaticity than that of Hs" but have
significantly higher aromaticity with respect to Liz*. Almost half a covalent bond occurs in M-M
bonds of Ms" as indicated by the Wiberg bond index (WBI) values of ~0.5 and negative values
of total energy density (H(r.)). Different ligands like N-heterocyclic carbene (NHC), dimethyl
imidazol-2-ylidene, pyridine (Py), isoxazole (IOZ), furan (Fu), noble gas (Ng) and carbon
monoxide (CO) can bind with these M;" clusters with favorable interaction. They lower the high
electron affinity of M3* and in general increases the energy gap between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital. Among the ligands, NHC, Py,
I0Z and Fu, NHC forms the strongest bond with M3* followed by Py, IOZ and Fu. On the other
hand, in general the dissociation energy per ligand (L) follows the order as Auz(L);" > Cus(L);"
> Agz(L)s*, for a given L. Because of the smaller covalent radius of Au than that of Ag, the
bonding distance between M and the binding site of a given L (ry.) follows the order as r¢y.p <
TauL < T'ag-L. Energy decomposition analysis in conjuction with the natural orbitals for chemical
valence (EDA-NOCV) show that electrostatic contribution (AE®™™) is maximum (ca. 58-71%)
towards the total attraction in M-L bonds. On the other hand, orbital contribution (AE"rb) is
around 26-36% of total attraction. Both L—M & donation (ca. 54-69%) and L<—M back donation
(ca. 31-36%) contribute towards the total AE®™. The negative H(r,) values in M-L bonds imply
the partial covalent character therein. Upon bonding with L, the aromaticity within M3 moiety
increases compared to the bare M3 clusters. However, Zn3 moiety in the recently synthesized18
Zn;Cp*;" is somewhat more aromatic than those in M3(L);" (M = Cu, Ag). The aromaticity in

AusL;* (L = Py, IOZ, Fu) complexes is quite comparable with that in Zn; complex.

M;* clusters can bind Ng atoms quite effectively. For a given Ng, the Ng binding ability
of M3* follows the order as Au;” > Cus* > Ag;*. The Ng dissociation process is endergonic in
nature at room temperature and one atmospheric pressure, except for CuzAry", Agi;Ar;" and

AgzKrs*. In M-Ng bond, the contribution from AE*® and AE™*™ terms are almost equal towards
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the attraction energy. Except for the Ag-Ar bond, the other M-Ng bonds are found to be of
partial covalent type as indicated by the negative H(r.) values. M3Ng;* complexes are slightly

more aromatic than Ms™.

Further, the structure and stability of M3(CO);" and M3(OC);* are analyzed. Bonding
through the C-end of CO is much more favorable than that of the O-end bonding. While for C-
side bonding, the CO binding ability of M3 follows the order as Aus" > Cuz" > Ags”, for O-side
bonding the order is Cuz™ > Aus* > Ags*. In M3(CO);", a blue-shifted C-O stretching frequency is
found whereas in M3(OC);" a red-shift in C-O stretching frequency occurs. These observations
can be explained by the reverse polarization of the 6- and m-orbitals of CO as well as the relative
amount of OC—M ¢ donation and M—CO = back donation. The blue-shift and the red-shift are
largest in Cuz(CO);" and Cu3(OC);", respectively. Despite the stronger Au-C bond in Aus(CO);",
larger Au—CO = back bonding is responsible for lowering of the C-O stretching frequency
compared to that in Cu3(CO);*. The bonding with CO increases the aromaticity of M3" to some

extent.
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are also provided at the M06-2X/def2-TZVP level.

24



Page 25 of 40 Physical Chemistry Chemical Physics

5
l\"csin-plane (ppm) 2
-35 -30 -25 \30 -15 -10 5
£ Hy —%—

,&, - Cuy —— »E
= Agy —* a
§ = Au; —_—— &

7] i+

O - Liy H, —— %

< Cuy’ —o— -

Agy —+— ...?.
Au, —— mg
Liy’ 144 O
-40 4
0.0 1.0 2.0 3.0 4.0 5.0
Distance (A)
(a) (b)
<
£ i _—
o Cus‘ —_—
X Ag; —+—
3 A"s’ —
° Liy —a—
7]
=]
2
0.0 1.0 2.0 3.0 4.0 5.0
Distance (A)

(c)

Fig. 2 Different NICS plots for the Hs", Lis", Cus*, Ags™ and Aus" clusters. (a) NICS;q-scan plot

(b) FiPC-NICS plots (c) NICS-rate plots at the M06-2X/def2-TZVP level.

