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Abstract
Amine ligands are expected to drive the organization of the metallic centers as well as the

chemical reactivity of the silver clusters early growing during the very first steps of the
synthesis of silver nanoparticles via an organometallic route. DFT (Density Functional Theory)
computational studies have been performed in order to characterize the structure, the atomic
charge distribution and the planar (2D)/three-dimensional (3D) relative stability of small-size
silver clusters (Agy, 2 <n < 7), with or without an ethylamine (EA) ligand coordinated to the
Ag clusters. The transition from 2D to 3D structures is shifted from n = 7 to n = 6 in the
presence of one EA coordinating ligand and it is explained from the analysis of the Ag-N and
Ag-Ag bond energies. For fully EA saturated silver clusters (Ag, — EA,) the effect on the
2D/3D transition is even more pronounced with a shift between n = 4 and n = 5. Subsequent
ELF (Electron Localization Function) and QTAIM (Quantum Theory Atoms in Molecules)
topological analyses allow for the fine characterization of the dative Ag-N and metallic Ag-Ag
bonds, both in nature and strength. Electron transfer from the ethylamine to the coordinated

silver atoms induces an increase of the polarization of the metallic core.



INTRODUCTION

Silver nanoparticles (AgNPs) are increasingly used and their optical, electrochemical and
biomedical applications are strongly related to their size and shape.!?> AgNPs may be prepared
using a physical or chemical routes. Among the latter, synthesis of colloidal nanoparticles can
involve a precursor complex which is reduced in the presence of stabilizing ligands. Such
ligands prevent the nanoparticles’ coalescence in solution by the formation of a shell of organic

dispersant around them. >

Recent studies of AgNPs obtained from the hydrogenolysis , at moderate temperature (T<
373K), of silver-amidinate complexes have evidenced the stabilizing synergy between the
amidine released from the precursor complex, and the long alkyl chain amine ligands such as
hexadecylamine (HDA).> The strong affinity of the amidine molecule for the AgNPs surface
has been evidenced by the combination of Surface Enhanced Raman Spectroscopy (SERS),
nuclear magnetic resonance (NMR) measurements and simulations of Ag-amines Raman
spectra.’ In contrast, short-time-scale fluxional interactions between the AgNPs surface and the
HDA molecules have been highlighted.> However, the amine ligands play a predominant role
for the stabilization of stable colloidal Ag solutions, and they are therefore involved in the very
first steps of the Ag nanocrystals formation.

The study of the early growing species, resulting from the nucleation and growth of the
very first nuclei, can help to understand and control the very first steps of the AgNPs synthesis.
To date, a detailed understanding at the atomic scale of such processes is clearly missing in the
literature. Silver clusters are therefore attractive targets for investigating the role played by
amines at the very beginning or at the end of the synthesis of AgNPs. In that context, the
influence of an amine ligand on the structure and stability of Ag very first nuclei will be
investigated in this work, by studying the interaction of a model amine (ethylamine EA), with
small planar (2D) or three-dimensional (3D) Ag,, clusters (2 <n <7).

A key and challenging point of this work is to go as far as unraveling the nature of the
bonds involved in these aggregates. Indeed, although clusters up to several hundreds of silver
atoms have been extensively studied in vacuum at various calculation levels, including semi-
empirical methods,® density functional tight binding (DFTB),”® density functional theory
(DFT)° or time-dependent DFT for optical properties'® or ab initio methods such as coupled
cluster (CCSD) theory,!! only few of these theoretical studies were devoted to the study of
chemical bonding inside the AgNPs or between the AgNPs and their outer-shell protecting

ligands. 241214



To fill this gap, various theoretical approaches and topological analyses can be considered
for the chemical bonding analysis of these systems such as: the Molecular Orbital (MO)
analysis,'® the Energy Decomposition Analysis (EDA),'¢ the Valence Bond (VB) method,”
Electron Localization Function (ELF)!®!® and Quantum Theory of Atoms In Molecules
(QTAIM)?. Topological analyses will be preferred in this work, because the chemical bonding
assignment on the basis of ELF and QTAIM descriptors is more straightforward.?! ELF and
QTAIM descriptors, allowing to discriminate between ionic, weakly covalent,?” and dative
(also known as coordinate bond) Ag-N bonds and describing finely the metallic Ag-Ag bonds,
have already been successfully used to characterize the bonding and bond strength in some

silver precursor complexes and in small silver clusters.”

The paper is organized as follows. After a brief description of the computational methods
used, the structure and the relative stability of 2D or 3D Ag,, clusters are studied together with
the charge distribution and reorganization, in the absence and presence of one amine ligand.
Moreover, the effect of EA saturation (Ag, — EA,) on the transition between 2D and 3D
geometry of the silver cores is investigated. Finally, ELF and QTAIM topological descriptors
of Ag-N and Ag-Ag bonds are discussed in a third section.

COMPUTATIONAL DETAILS
DFT calculations
Spin-polarized DFT calculations were performed using the Vienna ab initio simulation
package (VASP?*2%) with periodic boundary conditions and pseudopotentials based on the
projector augmented wave method (PAW?2"?%). Note that this work is the starting point of a
multiscale study aiming at investigating the evolution of the interaction between a silver
nanoparticle and an amine ligand over a size range corresponding to a few silver atoms up to
several hundreds. As localized bases do not allow the study of metal nanoparticles containing
more than a few dozen atoms, all the calculations were performed using a plane wave basis set.
As advised in the bibliography concerning the adsorption of small molecules on Ag,,

2-31 3 dispersion-corrected functional was used, i.e. the optB86b-vdw functional.?? In

clusters,
this functional, the dispersion interaction is directly obtained from the electron density by
adding a non-local term to the local correlation functional. The simulation box sizes have been
chosen in order to avoid any interaction between the simulated models and their periodic images
(25 x 25 x 30 A% for Ag,, and Ag,, — EA and 35 x 35 x 40 A’ for Ag, — EA,,) . A plane wave

kinetic energy cutoff of 600 eV was used and the atomic positions were relaxed until the forces



reached a value lower than 5.10° eV A, Due to the molecular nature of the explored clusters,
total electronic energies of these systems have been calculated at the gamma point of the
Brillouin zone. For dealing with the partial occupancies around the Fermi level, a Methfessel-

Paxton smearing was used (with sigma = 0.01 eV).*?

