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Density functional theory is used to study geometric, energetic, and electronic properties of metal-
DOL:00.0000000000000¢ ligand bonds in a series of group-11 metal complexes and ligand-protected metal clusters. We study
complexes as the forms of M-L (L = SCH3, SCgHg, PPhs, NHCM¢ NHCE!, NHCF", NHCE",
CCMe, CCPh) and L;-M-L, (L1 = NHCB”, PPh3, and L, = CCPh). Furthermore, we study clusters
denoted as [M3LgBrg]™ (L = PPhs, NHCM¢, NHCE!, NHCP", NHCB"). The systems were studied
at the standard GGA level using the PBE functional and including vdW corrections via BEEF-vdW.
Generally, Au has the highest binding energies, followed by Cu and Ag. PBE and BEEF-vdW
functionals show the order Ag-L > Au-L > Cu-L for bond lengths in both M-L complexes and metal
clusters. In clusters, the smallest side group (CH3) in NHCs leads to the largest binding energy
whereas no significant variations are seen concerning different side groups of NHC in M-L complexes.
By analyzing the projected density of states and molecular orbitals in complexes and clusters, the
M-thiolate bonds were shown to have ¢ and & bond characteristics whereas phosphines and carbenes
were creating o bonds to the transition metals. Interestingly, this analysis revealed divergent behavior
for M-alkynyl complexes: while the CCMe group displayed both ¢ and 7 bonding features, the CCPh
ligand was found to possess only o bond properties in direct head-to-head binding configuration.
Moreover, synergetic effects increase the average binding strength to the metal atom significantly in
complexes of two different ligands and underline the potential of adding Cu to synthesize structurally
richer cluster systems.
stability of M-L complexes and clusters and suggests that PPh; and NHCs-protected Cu clusters are
most stable after Au clusters.

This study helps in understanding the effects of different ligands on the
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1 Introduction

Understanding the chemical nature of bonds in metal-ligand (M-
L) complexes and nanoclusters aids comprehension of the prob-
able reactions as well as learning and developing novel synthe-
sis procedures. Such systems due to their unique functions have
caught the attention of many researchers. 17 Numerous ligand
groups have been studied and implicated in protected metal nan-
oclusters and M-L complexes, including thiolates, phosphines,
alkynyls, N-heterocyclic carbenes (NHCs), and halids. 1824 The
spectrum of the known systems gets extended by considering dif-
ferent metals and their alloys from which group 11 coinage met-
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als (Cu, Ag, Au) play an important role.2%34 Building upon this
foundation, it becomes imperative to broaden the study beyond
single M-L bonds to include the interactions of mixed ligands as
L;-M-L, configurations within the metal clusters. This approach
not only enriches the spectrum of known systems but also deep-
ens our comprehension of the multifaceted nature of metal and
ligand interactions.

The study of the geometric, energetic, and electronic features
of metal-ligand bonds in M-L and L;-M-L, complexes and nan-
oclusters is beneficial to gain a better understanding of their reac-
tivity and stability in a variety of applications. To explain the
chemical nature of such bonds, one must first understand the
electronic configurations of the atoms involved. Chemical bond-
ing of group-11 coinage metals involves s and d valence orbitals
which feature a full d shell and a singly occupied s shell in the
form of nd!® (n + 1)s!, where n=3, 4, and 5 correspond to Cu,
Ag, and Au, respectively. The half-filled outermost s orbital of
group 11 atoms is similar to alkali metals, with the exception that
the relativistic effects must be considered to describe the proper-
ties of systems properly for the elements with underlying filled d
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shell. 3246

The discussion surrounding the diverse properties of group-
11 elements, despite their analogous valence electron configu-
rations, can be attributed to the relativistic effects, which gain
prominence as the electron count escalates from Cu to Au. Con-
sequently, copper has a significantly smaller energy gap between
its 3d and 4s orbitals compared to silver, which results in cop-
per behaving more like a first-group transition metal and exhibit-
ing larger electron correlation effects than silver. However, the
different chemical and physical properties of gold and silver are
primarily due to the large relativistic effects of gold#>4° making
the 5d-6s energy gap similar in size to that of copper. One of the
significant features of these effects is the direct relativistic effect,
which causes the contraction of outer s- and p-orbitals. This oc-
curs as a result of increased electron mass at high velocities, lead-
ing to a more compact distribution of electron density around the
nucleus. Conversely, the indirect relativistic effect leads to the ex-
pansion of inner d- and f-orbitals. The sequence of this expansion
follows the order: 5d > 4d > 3d for d-orbitals. These effects con-
tribute to an overall relativistic contraction of atomic size, making
the atom appear smaller than it would be in a non-relativistic con-
text, 4742