25



Physical Chemistry Chemical Physics

-
e maa,
WP m e a AR
P R R AN LN NEN
WP rr e m S AR AR

————
P e T
PR R TS

b )
b
N
b
L
A
3
J
1

NN A,
R Pl
-

R T P

-
Viventt
4 v ’
vy N
vl KRN
&R} 8NN
LR RRRK
IEEEEEs: I S 8
IEEEEE] NAXN
I EEEEEE] o . %5, 5§
I EEEEEE] SXNN
[EEEEER 23NN
E R T PR el
e Nt 2o Syl
- -
-
e
v
4
Vv
A -~y
S AP PARNRNS el [ LN
2188200002404

PP Attt =™\
-
B e tatated

Li,*

-
PN
P Rl L NLNLN

A
A
A
A
A
A
A
X

e~
PR T ey

B ettt ettt el ol
B e e

+
Cu,

S

o

s e

202X

1
SISSILL5RNNT
PREEBERINN

3a3aRetisy 2 ;
3
\vv\-wW - -~ oy
T e e T
: 3eil

+
Au,

Fig. 3 Ring current density plots for H3", Lis", Cus*, Ags" and Au;" clusters at the M06-2X/def2-

TZVP level.

26

Page 26 of 40



Page 27 of 40 Physical Chemistry Chemical Physics

¢

<

Apa(r)

Api(r) Aps(r)

AE orb=_25 1 AE orb= _4.7 /\E orb—= _4 8
Cu,(NHC),*
Api(r) Aps(r) Aps(r) ! Apy(r)
E orb=_18.3 Ezorh= -4.2 E}orh: 3.2 AEJ()rh: -1.5

Api(r) Apx(r) ‘ Aps(r)
AE, = -23.4 AE,b= 3.0 AE=-3.5 AE o= -1.6
AgS(NHC)J*

Apy(r) J Aps(r)
AE, o= -15.1 AE™=-18
Agy(Py);*
: ; % |
Api(r) Apa(r) Aps(r) Apy(r)
AE, = -43.4 AEp™=-7.3 AE™=-7.5 AEm=3.9
Auy(NHC),*

Apy(r)
AE, 7= 28.6

Aps(r) ‘ Apy(r)
AE ™= 3.5 AE =18

Ag;y(Py),"*

Fig.4 The plots of deformation density (Ap(r)) for M3(NHC);" and M3(Py);" complexes at the
PBE-D3/TZ2P//M06-2X/def2-TZVP level. (An isovalue of 0.001 is used.)

27



Physical Chemistry Chemical Physics Page 28 of 40

5 5
0 0
-5 -5
g_ -10 Cu,’ —— g_ 20 Au; —a—
2.5 Cuy(NHC)," —o— 2 .15 Au;(NHC);" —o—
g Cu,(10Z); —*— g Au,(10Z); —+—
o o
w20 Cu,(Fu); —— 8“ -20 Au,(Fu); ——
; 25 CUQ(PV); e E .25 Au;(Pv); ——p—
Zny(Cp*); —a— Zny(Cp*)y —=—
-30 -30
-35 -35
-40 -40
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Distance (A) Distance (A)
(a) (b)
5
O = = e e e i
-5
E 10 -
g_ Agy —¥—
% -15 Ag;(NHC),” —o—
g 20 , Agy(102); —*—
8“ - [/ Ag,(Fu); —*—
2 28 __/ Agy(Py); —+—
Zn;(cP‘); ——
-30
35 ?;
40| ¥
0.0 1.0 2.0 3.0 4.0 5.0

Distance (A)

(c)

Fig. S NICSu-scan plots for the M;L;" complexes at the M06-2X/def2-TZVP level.