From the total energies E of the naked Ag, clusters or of the related Ag,, — EA and
Agn — EA,, systems, the energy differences AE;p 3p in absence or in presence of EA were
determined as:

AEz%g/gD = E(Ag?”) — E(AgP)

AE, 07" = E(AgP — EA) — E(AgiP — EA)

AEZ%!J/ZL_)EATL = E(Agn” — EAy) — E(Agy” — EAp)

Agn

conjatom Of the AgiP and AgyP clusters was calculated for

The cohesive energy per Ag atom E

the naked clusters:

EL weom = (E(Agn) —nE(Ag))/n

Coh/atom
where E (Agy) is the energy of the bare relaxed Ag,, cluster (2D or 3D geometry), E(Ag) is the

energy of an Ag atom in vacuum and n the number of Ag atoms in the cluster.

Similarly, the cohesive energy per bond E é;g,:l/b ona 18 defined by:
E?(;qi:l/bond = (E(Agn) - nE(Ag))/N

where N is the number of Ag-Ag bonds in the cluster corresponding to an Ag-Ag distance lower
than two times the Ag covalent radius, i.e. 3.4 A.3*
The coordination energies E.,,.-4 and the binding energies Ej;,,4, defined hereafter, are
expected to characterize the strength of the interaction between EA and the Ag,, cluster:
Ecoora = E(Agn — EA) — E(Ag,) — E(EA)
where E(Ag, — EA) is the total energy of the Ag,, — EA system and E(EA) is the energy of
the EA molecule optimized in vacuum. The binding energy characterizes the strength of the
binding between EA and the silver cluster without taking into account the deformation of both
fragments occurring upon coordination:
Epina = E(Agn — EA) — Egp(Agn) — Esp(EA)
where Egp(Agy) and Esp(EA) are respectively the single point (SP) energies of isolated Agy,

and of EA in their coordinated geometry.



Topological analyses

Topological methods are based on the analysis of the gradient field of a local function
within the dynamic field theory and provide a partition of the molecular space into non-
overlapping basins.

The topological analysis of the electron density O(r), designed as the Quantum Theory of
Atoms in Molecules (QTAIM) by R. Bader, yields atomic basins and QTAIM atomic charges.?

First, the QTAIM atomic charges resulting from the Bader’s population analysis on
VASP charge densities*>*® was used to quantify the electronic changes upon EA coordination

to the silver clusters by:

1) the atomic charge variation for one atom X of the EA molecule Agqy =
qx(Agn — EA) — qx(EA),
(ii)  the total charge variation of the EA ligand, namely, AQg, = Q59°"% — glee

In a second time, the electronic structure of geometries optimized with VASP were
calculated at the PBE-D3/def2TZVP level of calculation using Gaussian09.*° This level of
calculation was indeed shown to yield geometries in good agreement with the periodic DFT
calculations on few calibration studies (Figure S1, See Supporting Information).

The QTAIM topological analysis allows defining bond paths and bond critical points
(BCPs). The nature of the chemical bond is characterized from various properties of the electron
density at the BCPs, especially the sign of the Laplacian of the electron density and the values
of the kinetic energy density (Gacp), of the potential energy density (Vaep) and of the energy
density Hpep = Giep + Viep, following the Bianchi’s* and Macchi’s classification.*! Negative
and positive values for the Laplacian of the electron density at the BCP are assigned to
« electron-shared » and « closed-shell » interactions, respectively.?? Bianchi et al.4’ distinguish
three bonding regimes, depending on the value of the absolute ratio of the potential energy
density to the kinetic energy density (UVbepl/Gnep). The intermediate bond regime
(1 <OVbep[WGoep < 2) lies between electron-shared covalent bonds ((Vbep[VGoep greater than 2)
and closed-shell ionic bonds or van der Waals interactions ((OVbep[JGoep lower than 1) and
includes dative bonds and ionic bonds of weak covalent character. The Macchi’s classification
relies on the values of both local descriptors and the delocalization index (DI) and offers a way
to refine the bond characterization further. The covalence degree may be estimated from the
latter and from (|Hpepl/Dbep)-*® The strength of the interaction may be estimated from the
] 42

correlation scheme of Espinosa et a

(Eine= - V2 Vbep, with Ejye (€V) = -13.606 X Vbep (au)). Interacting Quantum Atoms (IQA)

providing the corresponding positive interaction energy



analysis*® was performed to get insight into the relative contributions of electron sharing and
electrostatic interactions of the metallic Ag-Ag bonds. Within the IQA energy decomposition
scheme, using QTAIM atoms, the total energy of the system is decomposed into intra-atomic
and interatomic contributions.** The interatomic interactions energy, E'%y (A, B) (A # B), is
further partitioned as E'%% (A, B) = VI?4, (A, B) + VI (A, B). VI?4, (A, B), called the
classical term, is related to the electrostatic component of the A-B interaction, while VIQAL (A,
B), known as the exchange-correlation term, refers to electron sharing due to quantum
mechanics effects that also incorporate Pauli Exclusion Principle and may be related to the
covalence degree of the bond. IQA analyses have been shown to be useful for characterizing
non-covalent interactions.*> QTAIM and IQA analyses were performed with the AIMAIL
software.*0