Computational approaches have been used frequently to study
the nature of bonds in M-L complexes. Jerabek et al.*? studied
the structure and bonding properties of coinage metals bonded to
cyclic (alkyl) (amino) carbene (cAACs) in complexes [M(cAAC);]
and [M(cAAC),]*. They showed that the nature of M-L inter-
actions incorporate M p(x) — (cAAC), 7 back-donation and M
(s) «+ (cAAC), o donation which the former electron transfer
is larger in all complexes except [Au(cAAC);,]. This study im-
plies that the cAAC ligands in [M(cAAC),] are superior as 7
acceptors than as ¢ donors. Granatier et al.*l' found that the
bond lengths of M-PPhj3 for coinage metals are in the sequence
Ag-P > Au-P > Cu-P. The charge transfer from lone-pair of lig-
and to metals occurred through rm-back donation, which con-
tributes the 3p, and 3p, orbitals of phosphorous and the (n-1)d
orbitals of the metals. The Au atom had the most significant rel-
ativistic effects, resulting in a larger binding energy compared to
other M-L interactions. Kacprzak et al.®? discussed the nature
of metal-sulfur bonds for coinage metals bonded to methylthi-
olate (MeS) in cyclic (MeSM), (x= 2-12), clusters, explaining
that the Cu-S bond is the strongest and most polar compared to
gold and silver, whilst the Au-S bond is mostly covalent. More-
over, Shen®? showed that the use of NHC-Au-CCPh motifs in
[Au;4(NHC-1)5(PA)3Br, 13+ and [Au;7 (NHC-1)4(PA)4Brs] ™ clus-
ters highlights the pivotal role of L;-M-L, bonding in developing
a novel class of hybrid organometallic gold nanocatalysts. The
increased catalytic efficiency and stability in hydroamination of
these nanocatalysts are ascribed to the bidentate NHC-Au-PA mo-
tifs on the Au;s core, distinguishing them from the counterparts
that are lacking these motifs. Tang and Jiang>% made a compre-
hensive study of various ligands (thiolates, phosphines, amines,
aryl radicals, alkynyls, and N-heterocyclic carbenes) adsorbed on
Au(111) surface allowing to propose stable cluster compositions.
An example of extended complexity is the tri-metallic chiral clus-
ter [Au;AggCus(R- or S-BINAP);(SCH,Ph)g]" protected by two
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different ligands, phosphines and thiolates, that was published
by Shen et al.> These special clusters arrange themselves into
helices resembling three-dimensional biological structures due to
unique hydrogen bonding dynamics. Understanding the structure
and formation of these clusters requires a thorough understand-
ing and systematic comparison of bonding differences of group
11 metals to a variety of different ligands.