28



Page 29 of 40

Physical Chemistry Chemical Physics

@ 'mm v
r Cu 2.466 2.373
M-L

Ag 2.807 2.648

Au 2.553 2.562

'im v

r. Cu 2.506 2.373
Ag 2.816 2.661
Au 2.584 2.566

M@/@:%

M,Ar,*; D,

v v
, Cu 2.611 2373

Ag 2.885 2.659

Au 2.662 2.572

M,Xe,*; D,,

Fig. 6 Pictorial depiction of M3Ng;* complexes. M-M and M-Ng bond distances in A are also

provided at the MP2/def2-TZVP level.

M,;Kr,"; D

@ LSVEVERR VR

Cu 2.660 2.372

|
Ag 2.900 3.657
Au 2.710 2.574

I'nim

M;Rn;*; D,,

29



Physical Chemistry Chemical Physics Page 30 of 40

-0 T-<060 000

AE°=-7.7 AE°=-10.5 AE°=-15.1 AE°=-16.9
Cu,Ar,* Cu,Kr,* Cu,Xe,* Cu,Rn,*

AE°’= -4.6 AE°=-7.2 AE°=-10.5 AE°=-12.5
AgAr* Ag.Kr,* Ag.Xe* Ag,Rn;*

E°o=-11.1 AE°=-15.6 E°o=-21.3 E°=-23.7
Au_,Ar3 Au,Kr,* Au_,Xe_3 Au_,Rn3

Fig. 7 The plots of deformation density (Ap(r)) for M3Ngs;" complexes at the PBE-
D3/TZ2P//MP2/def2-TZVP level. (An isovalue of 0.001 is used.)

30



Page 31 of 40 Physical Chemistry Chemical Physics

T'co Fco
'm mc Tco 'im ™o Tc.o
Cu 2.559 2.077 1.112 Cu 2.530 2.139 1.129

ymec Ao 2.810 2345 1.112 'm0

Ag 2.8i3 2.505 1i.i27
Au 2.664 1.128

1.113

M3(CO)3+; D3h MS(OC)3+; D3h

Fig. 8 Pictorial depiction of M3(CO);* and M3(OC);" complexes. M-M, M-C and C-O bond
distances in A are also provided at the M06-2X/def2-TZVP level.

31



Physical Chemistry Chemical Physics Page 32 of 40

‘ Ap(o) ‘.' Ap(m) ‘ ; Ap(m) Ap(pol)

i

AESTP=-154 AEg®=-5.3 AEg™® =-5.0 AEge =-4.4
Cu,(CO),*
Ap(o) Ap(m) Ap(m) C Ap(pol)
AES™=-6.8 AEg=-2.4 AEg® =-2.4 AEgR =-2.3
Cu,(0C),*

..,' A W) i
Ap(o) Ap(pol)
AE2™=-11.7 AEgb=-2.5 AEpey =-2.9
l % -
Ap(o) ‘ Ap(pol)
AEOT>=-3.6 AEgrd=-1.0 AEZ =-1.0 AE? <-0.9
Ag,(0C),*
Ap(o) Ap(m) Ap(m) - Ap(pol)
AEQ™>=-29.7 AEgrc=-10.1 AEZ =-9.9 AEgT =-8.9

Auy(CO),*

b

Ap(o) Ap(m) Ap(m) Ap(pol)
AEQP=-7.1 AEgr=-1.7 AL(OC) AEg =-1.7 AESY =-1.4
3 3

Fig. 9 The plots of deformation density (Ap(r)) for M3(CO);* and M3(OC);" complexes at the
PBE-D3/TZ2P//M06-2X/def2-TZVP level. (An isovalue of 0.001 is used.)



Page 33 of 40 Physical Chemistry Chemical Physics

Tables

Table 1. Both ZPE and BSSE corrected dissociation energy (Do">>F, keal/mol), dissociation enthalpy
(AH, kcal/mol), and free energy change (AG, kcal/mol) per L for the dissociation process at 298 K:
M;L;" — 3 L + M;*, NPA charge at M center and L (q, au), Wiberg bond indices of M-L and M-M
bonds (WBI), HOMO-LUMO energy gap (Gap, eV), electron affinity (EA, eV), M-M (ryvum, A) and
M-L bond distances (ry.r, A) at the M06-2X/def2-TZVP level.