The electron localization function (ELF) measures the excess of kinetic energy because
of the Pauli repulsion.!® ELF values are confined between 0 and 1. ELF is close to 1 in regions
where electrons are single or form antiparallel spin pairs, whereas it tends to O in regions where
the probability to find parallel spin electrons close to one another is high.! ELF tends to 1 in
those regions where the electron localization is high (atomic shells, chemical bonds and lone
electron pairs),*” whereas it tends to small values at the boundaries between these regions.*
The topological analysis of the ELF gradient field yields a partition of the molecular space into
non-overlapping electronic domains, basins of attractors, classified into core, valence bonding
and nonbonding basins. The attractors, namely local maxima of the ELF function, can be single
points (general case), circles or spheres depending on the symmetry.! These basins are in one-
to-one correspondence to the core, lone or shared pairs of the Lewis model. A core basin
contains a nucleus X (except a proton) and is designated as C(X). A valence bonding basin lies
between two or more core basins. Valence basins are further distinguished by their synaptic
order, which is the number of core basins with which they share a common boundary. The
monosynaptic basins denoted as V(X), correspond to lone pairs, whereas the di- and
polysynaptic ones are related to bi- or multi-centric bonds, denoted as V(X1, X2, X3. ...). The
average population of the basin is obtained by integration of the one-electron density over the
basin volume. A statistical population analysis allows for considering the variance and the
covariance of the basin populations, which are related to the electron delocalization.*” The
populations do not take integral values and are about twice the topologically-defined Lewis
bond orders for bonding valence basins.*>”° The populations and (co)variances of these valence
basins can be further interpreted in terms of weighted combinations of mesomeric structures.

19. 49,50 BI_F topological analysis was performed with the TopMoD package.’!



RESULTS AND DISCUSSION

1. Structures and relative stability of 2D or 3D Ag,, clusters (2<n<7)

The influence of the ethylamine coordination on the geometry and on the 2D/3D
geometrical transition of the Ag,, clusters (2 < n < 7) was first studied on the basis of energy
analyses.

The most stable geometries calculated for planar Ag2P and three-dimensional
Ag3P clusters, shown in Figure 1, are in good agreement with previous reports. 152>

For Ags, if we compare the total energies of the different isomers, the equilateral
geometry is found to be less stable than the most stable isosceles triangle by 0.914 eV. It is
indeed known that the equilateral geometry is a conical intersection which leads to Jahn-Teller
distorsions.!! The isosceles triangle with one angle of 68.6°, and two angles of 55.7° is the most
stable form, in agreement with Fournier’s reports®® (VWN calculations), and Gamboa et al.’s
works (PBE computations) 34, whereas McKee et al.® described the most stable trimer
geometry as an isosceles triangle with a vertex angle of 54.9° (MO06 calculations). Chen et al.!
found as the most stable trimers an isosceles triangle with a vertex angle of 75.7° in the
framework of B3LYP calculations and an isosceles triangle with a vertex angle of 67.7° thanks
to CCSD(T). No stable 3D geometry could be determined for the tetramer Ag,, whereas 2D
and 3D stable forms could be determined for Ags, Ages and Ag; clusters. A hexagonal planar
geometry of AgZP could not be localised on the potential energy surface.

The Ag-Ag distances (2.561-2.958 A range with 97% of the Ag-Ag distances between
2.623 and 2.788 A), are consistent with previous computational studies (2.56-3.03 A for PBE
calculations)®*. These values can differ significantly from Ag-Ag distances in the FCC Ag bulk
(2.889 A%). The nature of the corresponding Ag-Ag bonds will be analysed later.
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Figure 1. Most stable geometries of Ag2P and Ag3P clusters calculated in the present work.

Bond lengths in A (in black) and QTAIM atomic charges in e (in red)

Agn

2py3p between Ag7P and AgyP clusters are presented in Table

The energy differences AE.
1. The 2D/3D geometrical transition is observed between n = 6 and n = 7. For Ags and Agq,
the 2D structure is respectively 0.472 eV and 0.172 eV more stable than the 3D geometry,
consistently with previous works. For instance, Fournier®® found AEZ’;‘Q/ZDvalues of about
-0.52 eV and -0.23 eV for Ags; and Agg respectively (standard LSD framework) and McKee et
al.® determined a AE 2‘;1)9/2

calculated values of -0.65 eV and -0.26 eV (vdW-DF2 calculations) for Ags and Agg

pvalue of about -0.16 eV for Age (M06 computations). Singh ez al.>?

respectively. Chen er al.! calculated an enhanced stability of 0.43 eV and 0.19 eV respectively
for Ag2P and Ag2® clusters over 3D ones thanks to CCSD(T) calculations. In the present work,
we also observe a decrease of the stability of the 2D form over the 3D form when #n increases

and the Ag3P cluster is more stable of 0.669 eV than the 2D one. This value compares well

with the work of McKee et al. ¥ (AE. 2‘;1)9/73 »=0.61eV, MO06 calculations), Chen et al.'' (AE 2‘;1)9/73 b=

0.72 eV) but is notably higher than the value of Singh et al. 57 (AE, ), = 0.11 eV, vdW-DF2

calculations).



Table 1. Selected energy data (in eV) of Ag,, and Ag,,-EA clusters (2 <n <7). Variation of the
total charge of EA AQg, (in e) estimated from the QTAIM atomic charges. Ag-N distances (in
A). OptB86b-vdW level of calculation.

Compounds EAgn AEAgn_EA Ecoord Ebind AQEA Ag'N

2D/3D 2D/3D
distance

Ag — EA -0.401 -0.409 +0.10 2.419

Ag, — EA -0.773 -0.782 +0.14  2.283

Ags — EA -0.973 -1.005 +0.15 2253

Ag3P/ AgiP — EA -1.015 -1.033 +0.15 2.248

Ag2P/ Ag2P — EA -0.699 -0.715 +0.14  2.302
0472 -0.027

Ag3P / Ag3P — EA -1.144 -1.170 +0.17  2.234

Ag2P J Ag?P — EA -0.682 -0.699 +0.13  2.319
0.172  0.024

Ag3P / AgiP — EA -0.878 -0.928 +0.14 2292

Ag3P J Ag3P — EA -0.765 -0.782 +0.14  2.303
0.669 0.593

Ag3P / Ag3P — EA -0.689 -0.714 +0.13 2325

Agn

conyatom Of 4 g2P and Ag3P versus the number of

The cohesive energy per Ag atom E

silver atoms n (2 <n <7) is presented in Figure 2. It decreases with increasing number of atoms
n, suggesting a stronger binding (and so a greater stability) when the Ag,, cluster is growing. A

3D growth becomes more favourable than the 2D one for n equal to 7.
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Figure 2. Cohesive energies per atom E éqf,:l/atom (in eV) of the Ag,, clusters. OptB86b-vdW

level of calculation.