In this work, the bond properties of monodentate ligands (L)
such as thiolate, phosphine, alkynyl, and NHCs with different
side groups R= CHj3, C;Hs, C3H;, CH,CgHs to coinage metals
in M-L and L;-M-L, complexes were studied, where L, is NHC or
PPhj; and L, is CCPh. In addition, the properties of [M3L¢Brg] ™~
clusters featuring ligands such as PPhj and different NHC vari-
ations in the gas phase have been compared. All optimized lig-
and groups bonded to Au as representative of all M-L and L;-M-
L, complexes and metal clusters are shown in Fig. 1. To study
coinage metal clusters our report benefits from the experimental
work performed by Shen et al.2® published in 2020 wherein they
synthesized anionic icosahedral gold clusters [Au;3LgBrg] ™~ using
three different NHCs, NHC-1 = 1,3-diisopropylbenzimidazolin-
2-ylidene; NHC-2 = 1,3-bis(1-benzyl-1H-benzimidazol-1-ium-3-
ylDpropane; NHC-3 = 1,3-bis(picolyl)benzimidazolin-2-ylidene).
The experimental crystal structure for [Au;3(NHC-1)¢Brg]~ was
our initial structure. We name NHC-1 as NHC?", and other
ligands are named as NHCM¢, NHCF’, NHC"", and NHC?" for
methyl, ethyl, isopropyl, and benzyl side groups, respectively. We
show that thiolate, phosphine, and NHC groups behave differ-
ently when it comes to forming bonds with metals. For instance,
since the vacant p-orbitals of carbene carbon are saturated by
the m-electrons in the five-membered NHC groups and o elec-
trons of carbene carbon are withdrawn by the neighbor N atoms,
the m-accepting behavior is hardly detected in metal-NHC com-
plexes and protected metal clusters. Many studies, however, have
revealed that structural modifications in NHC can influence the
bonding properties.22762 In this work, we show the high electron-
donating property of NHCs leads to the formation of stronger M-C
bonds in both M-L complexes and metal nanoclusters compared
to another electron donor ligand PPhj. Thiolates and alkynyls, on
the other hand, withdraw electrons from coinage metals. More-
over, we address the increased stability of L;-M-L, complexes in
detail and connect the results to the observed ligand-protected
metal cluster structures.

2 Computational methods

All calculations were done by using density functional theory
(DFT) as implemented in the real-space code package GPAW
(Grid-based projector-augmented wave method).23 Scalar-
relativistic effects were included in the setups of metal atoms
in GPAW. The experimental crystal structure for [Au;3(NHC-
1)¢Brg]~ (NHC-1 = 1,3-diisopropylbenzimidazolin-2-ylidene)
was used as our initial structure to which the replacement of dif-
ferent ligand groups and metal atoms was done. For all com-
plexes and clusters the Perdew-Burke-Ernzerhof (PBE) o4 was ap-
plied as the exchange-correlation-functional, and to study the van
der Waals interactions BEEF-vdW®> was used. Geometry opti-
mization was done in the calculations with 0.2 A grid spacing and


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00848k

Open Access Article. Published on 09 uztailak 2024. Downloaded on 2024/07/14 20:41:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D4CP00848K

Fig. 1 Molecular structures of PBE optimized M-L complexes (a-i), L;-M-L, (j and k), and two PPh; and NHCY¢ protected metal clusters (I and m,
respectively). (a) Au-SCH3, (b) Au-SCgHo, (c) Au-PPhj3, (d) Au-NHC¢, (e) Au-NHCE!, (f) Au-NHC?", (g) Au-NHC?", (h) Au-CCMe, (i) Au-CCPh,
(i) NHCB"-Au-CCPh;, (k) PPh3-Au-CCPh, (1) [Aui3(PPh3)¢Brs]™, (m) [Aujz(NHCM¢)sBrg]~. Au, yellow; S, red; C, black; H, white; P, green; N,
blue; Br, brown. The optimized structures of Au-L, Li-Au-Ly, and [Auj3L¢Brg]~ are representative of all M-L and L;-M-L, complexes and ligand

protected metal clusters; the atom radius is not precise.

0.05 eV/A convergence criterion for the maximum forces acting
on atoms. The binding energies for M-thiolates and M-L (L=PPhj3
and NHCs) complexes were defined as AE = (E[H,]/2+E[M-SR])
- (E[M] + E[HSR]) and AE = E[M-L] - (E[M]+E[L]), respec-
tively, and for phosphine- and carbene-protected metal clusters
AE = [E[M3L¢Brg]™ - (E([M3Brg]~ + (6*L))]1/6. Binding en-
ergy of L;-M-L, complexes (L; =PPhs or NHC and L, =CCPh) was
defined as AE = E[L;-M-L,]+E[H,]/2 - (E[M]+E[L;]+E[L,]).
With these definitions, the binding energies are negative num-
bers. Spin-dependent total energy calculations were done for all
open-shell systems. The projected density of states (PDOS) of M-L
complexes was calculated for metals and ligands inside a spher-
ical cutoff region. Atom-based analysis at the metal-ligand in-
terface was done by projecting the spherical harmonics functions
centered on each of the atoms making the M-L bond. This means
centering the analysis at the surface metal atoms and at the P, S,
and C atoms of the ligands that bind to the metal core surface.
However, Y,,,,-analysis was used for metal clusters to reveal the
symmetry of electron states, in which the Kohn-Sham electron
wavefunctions are projected to the spherical harmonics centered
at the center of mass of the clusters. Bader charge method,®® was
used to study the atomic charges of the coinage metals, ligand
groups, and Br- atoms.