Clusters PG D> AH AG q. qu WBIyir WBIum Gap EA 1w ML

Cus” Dsy, 0.33 0.46 5778 6.64 2.546
Cuz;(NHC);" D; 51.5 51.8 41.6 022 0.11 0.37 0.39 5,60 236 2.574 2.065
Cus(Py);* D; 367 369 262 009 024 0.17 0.43 5.80 3.20 2.542 2.056
Cuy(I0Z);* C3y  33.1 332 237 010 024  0.19 0.43 6.07 3.08 2.538 2.051
Cuz(Fu);* G 197 19.6 10.8 0.06 028  0.09 0.44 6.43 3.84 2527 2.078
Agy" Dsy, 0.33 0.46 533 643 2.832
Agz(NHC);* D; 436 435 336 023 0.11 0.35 0.43 541 256 2.833 2.261
Agy(Py);" D; 284 281 185 0.09 0.25 0.13 0.44 5776 327 2.803 2.304
Ags(10Z2);" Ciy 251 248 158 0.09 024 0.15 0.44 5.85 330 2.800 2.310
Agy(Fu);*  C; 135 13.1 47 0.05 029 0.07 0.45 5.86 438 2.799 2.362
Auj" Dsy, 0.33 0.49 6.22 752 2.695
Au;(NHC);* D; 641 639 523 031 002 0.51 0.44 6.88 240 2.709 2.091
Auy(Py);s*  D; 392 395 287 0.14 0.19 0.22 0.46 7.39 329 2.662 2.188
Au;(10Z);"  Cy 343 347 244 0.14 020 0.24 0.46 772  3.24 2.659(6) 2.184(0)
Au(Fu);*  C; 181 182 94 0.07 026  0.11 0.48 6.57 4.44  2.652 2.288
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Table 2. Electron density descriptors (au) at the bond critical points (BCP) of M-M and M-L
bonds obtained from the wave functions generated at the M06-2X/def2-TZVP level.

Complexes MM ML
p(r)  Vp(ro  H(r) p(ro)  V’p(r) H(r)
Cus* 0.034 0.060 -0.005
Cu3(NHC)3+ 0.038 0.024 -0.008 0.083 0.272 -0.026
CU3(PY)3+ 0.038 0.039 -0.007 0.075 0.341 -0.018
Cu3(IOZ)3+ 0.039 0.040 -0.008 0.073 0354 -0.016
Cus(Fu);*  0.038 0.050 -0.007 0.059 0.337 -0.009

Agy" 0.031 0.074  -0.004
Agz(NHC);* 0.035  0.058  -0.006 0.073 0.239 -0.014
Agy(Py);"  0.036  0.069 -0.006 0.058 0.249 -0.007
Ag3(I0Z);" 0.036  0.070  -0.006 0.056 0.251 -0.004
Agi(Fu);*  0.035 0.074  -0.006 0.043 0.214 -0.002

Aus" 0.056 0.140 -0.011
Au;(NHC);* 0.060 0.100  -0.014 0.123  0.248 -0.053
Auz(Py);*  0.064 0.122  -0.016 0.089 0.319 -0.022
Au;(10Z);" 0.065 0.124  -0.016 0.087 0.339 -0.020
Auz(Fu);*  0.065 0.135  -0.015 0.059 0.280 -0.007

Table 3. EDA-NOCV results of M3;L;* complexes considering L as one fragment and M3;L," as another
fragment at the PBE-D3/TZ2P//M06-2X/def2-TZVP level. All energy terms are in kcal/mol.

Clusters AEPauh [aJAEelstat [aJAEEng [bJAE](_er leAE(z)rb [bJAEgrb [bJAEgrb AE?gE [ﬁJAEdISP AE™

Cus(NHC);” 89.1  -101.4(70.0) -40.1 (27.7) -25.1(62.6) -47(11.7) -4.8(12.0) -2.1(52) 34  3.4(23) -558
Cus(Py);t  60.1  -672(67.8) -29.9(30.2) -183(61.2) -42(14.0) -3.2(107) -1.5(50) 27  -2.0(2.0) -39.0
Cu(10Z);" 529  -58.1(66.1) -28.4(32.3) -162(57.0) -4.5(15.8) -2.7(9.5)  -3.0(10.6) 2.0  -1.4(1.5) -35.0
Cus(Fu);" 353 -34.1(60.9) -20.1(36.0) -10.9(542) -3.0(14.9) -2.5(12.4) -1.6(8.0) 2.1  -1.83.1) -20.6