The variation of the cohesive energy per Ag-Ag bond as a function of the number of Ag atoms
in the Ag,, cluster is displayed in Figure 3. For n > 4, the Ag-Ag bonding is stronger in Ag2P
(Eganypona=-0-962£0.035 eV) than in Ag3P (Eg gy, ona=-0-78020.100 eV). For Ag2 /Ag3"
(resp. AgZP /Ag3P) the number of bonds in the cluster is 7/8 (resp. 9/10). The small increase of
the number of bonds in the 3D cluster does not compensate the weaker strength of the Ag-Ag
bonds. In the case of the Ag, cluster, the number of Ag-Ag bonds increases from 11 in Ag2?

to 16 in Ag3P, and the 3D cluster becomes the most stable one even if the Ag-Ag bonds are

weaker when compared to the 2D isomer.

11
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Figure 3. Cohesive energies per Ag-Ag bond E gl Og,:l/b ong (0 €V) of the Ag,, clusters. OptB86b-

vdW level of calculation.

The QTAIM atomic charges of each Ag atom of the Ag,, cluster are displayed in Figure
1. The latter are slightly polarized with small positive charges on Ag atoms of the cluster with
the larger coordination number (0.12 e in Ags, 0.17 e in Ag,, 0.08 and 0.10 e in AgZP and 0.20
ein Ag:P,0.06 ein AgZP and 0.15 e in Ag3P, 0.08 e in AgZP and 0.03 e in Ag3P) and negative
charges on the Ag atoms with the smaller coordination number. It is worth noting that in Ag3?,
the coordination number of all the Ag atoms is equal or larger than 4, and it leads to a very

weak electronic transfer between the Ag atoms, lower than 0.03 e.
2. Structures and relative stability of Ag,, — EA,, clusters 2<n<7,m=1or n)

The influence of the coordination of a single ethylamine ligand on the geometry and
2D/3D geometrical transition of the Ag,, clusters (2 <n <7) is discussed hereafter.
The calculated structure of ethylamine (most stable conformer) in vacuum is shown in Figure
4. The N1-C2 and C2-C3 bond lengths are 1.467 and 1.531 A respectively. The net charge on
the N atom is -1.08 e and the net charge on the C atoms are +0.36 e (C2) and -0.14 e (C3). The
H atoms bound to the C2 and C3 atoms exhibit a slightly cationic character (QTAIM charge of

12



+0.04 e and +0.02 e respectively) while the QTAIM charge of H atoms bound to the N atoms

is significant (+0.36 e).

NH,

H3C_CH2

Figure 4. Structure of EA in vacuum. Bond lengths (in A, in black) and QT AIM charges (in e,
in red). OptB86b-vdW level of calculation. Carbon atoms in green, nitrogen atom in blue and

hydrogen atoms in white.

The coordination energies E.,,rq4, and binding energies Ep;,,q4 in Ag,, — EA systems are given
in Table 1 and their most stable calculated structures are shown in Figure 5. For Ag,, — EA
aggregates with n > 2, starting from structures with the EA coordinated in a bridging mode to
two silver atoms or in a threefold mode, the calculation always converged towards the same on-
top geometries presented in Figure 5. This is consistent with previous theoretical studies'® and
photodissociation experiments,®' showing that NH3 is bound end-on to silver clusters. The
average calculated Ag-N distance is 2.284 + 0.041 A. The Ag-N distance decreases from 2.419
AinAdg — EAt02.234 A in Ag3P — EA while the Ag,, — EA bond strength increases (E¢porq
varies from -0.401 eV to -1.144 eV, see in Table 1). For the less stable Ag2? — EA, AgZP —
EA and Ag2P — EA, and for the most stable Ag2P — EA, and Ag3P — EA systems, the average
Ag-N distance is 2.308 + 0.017 A and the A gn — EA interaction remains quasi-constant
(coordination energy in the range -0.682 to -0.878 eV). These Ag-N bond lengths are in the
range of previous reports on related systems, namely, 2.1 to 2.4 A13%%* Ip the Ag, — EA
systems, there is free rotation around the N-C bond (rotation barrier lower than 60 meV for all
the clusters). There is no interaction between the ethyl moiety and the silver atoms. The shortest
NH---Ag distance in Ag,, — EA systems is of 2.856 A (in Ag — EA) and it is larger than the
sum of van der Waals radii of H and Ag (1.1 + 1.7 = 2.8 A)* ruling out any agostic-type Ag-H
bond (the distance H-Ag for the bonding on an H atom on Ag(111) is shorter than 1.925 A%
and the Ag-H bond length in the silver hydride is 1.618 A%).

In the Ag,, — EA systems of Figure 5, the N1-C2 distance of 1.484 + 0.005 Ais slightly longer
of about 0.02 A than in the free EA (1.467 A, see Figure 4), while the C2-C3 distance of 1.531
A (Figure 4), remains almost unchanged upon bonding to Ag (maximum variation of about

0.007 A).

13



The Ag-Ag bonds adjacent to the silver atom coordinated to EA are slightly lengthened
(by less than 0.05 A) as compared to the corresponding ones in the bare cluster, and the other
Ag-Ag bonds are little shortened conversely (by less than 0.06 A) except for Ag; — EA

exhibiting a variation of 0.17 A.

Figure 5. Most stable geometries of Ag2? — EAand Ag3P — EA calculated in the present work.
Bond lengths (in A, in black) and QT AIM atomic charges (in e, in red). OptB86b-vdW level of
calculation.