3 Results and discussion

The geometric and electronic properties are reported in three
main sections: 3.1 Metal complexes (M-L), 3.2 Mixed ligand-

metal complexes (L;-M-L;), and 3.3 [M3L¢Brg]~ clusters.

3.1 Metal complexes (M-L)

All metal complexes are made up of one metal atom bonded to
a ligand group. Fig. 2a-d show the bond lengths (&) and the
binding energies (eV) of M-L complexes (M= Cu, Ag, Au and
L= SCHj;, SCgHg, PPh;, NHCM¢, NHCE!, NHC”, NHCB", CCMe,
CCPh) calculated with PBE (Fig. 2a and 2b) and BEEF-vdW (Fig.
2c and 2d). The comparison of the bond lengths for both PBE
and BEEF-vdW displays the order Ag-L > Au-L > Cu-L for M-L
complexes. A similar trend for coinage metals has been seen in
bonding to different ligands in various studies.2%5167 However,
BEEF-vdW yields slightly longer M-L bond lengths by 0.04 A-0.14
A compared to PBE. The binding energies calculated with PBE and
BEEF-vdW shown in Fig. 2b and 2d are proportional to the bond
lengths. The binding energies of Ag-alkynyl complexes suggest
that the formation of these bonds is inherently endothermic. Fur-
thermore, these bonds exhibit metastability, which implies that
while they can achieve a temporary state of stability, they are
not in the lowest possible energy state. As a result, Ag-alkynyl
bonds are susceptible to disruption and may readily convert to
more stable configurations under certain conditions. However,
Au complexes bond to electron-donating ligands (PPh; and NHC)
exhibit higher binding energies compared to their copper coun-
terparts, with a variation of 0.09-0.28 €eV. This observation can be
attributed to the relativistic effects experienced by gold. As dis-
cussed earlier, these effects cause an expansion of the 5d orbitals
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Fig. 2 Bond length M-L (A) and binding energy (eV) calculated by PBE (shown in (a) and (b)) and BEEF-vdW (shown in (c) and (d)) for the M-L

complexes. Table S2 contains the numeric values.

in gold, leading to a reduced energy gap between the 5d and
6s orbitals. 68170 Consequently, electron participation in bonding
with ligands is more pronounced in gold atoms, resulting in en-
hanced stability of these bonds.

Furthermore, in a study by Mufioz et al.,”! the impact of rel-
ativistic effects on the stabilization of dative carbon-metal bonds
in coinage metal complexes, represented by NHC-M-Cl species (M
= Cu, Ag, Au), was investigated. By comparing scalar relativistic
and non-relativistic DFT calculations, they quantified the contri-
bution of relativistic effects to various terms associated with bond
formation. They reported relativistic effects with increasing im-
pact from Cu (7.9%) to Ag (15.3%) and most prominently for Au
(39.9%). These effects contribute to the stabilization of interac-
tion energy terms, emphasizing the strengthening of o-PPh; —
M and 6-NHC — M bonds, as well as their electrostatic character.
This finding is comparable to the influence of ligands with vary-
ing o-donor capabilities, suggesting that relativistic effects should
be considered in evaluating dative carbon-metal bonds, even for
lighter group members.

According to the bond angle values for M-S-C presented in Ta-
ble S1, the bent structure is the most stable configuration for the
metal-thiolate complexes optimized by PBE and BEEF-vdW. The
bond angles for M-SCHj3 range from 104.0° to 105.5°, whereas
those for M-SCgHg vary between 102.2° and 105.5°. The bond
angle variation in PBE and BEEF-vdW is from 0.2° to 1.1°.