Agy(NHC);" 873  -94.6(71.6) -34.7(263) -23.4(674) -3.08.6)  -3.5(10.1) -1.6(4.6) -32  -28(2.1) -44.8
Agy(Py);” 482  -52.8(68.8) -223(29.1) -15.1(67.7) -2.4(10.8) -1.88.1)  -052.2) 25  -1.7(22) -285
Ags(10Z);* 405  -44.1(67.1) -20.1(30.7) -12.8(63.7) -2.5(12.4) -1.909.5)  -1.2(60) -1.7  -1523) -252
Ags(Fu);" 236 -229(61.4) -12.8(344) -7.6(59.4)  -1.7(133) -1.7(13.3) -0.8(6.3) -1.0  -1.6(42) -13.7

Au(NHC);" 1852 -180.5(71.9) -66.9 (26.6) -433(64.7) -7.3(10.9) -7.5(11.2) -3.9(5.8) 45  3.6(1.4) 657
Aus(Py);* 883  -86.7(66.5) -41.4(31.8) -28.6(69.1) -4.5(10.9) -3.58.5)  -1.8(4.3) 3.0  -2.1(1.6) -41.9
AwL(I0Z);" 778 -74.6(64.6) -39.0(33.8) -252(64.6) -4.8(123) -32(82)  -34(87) 24  -19(1.6) -37.7
Auy(Fu);* 381 -340(58.6) -22.1(38.0) -14.1(63.8) -2.6(11.8) -1.9(8.6)  -1.4(6.3) -2 2034 -199°

(™'The values within the parentheses are in percentage and show the contribution towards the total attractive

interaction AE®™ + AEST2, + AE®*P; lthe values within parentheses are the percentage contribution towards
orb

AEtotal)
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Table 4. Both ZPE and BSSE corrected dissociation energy (DOBSSE, kcal/mol), dissociation enthalpy
(AH, kcal/mol), and free energy change (AG, kcal/mol) per Ng for the dissociation process at 298 K:
M;3Ng;" — 3 Ng + M3*, NPA charge at M and Ng centers (q, au), Wiberg bond indices of M-Ng bonds
(WBIMng), HOMO—LUMQ energy gap (Gap, eV), electron affinity (EA, eV), M-M (ry-m, 10%) and M-
Ng bond distances (ry.ng, A) at the MP2/def2-TZVP level.

Clusters D> AH AG qng qu WBIune Gap  EA I'MNg MM

Cus" 0.33 8.76 4.04 2.39
CuzAr;" 3.9 51 -09 0.06 0.27 0.11 9.36 2.75 247 2.37
CuzKr;" 6.4 8.0 1.8 0.09 0.24 0.17 9.38 2.44 2.51 2.37
CusXe;" 96 115 52 0.13 0.20 024 9.30 2.18 2.61 2.37
CuzRn;" 112 14.0 7.6 0.15 0.19 026 9.15 2.16 2.66 2.37

Ags* 0.33 8.21 4.03 2.68
AgzArs” 2.2 3.1 22 0.04 0.29 0.08 8.62 3.21 2.81 2.65
AgiKrs" 39 53 -04 0.07 0.26 0.13 8.69 2.90 2.82 2.66
AgsXes" 6.5 8.2 23 0.11 0.22 020 8.68 2.62 2.89 2.66
AgiRn;" 8.1 10.6 46 0.13 0.20 0.23 8.61 2.54 2.90 2.66

Aus” 0.33 9.12 491 2.57
AujzArs” 54 1.7 1.2 0.08 0.26 0.14 10.54 3.30 2.55 2.56
Au;zKrsy" 9.8 13.0 6.2 0.12 0.21 0.21 10.64 2.93 2.58 2.57
AuzXes" 159 195 126 0.19 0.14 0.32 10.54 2.61 2.66 2.57
AuzRn;" 19.0 234 165 0.21 0.12 0.35 10.33 2.56 2.71 2.57
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Table 5. EDA results of M3Ngs" complexes considering Ng as one fragment and M3Ng," as another fragment
at the PBE-D3/TZ2P//MP2/def2-TZVP level. All energy terms are in kcal/mol.