The relative energies AEZ%%;EA are given in Table 1. Similar to the parent Ag- clusters,

the 3D structure of Ag3P — EA, is more stable by 0.593 eV than the one of Ag2® — EA. In
contrast, 2D and 3D structures are quasi-degenerate in energy for Ags — EA and Agg — EA
clusters (2D/3D relative energies are calculated to be — 0.027 and +0.024 eV respectively). The
geometrical 2D-3D transition observed between n = 6 and n =7 for the Ag,, clusters, is therefore

shifted between n = 5 and n = 6 upon EA- coordination.

14



The coordination energy E_,,-q characterises the overall process of the adsorption of
EA on the Ag, clusters, including the deformation of the EA molecule and of the clusters. The

latter can be quantified by the deformation energies, Ej7; and Egl;jfm respectively, and the

interaction between both fragments by the binding energy Ej;,4. The deformation energies
values are presented in Table S2. The geometries of EA and Ag,, clusters (2 <n <7) are little
modified in the bonding process, as shown in Figure 5 and by their weak deformation energies,
namely 6 - 41 meV range for Ag, (2<n<7)and 8 - 13 meV range for EA (Table S2). The
coordination energy E_,,rq Of the EA ligand on Ag, clusters comes thus mainly from the
interaction between both fragments and is weakly influenced by their deformation. The values
of E.pora for the Ag2P clusters decrease from n = 1 to 4 (with coordination energies that vary
from -0.401 eV to -1.015 eV) and is about -0.732 +0.033 eV for n = 5 to 7. For the Ag3P
clusters, the coordination energy increases fromn =5 (-1.144 eV) to n =7 (-0.689 eV) showing
a lowering of the interaction between the EA molecule and Ag,, clusters. The calculated values
of the coordination energy are in agreement with the ones reported for the bonding of ammonia
on small-size Ag,, clusters. Martinez et al. reported coordination energies ranging from -0.36
to -0.94 eV for the bonding of NH3 on Ag, (n =1 - 4). Bond energies ranging from -0.70 to -
0.31 eV for the bonding of NH3 on Ag, to Ag, were reported by Rayer et al. from experimental
measurements.%!

The variation of Ej;,4 in Figure 6 is similar to the variation of E_,,,4 given in Table 1.
The binding energy between Ag,, and EA is stronger for the 3D clusters with n =5 (0.455 eV)
and n = 6 (0.229 eV), while it is stronger for the 2D clusters with n =7 (0.068 eV). However,
the 2D/3D relative energies are suggesting isoenergetic Agz® — EA and Ag3P — EA systems,

and isoenergetic AgZ? — EA and Ag3P — EA systems because of the compensation between

E?P/3D — 0445 eV and 0.196 eV respectively) and the relative

the coordination energies (AE_ -, =

stability of 2D and 3D structures (AEZ'Z% p Values of -0.472 eV and -0.172 eV respectively).
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Figure 6. Binding energies Ep;,q (in eV) of Ag,, — EA clusters (2 <n < 7). OptB86b-vdW

level of calculation.

During the bonding process, the total charge variation of the EA ligand is about 0.14 + 0.04 e,
showing that there is a weak electron transfer from the EA ligand to the Ag,, core of the Ag2P —
EA and Ag3P — EA clusters. This is consistent with the slight variation of the EA and Ag,
geometries and the small values of deformation energies. The variation of the atomic charges
of N1 (lower than 0.05 ¢), C2 (lower than -0.09 ¢) and C3 (lower than 0.12 ¢) atoms of the EA

(presented in Table 2), are indicative of very weak electron density reorganisations in the

molecule.
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Table 2. QTAIM atomic charges qx and charges variation Agx (in e) of N and C atoms in the
EA molecule during the coordination of EA on Ag,, clusters (2 <n < 7). OptB86b-vdW level

of calculation.

Agn/Ag, — EA gn1 Agni qc2 Aqc2 qc3 Aqcs
Ag — EA -1.05 +0.03 +0.32 —0.04 -0.05 +0.09

Ag, — EA -1.04 +0.04 +0.31 -0.05 -0.03 +0.11
Ags — EA -1.04 +0.04 +0.30 —0.06 -0.11 +0.03
AgiP/ AgiP — EA -1.03 +0.05 +0.31 -0.05 -0.11 +0.03
Ag2P/ AgP — EA -1.03 +0.05 +0.27 —-0.09 -0.05 +0.09
Ag3P /| Agi® — EA -1.05 +0.03 +0.29 -0.07 -0.05 +0.09
AgZP | Agi® — EA -1.06 +0.02 +0.34 —-0.02 -0.12 +0.02
Ag3P [ AgiP — EA -1.06 +0.02 +0.29 —0.07 -0.08 +0.06
Ag3P | Ag?P — EA -1.07 +0.01 +0.29 —0.07 -0.02 +0.12
Ag3P [ Ag3P — EA -1.07 +0.01 +0.30 —-0.06 -0.05 +0.09

The above geometry and energy data show that the EA ligand modifies the properties of
Ag, clusters. The electronic transfer from EA towards the Ag,, core is a first indication of the
formation of an iono-covalent Ag-EA bond and of the chemisorption of the EA ligand on the

AgZP or Ag3P clusters.
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To get closer to the experimental conditions, in which the silver nuclei are surrounded by a
large number of amine ligands, we investigated the effect of EA saturation of the Ag,, clusters
on their 2D/3D transition. Ag, — EA,, systems with n = 4 to 6 were studied and the results
suggest an earlier 2D/3D transition than in the case of the bare clusters or of the mono-
coordinated Ag,, — EA ones. The most stable 2D and 3D geometries are presented in Figure S2.
As the effect of the ligand saturation on the silver cores is strong, the optimisation protocol was
adapted for the determination of 2D structures as a direct optimisation led to distorted silver
cores. A two-steps approach was used, i.e. a first partial optimisation of the amines ligands
(with frozen 2D Ag core) followed by an unconstrained optimisation of the whole Ag,, — EA,,
systems.