We now turn our focus to understanding the electronic proper-
ties of metal-ligand bonds to study the bond properties of coinage
metals interacting with different ligands. Fig. 3a, b, and c indi-
cate the analysis for the binding of SCH; radicals in M-L com-
plexes in which the electronic density of states were analyzed via
the projection of the electron states to the M and S atoms, and
show the visualized frontier molecular orbitals that are important
in the bonding of each M-SCHj.

Sulfur with the electronic configuration of 3s23p* forms a

4] Journal Name, [year], [vol.],

0

closed-shell M-thiolate complex as a result of bonding to coinage
metals (nd'®(n+1)s'). As shown in Fig. 3, the HOMO-1 state
for coinage metals with mostly s-symmetry is involved in bond-
ing to the ligand groups associated with p-symmetric states of S
atoms. In addition, d-states of metals also couple with p-states of
S-atoms forming more bonding states at lower energies like the
HOMO-5 and HOMO-6 states shown in Fig. 3a and 3c for the Cu-
SCH; and Au-SCHj; complexes. As previously noted, Cu appears
to have the shortest bond length to different ligands; neverthe-
less, as shown in Fig. 3, S1 (PDOS for M-PPh3), S2 (PDOS for
M-NHCY¢), S3 (PDOS for M-CCMe), and S4 (PDOS for M-CCPh),
the frontier atomic electron states for Cu are the closest to the
Fermi level, which explains the strength of the bonds in Cu com-
plexes. Fig. 4a-d illustrate the plots for the frontier molecular
orbitals involved in bonding the coinage metals to PPh;, NHCM¢,
CCMe, and CCPh, respectively. Fig. 4a and b show that the
frontier occupied molecular orbitals for bonding in M-PPh3 and
M-NHCY¢ have o-type bonding features. However, as shown in
Fig. 4c and d, the CCMe exhibited both ¢ and 7 bonding char-
acteristics, whereas the CCPh group demonstrated solely o bond
characteristics in a head-to-head type of bonding configuration.
Table S3 provides the analysis of the Bader charges for the
M-L complexes optimized with PBE. The survey reveals that the
coinage metals have different electron affinity in bonding to thi-
olates and alkynyls compared to PPh; and NHC ligands. Metal
atoms donate electrons to thiolates and alkynyls while withdraw-
ing electrons from ligands in M-PPh; and M-NHC complexes. The
size of R groups in thiolates (R = CH3 and CgHg) has no signif-
icant impact on the electron donation behavior of metals. How-
ever, sulfur in SCgHy has higher electronegativity compared to
SCH3. Within alkynyls, the larger R group, Ph, in the Cu-CCPh
complex leads to greater electron withdrawal from the carbon en-
gaged in the alkyne bond compared to Me. However, the size of
the R groups in Ag and Au complexes bonded to alkynyls does not
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Table 1 Calculated binding energy and binding energy per ligand for L1-M-L, complexes (eV), and binding energies of L;-M and L,-M complexes with

their summations. PBE xc functional was used.

L;-M-L, complex L;-M complex L,-M complex
LML, AE AE/Tigand AE, AE, AE, +AE;
NHC?"-Cu-CCPh -3.42 -1.71 -1.60 -0.71 -2.31
NHCB”—Ag—CCPh -2.21 -1.11 -0.96 +0.02 -0.94
NHC?"-Au-CCPh -3.29 -1.65 -1.69 -0.40 -2.09
PPh;3-Cu-CCPh -2.93 -1.47 -1.07 -0.71 -1.78
PPh;-Ag-CCPh -1.89 -0.95 -0.59 +0.02 -0.57
PPh3-Au-CCPh -2.91 -1.46 -1.35 -0.40 -1.75

Table 2 Calculated binding energy per ligand (eV) and average M-L bond length (A) for [M3LsBrg]~ clusters (L= PPhs, NHCM¢, NHCE!, NHC",

NHCB" and M= Cu, Ag, Au) using PBE and BEEF-vdW.