Clusters AEPaUh AEelstat AEorb AEdlsp AElnt

CuzArs" 170 -11.2(46.6) -125@61.7) -0.4(1.7) -7.2
CuzKrs* 25.1 -17.2(48.8) -17.4(49.6) -0.6(1.6) -10.1
CusXes" 32.1 -22.8(484) -235(50.0) -0.8(1.6) -14.9
CusRn3* 3577 -25.6(49.6) -25.1(48.6) -0.9(1.8) -16.0
AgiAry” 8.0 -5.3 (42.6) -6.6 (53.0) -0.6(4.4) -4.5
AgiKry" 15.1 -10446.3) -11.4(50.7) -0.7(2.9) -7.3
Agi;Xe;" 23.0 -16449.7) -159479) -0.8(24) -10.1
AgsRns" 289 -21.1(52.2) -18.3(45.3) -1.0(25) -11.4
AuzAr;” 282 -17.1(48.6) -17.6(49.9) -0.5(1.5) -7.0
AuzKr;* 423  -27.4(50.9) -25.847.8) -0.7(1.4) -11.6
AuzXes" 60.0 -41.2(539) -342@44.8) -1.0(1.3) -16.4
AuzRn;" 66.4 -46.7(55.5) -36.3(43.1) -1.2(1.5) 17.9

(The values within the parentheses are in percentage and show the contribution towards the total
attractive interaction AES®™ + AE”® + AE%*P)
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Table 6. Electron density descriptors (au) at the bond critical points (BCP) of M-M and M-Ng

bonds obtained from the wave functions generated at the MP2/def2-TZVP level. The differences

between ry.n, and typical M-Ng covalent bond distances (rv-ng-Tcov) are also provided.

Complexes M-M M-Ng I'M-Ng~Tcov
p(ro  Vp(r)  Hrrd)  p(r)  Vp(ro) H(r)

Cus* 0.049 0.108 -0.009
CusArs* 0.052 0.106 -0.011 0.036  0.177 -0.001 0.39
CusKr;* 0.052 0.104 -0.011 0.043 0.175 -0.005 0.22
CusXes" 0.053 0.102 -0.011 0.046  0.147 -0.007 0.18
CusRns* 0.053 0.102 -0.011 0.046  0.134 -0.008 0.12

Ags’ 0.043 0.108 -0.009
AgiArs* 0.044 0.110 -0.009 0.022  0.095 0.000 0.57
AgiKrs® 0.045 0.110 -0.010 0.030 0.109 -0.002 0.37
AgiXes® 0.045 0.109 -0.010 0.035 0.104 -0.004 0.30
AgzRn;" 0.046 0.109 -0.010 0.038 0.102 -0.005 0.20

Aus* 0.073 0.182 -0.021
AuzArs* 0.076 0.175 -0.023 0.049  0.198 -0.006 0.35
AuzKrs" 0.076 0.169 -0.023 0.059 0.187 -0.011 0.17
AuzXes" 0.075 0.165 -0.023 0.065 0.150 -0.016 0.11
AuzRn;" 0.075 0.164 -0.022 0.065 0.132 -0.017 0.05
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Table 7. Both ZPE and BSSE corrected dissociation energy (Do?**F, kcal/mol), dissociation enthalpy
(AH, kcal/mol), and free energy change (AG, kcal/mol) per CO for the dissociation process at 298 K:

M;(CO);*/M3(0C);" — 3 CO + M3", NPA charges at M, C, O and CO (q, au), charge separation in
(Aqc-o, au), Wiberg bond indices of M-C/O bonds (WBI), HOMO-LUMO energy gap (Gap, eV),

CO
M-

M, M-C/O and C-O bond distances (r, A) and vibrational frequency corresponding to the C-O

symmetric (A;") and asymmetric (E’) stretching mode (vco, cm'l) at the M06-2Xdef2-TZVP level.