In Ag, — EA,, the 2D rhombic geometry is the stable one and the 3D tetrahedral structure
could not be localised, whereas the 3D structures are more stable than the 2D ones for the silver
cores of Ags — EAs (distorted pyramid more stable than 2D structure by 0.088 eV) and of
Age — EAg (distorted pentagonal pyramid more stable than 2D triangle by 0.250 eV). In the
experimental conditions, the formation of a 3D nucleus could thus occur from 5 Ag atoms, i.e.

at the very beginning of the NPs synthesis

3. ELF and QTAIM topological analyses

In this section, the bonding of the ethylamine by interaction of the amino group -NH> to a
vertex of the Ag, cluster, is more finely characterized by QTAIM and ELF topological
analyses. Calibrations studies were first performed in order to select the calculation level for
the present molecular approach to be consistent with the above periodic DFT approach. The
results are given in the Figure S1 (See Supporting Information). The PBE-D3/def2TZVP level
of calculation yielded the best agreement between optimized geometries (Figure S1) and was
used to re-calculate the electronic structures of geometries optimized with VASP (Ag — EA,
Ag,, Ag, — EA) and to calculate the geometry of Ag, — EA,. The latter complex was added to
the above series in order to get closer to the experimental conditions (i.e., NPs encapsulated in

an amine shell) by considering a saturated silver dimer.
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Table 3. QTAIM descriptors (in a.u.) of the bond critical points (bcp) related to Ag-N bonds in
Ag — EA, Ag, — EA, Ag, — EA, compounds. BCP location is illustrated for Ag, — EA in
Figure 7. % Potential energy density Viep. °: Energy density Hcp. ¢ Delocalization index DI

d: Both Ag-N bonds of Ag, — EA, are equivalent. PBE-D3/def2TZVP level of calculation.

Compound Pocp A Pocp Vbcp a H bep b [Hbcp [/pocp [Vbcp [/Gbcp DI® E int (CV)

Ag—EA 0.0487 +0.161 -0.05197 -0.00583 0.12 1.13 0.50 0.707
Ag, —EA 0.0636 +0.239 -0.07683 -0.00851 0.13 1.12 0.51 1.045
Ag, — EAy* 0.0541 +0.196 -0.06190 -0.00646 0.12 1.12 045 0.842

The QTAIM descriptors of the Ag-N bonds in the three compounds are comparable
(Table 3). According to the classification of Bianchi et al.,* their(0Vhep VGnep ratio (1.12) refers
to the intermediate bond regime (1 <Vuep[WGbep < 2) included between ionic and covalent
bonding. According to the Macchi’s classification,*! their weak electron density values (Obep <
0.06 a.u.), their large positive Laplacian values (Apbep > 0.160 a.u.) and small negative energy
densities Hnep, are in favor of a dative bond of strong ionic character (Table 3). Values of DI
(0.5) and [Hwep moep (= 0.12) are also in favor of a weak covalence degree of these Ag-N
bonds. The Ag-N bond strength as measured by the Espinosa’s interaction energy (E};,;) within
the QTAIM electron density topological analysis,*? decreases in the following order Ag, — EA
>Ag, — EA, > Ag — EA (Table 3). The same bond strength order, Ag, — EA> Ag — EA, was
found from the energy analysis of section 2 of this work. Both the above absolute values of
coordination energies are however calculated much smaller than Ej,; values, for example
E.oora = 0.401 versus E;,;= 0.707 eV for Ag — EA, 0.773 versus 1.045 eV for Ag, —
EA (Table 1 and 3).

Espinosa’s interaction energies (E;;,;) were proposed on the basis of the QTAIM analysis of
experimental electron densities for a large number of X-H...O (X = C, N, O) hydrogen bonds.*?
From the comparison of the exponential correlation of the potential density energies (Viucp) with
the H...O distance on the one hand, and the similar exponential correlation of calculated
dissociation energies of the hydrogen bonds with the H...O distance on the other hand, the
Eine = 0.5 Vuep relationship was disclosed. Note that in the present work, positive values of Ej;
were used, namely Ej,; = -0.5 Vucep. The universality and the reliability of these interaction
energies have been discussed in the literature.®” They have been successfully used for

67,68

investigating other weak, strong or medium strength non-covalent interactions, as well as
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for describing interactions of weak covalence degree such as nickel-triflate?? or metallophilic
interactions 212> However, they might be anticipated to be less reliable for studying stronger
dative bonds. It is noticeable however that a very good agreement between E;,; values of Au-
PPh; bonds and the corresponding calculated dissociation energies were reported. ® Likewise,
E;pe values of Gd-OH» bonds comparable to sublimation enthalpies measurements,’® were also
reported. As highlighted above and in previous work,? E;,; values are therefore expected to be
reliable for Ag-EA bonds.

Both the bond strength and covalence degree of these Ag(0)-N bonds are much weaker
than the one reported for the Ag(I)-N bonds in the silver-amidinate precursors of NPs?

exhibiting larger QTAIM descriptors (DI = 0.63, LHbep[W bep = 0.21 and Ej;,; = 1.87 eV)
especially Ej,; values about twice the ones of this work (0.7-1.1 eV range, Table 3). This is

expected from the much weaker ionic character of the present Ag(0)-N bonds as compared to

the Ag(I)-N bonds of reference 23.

Ag-Ag BCP
Pbcp= 0.0557
Appep =+0.135
lVbcpl/Gbcp= 1.28
DI=1.15
E;4=0.815eV

Ag V
Ag-N BCP
Pocp = 0.0636 .
APpep = +0.239°
IVbCpI/Gbcp =1.12 &
DI =0.51
E;;=1.045eV

Figure 7. QTAIM molecular graph of Ag, — EA. Bond critical points (BCPs) are located as
small green spheres. Nitrogen atom as a blue sphere, silver atoms in grey, carbon atoms in dark
grey and hydrogen atoms in white color. See main text and Table 3 and 4 for the definition of

BCP descriptors. PBE-D3/def2TZVP level of calculation.