PBE BEEF-vdW
M-L AE M-L Bond length AE M-L Bond length
[Cuy3(PPh3)eBrel 0.75 2.34 1.13 2.36
[Ag)3(PPh3)Bre] ™ -0.75 2.50 -1.04 2.55
[Au;3(PPh3)¢Bre] ™ -1.57 2.35 -1.41 2.39
[Cuy3 (NHCM¢)4Brg]~ -1.67 2.00 -1.62 2.00
[Ag13(NHCY*)Brs] ~ -1.34 2.14 -1.21 2.21
[Auy3 (NHCM¢)¢Brg]~ 2.21 2.12 -1.58 2.09
[Cuy3(NHCE")Brg]~ -1.59 1.96 : ]
[Ag13 (NHCF)gBrg]~ -1.32 2.16
[Au;3 (NHCE")6Brg]~ -2.18 2.13
[Cuy3 (NHCP)Bre]~ -1.51 1.96
[Ag13(NHC"")¢Brg]~ -1.33 2.17
[Au;3(NHCP)Brg] -2.18 2.07
[Cuy3 (NHCB)¢Brg]1~ -1.52 1.97
[Agi3 (NHCE")¢Bre]~ -1.22 2.16
[Au;3 (NHCE")Bre] ~ -2.04 2.06

significantly impact the electronic charges. The same comparison
for different NHC groups shows that the bigger R groups in NHCs
(R= CHj3, CyHs, C3H7, CH,CgHs) have no significant impact on
the electron affinity of the coinage metals.

3.2 Mixed ligand-metal complexes (L;-M-L;)

To study the mixed ligand-metal complexes we focus on NHGB"-
M-CCPh and PPh3-M-CCPh complexes (M = Cu, Ag, Au). Table
1 shows a clear trend in the formation energies of mixed metal-
ligand complexes. The NHCP"-Cu-CCPh complex has the largest
binding energy at -3.42 eV indicating a robust binding affinity of
copper, which outperforms its counterparts, with gold and silver
complexes showing formation energies of -3.29 eV and -2.21 eV
for NHCB"-Au-CCPh and NHCP"-Ag-CCPh, respectively. Similarly,
the binding energy of PPh3-Cu-CCPh complex (-2.93 eV) demon-
strates a substantial difference to M-L complexes as binding affin-
ity is again the highest for copper when compared to its gold and
silver equivalents. As a comparison, PPh;-Au-CCPh and PPh;-Ag-
CCPh exhibit formation energies of -2.91 eV and -1.89 €V, respec-
tively. This trend in the formation energies challenges the expec-
tation of the superiority of gold in ligand binding within metal-
ligand frameworks emphasizing the potential of copper utility in
various applications where strong metal-ligand interactions are
desired. Remarkably, the binding energies for L;-M-L, complexes
presented in Table 1 exhibit substantially higher stability than the
individual M-L; and M-L, complexes together. This is evidenced
by the sum of the separate binding energies (A E; + A E;) being
lower than the total binding energy of the combined L;-M-L; sys-

tem (AE), underscoring a more stable configuration in the L;-M-
L, complexes, emphasizing the cooperative effect present in the
mixed-ligand motif. Tables S3 and S5 illustrate the Bader charge
analysis for M-L and L;-M-L, complexes, respectively. In the case
of NHCB"-M-CCPh, metals exhibit a higher positive charge than
metal atoms in NHCP"-M, suggesting a balance between electron
donation from NHC and electron withdrawal by CCPh. This bal-
ance can lead to increased complex stability. The metals in PPh3-
M-CCPh are more negatively charged compared to M-CCPh, in-
dicating strong electron donation from PPhj, which could com-
pensate for electron withdrawal by CCPh, thereby enhancing the
stability of the complex. Table S4 indicates a direct proportion-
ality between the bond lengths in L;-M-L, complexes and their
respective formation energies. Shen in his research,3 under-
scores the influence of L;-M-L, configurations in the development
of innovative hybrid organometallic gold nanocatalysts. The re-
search highlights how NHC-Au-PA (PA = Phenylacetylide) motifs
on the Auy; core significantly enhance the activity and stability of
[Au;6(NHC-1)5(PA)3Bry 13t and [Au;7(NHC-1)4(PA)4Brs]™ nan-
oclusters in the hydroamination of alkynes. Our analysis supports
this finding on stability and further suggests that incorporating
Cu motifs could potentially yield nanoclusters with enhanced ac-
tivity and stability, providing new possibilities for experimental
exploration in nanocatalyst design.