Clusters

BSSE
Dy

AG

AH dc 9o 9o Au  Aqco WBI Gap 1y rco  Imem Vco
E NG
CO 0.50 -0.50 0.00 1.00 1.120
Cus" 0.33 5.78 2.546
Cuy(CO);* 186 191 103 052 -036 0.16 0.17 0.88 037 597 2077 1.112 2.559 2348(79) 2351 (82
Cuy(0C);" 8.2 83 0.7 0.66 -061 004 029 127 0.08 639 2139 1.129 2.530 2199(-70) 2203 (-66)
Ags" 0.33 5.33 2.832
Agy(CO);" 124 124 42 053 -038 0.5 018 091 031 576 2.345 1.112 2.819 2346(77) 2347(78)
Agy(OC);" 47 46 -23 063 -059 004 029 122 006 5.72 2505 1.127 2.813 2214(-55) 2217(-52)
Aus* 0.33 6.22 2.695
Aus(CO);* 240 248 155 054 -033 020 0.13 087 055 7.64 2.058 1.113 2.694 2328(59) 2339 (70
Aus(0C);" 6.6 70 -09 065 -060 005 028 125 0.08 723 2405 1.128 2.664 2202(-67) 2206 (-63)_
(The values in parentheses show the amount of red or blue shifting in frequency compared to that
of free CO stretching frequency, 2269 cm™)
Table 8. EDA-NOCV results of M3(CO);"/M3(0OC);* complexes considering CO as one
fragment and M3(CO),"/M3(0OC)," as another fragment at the PBE-D3/TZ2P//M06-2X/def2-
TZVP level. All energy terms are in kcal/mol.

Clusters AEP" I Apeht BIAESTD, BIAETP  AE™ o) AEC™ bIAR orb [o] AE%b bIAR S(r)l])
Cuy(CO);" 473 -453(59.3) -30.6(40.1) -0.5(0.7) 292 -15.4(504) -5.3(17.2)  -5.0(16.3)  -4.4(14.4)
Cu;(0C);* 22.3 -16.5(52.8) -14.3(45.5) -0.5(1.7) 9.1 -6.8(47.7) -2.4 (16.8) -2.4(16.5) -2.3(15.8)
Agy(CO);* 35.6 -33.0(61.3) -20.1(37.5) -0.6(1.2) -18.2 -11.7(58.0) -2.5 (12.6) -2.4(12.2) -2.9(14.2)
Agy(0C);" 109 84(53.7)  -6.5(42.0) -0.7(43) 46 = -3.6(546) -1.0(149)  -1.0(14.9) -a-
Aus(CO);* 119.5 -97.3(61.6) -59.7(37.8) -0.9(0.6) -38.4 -29.7(49.8)  -10.1 (17.0) -9.9 (16.6) -8.9(14.9)
Auy(0C);* 19.3 -13.6 (51.0)  -12.3(46.1) -0.8(2.9) -7.4 -7.1(57.6) -1.7(13.6) -1.7(13.5) -1.4(11.5)

("™IThe values within the parentheses are in percentage and show the contribution towards the

total attractive interaction AE™ + AESID

percentage contribution towards AE{’J&I); -a- the corresponding value is below the cut-off value
of ADF to be listed in the EDA-NOCYV results.

|+ AE"P; Pl the values within parentheses are the
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Table 9. Electron density descriptors (au) at the bond critical points (BCP) of M-M and M-C/O
bonds obtained from the wave functions generated at the M06-2X/def2-TZVP level.

Complexes M-M M-C/O

p(ro)  Vp(r)  H(r) p(ro)  V’p(ro) H(r)
Cus* 0.034 0.060 -0.006
Cu3(CO)3+ 0.038 0.030 -0.008 0.073 0.290 -0.020
Cu3(0C)5" 0.038 0.052 -0.007 0.046 0.288 -0.003
Ag3+ 0.031 0.074 -0.005
Ag3(CO)3+ 0.035 0.065 -0.006 0.055 0.211 -0.007
Ag3(OC)3+ 0.033 0.074 -0.005 0.028 0.143 0.001
Aus” 0.056 0.140 -0.010
Au3(CO)3+ 0.062 0.138 -0.015 0.122 0.322 -0.054
Au3(OC)3+ 0.061 0.104 -0.014 0.041 0.211 -0.001
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Graphical abstract

The structure, stability, bonding and o-aromaticity in dimethyl imidazol-2-ylidene,
pyridine, isoxazole, furan, noble gas and carbon monoxide bound M;* (M = Cu, Ag, Au)

complexes are analyzed.
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