In the three compounds of Table 4, the UVbepVGnep ratio of the Ag-Ag bond also refers
to the intermediate bond regime, but is larger than the one of Ag-N bonds (1.24-1.32 range
versus 1.12), suggesting stronger covalent degrees of Ag-Ag bonds. The QTAIM descriptors

are consistent with the typical signature of metallic bonding, namely, weak electron density
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values (bep < 0.06 a.u.), large positive Laplacian values (Apbep > 0.120 a.u.) and small negative
energy densities Hycp. 2! The large DI values, consistent with a single Ag-Ag bond are slightly
decreasing upon coordination of one and two EA ligands on Ag,, while the strength of the Ag-

Ag bond appears to be almost constant over the series (E;,; = 0.82 eV).

Table 4. QTAIM descriptors (in a.u.) of the bond critical points (BCP) related to Ag-Ag bonds
in Ag,, Ag, — EA, Ag, — EA, compounds. BCP location is illustrated for AgoEA in Figure 7.
% Potential energy density Viep. °: Energy density Huep. ©: delocalization index DI. PBE-
D3/def2TZVP level of calculation.

Compound  Poep  Apoep  Voep®  Hoep”  CTHoepl/Oocp TViepl/Goep DI¢ Eppe (€V)

Ag, 0.0533 +0.148 -0.06040 -0.01170 0.22 1.24 1.30 0.822
Ag, —EA 0.0557 +0.135 -0.05993 -0.01131 0.23 1.28 1.15 0.815
Ag, — EA, 0.0582 +0.120 -0.05890 -0.0144 0.25 1.32 1.10  0.801

The ELF topological analysis and signatures of the Ag-Ag and Ag-N bonds of Ag,,
Ag — EA, Ag, — EA, Ag, — EA, compounds, calculated at the PBE-D3/def2TZVP level, are
displayed in Figure 8 and Table 5.

The Ag-N bonds are characterized by the ELF descriptors of the monosynaptic V(N)
attractors. Both their large covariance with C(Ag) (0.17 or 0.20 in absolute value) and their
sizeable QTAIM atomic contributions of Ag close to 3 % (Table 3), are analogous to those
previously reported for the Cu-N dative bond in copper-imidazole complexes (0.17 and 5%
respectively),’? or for the dative Ag-N bond in silver-amidinate complexes (0.23 and 3%
respectively)?® exhibiting a weak covalence degree in agreement with the above QTAIM
analysis (see for example Hbep/ obep = 0.12, Table 3).

The QTAIM atomic charge of Ag is indicative of a very weak charge transfer (0.1 ¢)
from EA to Agin Ag — EA, Ag, — EA, Ag, — EA,. It is however noticeable that this value is
very close to the accuracy limit of the present QTAIM analysis. This very weak charge transfer
was already mentioned above from the Bader’s population analysis on VASP charge densities
(Table 2). The weakening of the population of V(N) down to about 2 e upon coordination of
EA to one silver atom or to a silver dimer (Figure 8 and Table 5), may be also related to this N
to Ag charge transfer, resulting in the polarization of the silver dimer into AgP~— Ag¥*— (EA) %"

The ELF descriptors of the Ag-Ag bonds are consistent with a strong charge-shift

bonding component, typical of the metallic bond, as evidenced by the large covariance (Cov.
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column in Table 5) between both core basins C(Ag).2! The EA coordination weakens however
this charge-shift character of the Ag-Ag bond and conversely strengthens its covalence degree
already mentioned in the above QTAIM analysis (see [Vbep[VGbep and [IHbepV Obep in Table
4). Indeed, for Ag, — EA,, the population of the disynaptic valence basin V(Ag, Ag) increased
up to 2 ¢, from 1.36 ¢ in Ag, and in Ag, — EA, while the electron delocalization between Ag
cores, as measured by the covariance value, namely < 0%(C(Ag), C(Ag))> = -0.12, is much
weaker than for Ag, (-0.27) and for Ag, — EA (-0.23). Surprisingly, from the ELF picture,
Ag, — EA, may not be considered as the coupling of two Ag — EA fragments only (Table 5).
The monosynaptic basins V(Ag) of Ag — E'A, referring to the radical character of the fragments,
exhibit a population of 0.5 e only and less than half of the total spin density, while the other

half of the spin density is mainly located in the core basin C(Ag).
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Table 5. ELF descriptors of Ag-N and Ag-Ag bonds in Ag,, Ag — EA, Ag, — EA, Ag, — EA,
compounds. *:Average population N of the monosynaptic valence basin V(N) (in e) >:QTAIM
atomic contribution of Ag to V(N). ¢:covariance < 0*(V(N), C(Ag))>. 9:Average population N
of the disynaptic valence basin V(Ag, Ag) (in e). :QTAIM atomic contribution of each Ag atom
to V(Ag,Ag). I covariance < 0*(C(Ag), C(Ag))>. & QTAIM atomic charge (in e¢) PBE-
D3/def2TZVP level of calculation.

ELF descriptors
Bond Compound V(N)? %Ag® Cov. ¢ q(N)®
EA 2.20 - - -1.1
Ag-N Ag —EA 2.03 0.05 (2.4%) -0.18 -1.1
Ag, — EA 2.06 0.08 (3.9%) -0.20 -1.1
Ag, —EA, 207  007(34%) -017  -L1
________________________________ VAZADY  %Ag®  Cov.”  qag®
CAgAg 0.66(49%)
Ag, 1.36 027 0.0(0.0)
0.70 (51%)
Ag—EA 052 (V(Ag)) ; 0.1
0.46(35%)
Ag, — EA 1.36 -0.23  +0.1 (-0.2)
0.88 (65%)
0.92(48%)
Ag, — EA, 1.92 012 -0.1¢-0.1)
0.98 (52%)
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Figure 8. ELF topological analysis of Ag,, Ag — EA, Ag, — EA, Ag, — EA, compounds.
Maps of ELF attractors (small brown spheres or red stars), displaying in magenta their average
populations (in e), covariances values in red and selected QTAIM atomic charges in blue
brackets (in e). Nitrogen atoms in blue spheres, silver atoms in cyan, carbon atoms in green and
hydrogen atoms in white color. Descriptors are averaged over equivalent bonds. PBE-

D3/def2TZVP level of calculation.
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Table 6. Comparison of Ag-Ag relevant ELF and QTAIM descriptors (in a.u.) calculated at the
PBE-D3/def2TZVP level.  ELF covariance < 0%(C(Ag), C(Ag))>. > Ag-Ag interaction
energy values in italics in eV “ IQA energy contributions in a.u. B3PW91/6-
31G**/LANL2DZ*(Ag) level of calculation.