3.3 [M;;3L¢Brg]  clusters
The geometric properties of [M;3LgBrg]~ clusters (L= PPhgs,
NHCM¢, NHCF', NHC?", NHCB", and M= Cu, Ag, Au) and the
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Fig. 3 Projected density of states along with the occupied molecular orbitals (the numbers 1 to 7 for refer to HOMO to HOMO-6) for (a) Cu-SCH3
(b) Ag-SCH3 and (c) Au-SCH3;. The HOMO-LUMO gaps (centered around zero) are 1.48, 1.49, and 1.41 eV for systems a through c, respectively.

electronic properties of M-L bonds in the coinage metal clusters
protected by PPh; and NHCM¢ ligands have been studied.

Table 2 provides the binding energies per ligand (eV) and
the average M-L bond lengths (A) for [M;3L¢Brg]~ (L = PPhs,
NHCMe, NHCE!, NHC", NHCE") calculated by PBE and BEEF-
vdW. As shown in Table 2 the van der Waals interactions have
been considered for the clusters protected by PPh; and NHCMe.
Moreover, the average bond lengths for Mceue ()™M peripheral(p)
and M-Br in the aforementioned clusters calculated with PBE and
BEEF-vdW are reported in Table S6. Both functionals reveal the
order Ag-L. > Au-L > Cu-L for the average M-L bond lengths in
all clusters. Table 2 demonstrates that gold clusters exhibit the
largest binding energies per ligand in comparison to Cu and Ag
clusters. In the case of BEEF-vdW, however, the energies of the
NHC-protected clusters are almost isoenergetic, with Cu cluster
exhibiting a slight advantage over the gold clusters. Meanwhile,
Cu clusters, possessing the shortest average M-L bonds, exhibit

6| Journal Name, [year], [vol.], 1

the second-highest binding energies following gold clusters. This
observation in gold clusters can be ascribed to the relativistic ef-
fects experienced by gold atoms, as previously discussed for M-L
complexes. Based on the binding strength and the characteristics
of NHC-protected metal clusters, Cu is a viable choice for such
systems, significantly superior to Ag but not as excellent as Au.
By evaluating the effects of different ligands on the average bond
distance values in Cu clusters, we found that this value varies be-
tween 1.96 A and 2.00 A. However, different ligand groups have
a greater impact on the average bond distance (M-L) in Ag and
Au clusters, as the average bond distance for Ag-P is 2.5 A while
this value for Ag-C in various NHCs fluctuates between 2.14 A
and 2.17 A. Au clusters protected by PPh; show the average bond
distance of 2.35 A for Au-P and shorter bond lengths for differ-
ent NHCs bonding to Au which varies between 2.06 A and 2.13
A (shorter bond distance Au-C has been seen for larger NHCs),
which provides the greatest difference in bond length values com-
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paring to Ag and Cu clusters. Table S6 illustrates that the Cu clus-
ters have the shortest M(c)-M(P) bond lengths, as demonstrated
for the M-Br bonds in the copper clusters. It also reveals that the
different ligands do not significantly alter the core metal bond to
the peripheral metals in [M;3L¢Brg]~ clusters. However, average
M(c)-M(p) bond lengths in clusters protected by PPh; are longer
by 0.02-0.04 A.

To study the electronic properties of the metal clusters pro-
tected by PPh; and NHCM¢, we first study the Y,,,-analysis to re-
veal the symmetry of electron states, in which the Kohn-Sham
electron wavefunctions are projected to spherical harmonics cen-
tered at the center of mass of the clusters. Fig. 5a-f illustrate
the P-symmetry for the frontier orbitals (HOMO, HOMO-1, and
HOMO-2) of all M3 clusters as expected for 8 electron super-
atoms. Visualized molecular orbitals shown in Fig. 6a-f confirm
the result of Fig. 5. The expected variation (Cu > Au > Ag) in