Ag, Ag, —EA Ag, — EA;

Ag-Ag distance (A)  2.561 2.560 2.567
Hbep Gocp 0.22 0.23 0.25
DI 1.30 1.15 1.10
Covariance® -0.27 -0.20 -0.12
E'QA ¢ -0.161 -0.159 -0.159
-4.377°  -4.317" -4.325°
VIQA, ¢ 7.6810° 548107  8.98 107
0.209"  0.149° 0.209°"
VIQA, ¢ -0.169 -0.164 -0.168

4.570%  -4.466° -4.588°

This bonding picture is tentatively refined through IQA analysis of the Ag-Ag bond in
Ag,, Ag, — EA, Ag, — EA, (Table 6). The major covalent contribution of the Ag-Ag bond,
evidenced from large V@4, values (Table 6), is very little decreasing upon coordination of one
EA ligand to Ag,. This descriptor appears therefore less sensitive than ELF covariance or DI
to measure the relative contributions of the charge-shift character and covalence degree of the
Ag-Ag bond (Table 4 and 5). Similarly, from this IQA picture, the Ag-Ag bond in Ag, — EA,
appears to be very similar to Ag,, in contrast to the above picture based on other ELF and
QTAIM descriptors.

E'QA, values appear to be much lower than Espinosa’s Ej,; interaction energies,
suggesting different meanings as already discussed.?

However, they appear to strongly underestimate the Ag-Ag bond strength as compared to
Ebing and E'®4, values (Table 6). This suggest that Ej,,; values are not reliable for describing
strong metallic Ag-Ag bonds.
Furthermore, E;,; values are restricted for the discussion of bond strength while Energy

Decomposition Analysis (EDA) schemes allow for the analysis of the various stabilizing or
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destabilizing energetic components of the bond. IQA was selected as pointed out by Paul
Popelier,”® the results may be related to known chemical concept “IQA is an Energy
Decomposition Analysis scheme, defining the following chemical concepts: covalency (via
exchange), ionicity and polarity (via electrostatics), dispersion via electron correlation and

steric effects (via the intra-atomic or self-energy)”.

CONCLUSIONS

To study the influence of an amine ligand on the structure and stability of Ag very first nuclei,
DFT computational studies have been performed in order to characterize the structure, the
atomic charge distribution and the 2D/ 3D relative stability of small-size silver clusters Ag,, (2
<n <7) coordinated or not to one ethylamine ligand. Moreover, the effect on the 2D/3D silver
clusters transition of EA saturation (Ag, — EA,) is investigated. Finally, topological analyses
(ELF and QTAIM) have been performed to finely characterise the nature and strength of the
Ag-Ag and Ag-N bonds.

The most stable geometries of the bare 2D and 3D clusters and the associated 2D/3D transition
range were found in good agreement with the literature. Moreover, the coordination energies of
one EA molecule on silver clusters were similar to the ones reported for ammonia adsorption
on such Ag, clusters. Our results evidenced that the EA coordination induces a shift of the
transition from 2D to 3D structures from n =7 to n = 6. This shift has been explained by a much
stronger EA binding on the Ag3” and AgZ® over the 2D ones, which counterbalances the bare
Ag, clusters relative stabilities. QTAIM analysis on charge densities showed that the EA
coordination also leads to an increase in the silver clusters polarization thanks to an electron
transfer from the ligand to the metal. For fully EA saturated silver clusters Ag, — EA,,, the
effect on the 2D/3D transition is even more pronounced with a shift ton = 5.

ELF and QTAIM topological analyses were performed on selected systems to finely
characterize Ag-N and Ag-Ag bonding upon coordination of one or two EA ligands to one
silver atom or to the silver dimer. The Ag-N bonds were characterized as dative bonds of strong
ionic character and the Ag-Ag ones as charge-shift metallic bonds. The EA coordination
weakens the charge-shift character of the Ag-Ag bond and conversely strengthens its covalence
degree which is maximum in Ag, — EA,. The ELF and QTAIM analyses have confirmed the
electron transfer from EA to the coordinated silver atom and its first neighbours, inducing the

polarisation of the metallic core and resulting in an AgP~ — Ag¥*— (EA) %" picture.
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The strength of the charge-shift metallic Ag-Ag bonds and their covalence degree have
been characterized using ELF and QT AIM descriptors and IQA analysis.
These topological analyses will be extended to larger-size silver clusters Ag, (n > 2). In
addition, this work will be followed by the study of the coordination of amines ligands on silver
nanoparticles and extended surfaces and of the competitive adsorption between the amidine

molecules released by the precursors and the amine used as NP stabilisers.

Supporting Information: Additional structural and energy data of Ag,, , Ag, —EA(2<n<
7) and Ag,, — EA,, (4 <n <6) clusters.
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Influence of ethylamine (EA) coordination on the geometry and electronic structure of Ag,, clusters (2<n<7)

Synopsis :

The transition from 2D to 3D structures for Ag, clusters is shifted from n = 7 for the bare
clusters to n = 6 in the presence of one ethylamine (EA) coordinating ligand. The effect is even
more pronounced for fully EA saturated Ag,, — EA,, clusters with a shift at n = 5. ELF and
QTAIM topological analyses evidence the coordinative and metallic character of the Ag-N and

Ag-Ag bonds respectively.
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