8| Journal Name, [year], [vol.],

1

(b) [Ag13(PPh3)GBr5]7, (C) [Au13(PPh3)(,Br(,]’, (d)

the position of the d-band edge for metal atom type can be seen
from the atom-based projection that is shown in Fig. S5. Interest-
ingly, the position of a p-symmetric band of the P and C atoms of
the ligands that include binding states to the metal core surface
follows the same trend. This confirms that the same underlying
hybridization characteristics that were interpreted already for the
simple M-L complexes are affecting the binding properties also
in the more complex cluster systems. Bader charge analysis for
clusters reported in Table S7 illustrates the charge of metal atoms
involved in M-L bonds, which show similar behavior as in M-L
complexes. In all clusters, metal atoms in M-L bonds are pos-
itively charged except gold atoms in [Auy3(PPh3)¢Brg]~ which
slightly withdraw electrons. Moreover, Au atoms in gold clus-
ters appear to be less positively charged compared to Cu and Ag
atoms in other clusters. In all clusters, P and C atoms in PPhj
and NHCs ligands are positively charged (compared to C atoms
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in NHCs, phosphorous is more positively charged); nevertheless,
non-bonded atoms to metal in these ligands, together with Br
atoms, withdraw electrons.

4 Conclusion

Rational design of new materials crucially relies on prerequisite
information on how the starting materials interact and what are
their energetically stable reacted compounds and binding motifs
in the final nanostructure product. A paradox of the design pro-
cess is that the to-be-produced new materials and consequently
most of the necessary prerequisite information for the design pro-
cess are unknown. In reality, the main challenge is to combine
the necessary ingredients from a vast sea of previous chemistry
examples and a fundamental understanding of how atoms and
molecules behave. To this end, we have given here a thorough
systematic comparison of the binding properties of various lig-
ands to group-11 metals Au, Ag, Cu and expanded the under-
standing of ligand-protected metal clusters and the underlying
chemical rules to their formation.

This study confirms the dominant role of Au in forming stable
ligand-metal complexes and clusters but is questioning its role as
an only decisive option. Our results inquire into the great po-
tential of copper as a potential alternative choice to stabilize ei-
ther special surface motifs or the whole structure of the ligand-
metal complexes and clusters. Our work has summarized the
relevance of understanding the charge transfer properties, char-
acteristics of the metals, and the effect of the metal d-band on
binding properties. In the context of our results, it is not a sur-
prise why in mixed metal clusters phosphines mostly prefer bind-
ing to Au atoms=>>7273| or that Cu is often found at the outermost
metal-thiolate interface layer instead of the metal core 22I747>
The thiolate-metal bonds are known to be stronger within the pro-
tecting units than to the metal core and therefore it is favourable
to maximize strongly binding metal atoms in the outermost layer
if it is spatially reasonable. In larger clusters, the metal-ligand
binding affinity acts against the factors like packing of the metal
core and surface curvature effects, which may change the bal-
ance at the metal-ligand interface to favor flexibility for example
in atom coordination.'Z®

Silver as the weakest binder, but competitive in packing to Au,
is flexible to take a role of the compromising agent in the metal
core or in the metal-ligand interface and creates a basis for hold-
ing the structural integrity and molecular composition of the syn-
thesized product. In the case of Ag, the preference should still be
to bind the ligand available that maximizes the stability, namely
carbenes and thiolates over phosphines as our results showed.

Most of these mentioned facts are concretized in the
tri-metallic, two ligand cluster [Au;AgeCu, (R- or S-
BINAP);(SCH2Ph)¢]™: Au in the center of the metal core
binding phosphines, Cu forming metal-thiolate units on the
core surface and Ag completing the capping the metal core and
offering a binding site for the Cu-thiolate units.> Based on
our results it is also clear that when adding enough structural
flexibility, as in some bidentate ligands, the formation of surface
motifs with mixed ligands on cluster surface can become highly
probable because it combines the surplus synergies from bonding

View Article Online
DOI: 10.1039/D4CP00848K

and charge transfer to strengthen the binding affinity.

As a summary, our results indicate that copper could be very
valuable to maximize the number of special units and enrich
the properties of the metal-ligand interface in protected clusters,
which can open a new avenue for applications like highly selec-
tive catalysis. We hope that examples provided here could help
transfer the fundamental understanding to a rational controlled
design of new cluster materials in the future.
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