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A B S T R A C T

A multiscale approach, combining density functional theory models of functionalized silver nanoparticles and 
extended surfaces, is introduced to predict the competition between ordered nanoparticles at experimentally 
relevant size. An original theoretical descriptor, named synthesis energy, is defined and validated by high res
olution transmission electron microscopy characterizations of silver nanoparticles synthesized in a solvated 
amine and amidine medium. Microscopy images show that icosahedral clusters cover 90 % of statistics around 
7 nm, with very minority face-centered cubic particles (1 %). This trend is counter-intuitive compared to face- 
centered cubic morphologies reported in the literature. The ab initio models show a larger stability for octyl
amine over methyl amidine ligands on small silver nanoparticles (1.5 nm). At larger size (2.5 nm), the 
octylamine-covered silver nanocluster models indicate a clear preference for icosahedra. To reach the experi
mental size, the computed synthesis energy is decomposed into several contributions and shows the prevalence of 
the clean nanoparticle cohesion energy normalized by its surface area, over the ligand adsorption strength, the 
precursor dissociation and the adhesion of the cluster on the support. A mathematical model fitting ab initio data 
and predicting this cohesion energy at any size, relevantly captures the competition between morphologies, by 
showing a net preference for icosahedra at 7 nm, in agreement with experiments.

Introduction

The theoretical prediction of metallic nanoparticle morphology from 
a particular synthesis process is a tremendous challenge. The major 

difficulty is the development of a sufficiently accurate methodology able 
to predict the relative stability of different morphologies from small 
clusters of a few nanometers to very large particles of several hundreds 
of nanometers. An interesting way to examine such a question is the 
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development of two extreme models, one for clusters representing small 
nanoparticles and the other one for extended periodic surfaces modeling 
wide facets of very large particles. Although there exists one ab initio 
method, Density Functional Theory (DFT), allowing high level calcula
tions of these extreme models, to date no first-principles methodology is 
accurate enough to cross sizes and predict nanoparticle properties at 
experimentally relevant intermediate sizes. In this context, further 
theoretical models are to be developed in order to investigate all the 
sizes, for which accurate methods could not be considered. Moreover, no 
theoretical descriptor is currently available in the literature for inves
tigating the morphological competition in the context of chemically- 
synthesized metallic nanoparticles.

Functionalized silver nanoparticles (Ag NPs) are a probative example 
in the literature showing numerous synthesis processes [1–5] providing 
a vast range of sizes and morphologies of potential interest in various 
applications covering catalysis, [6,7] optics, [7,8] drug delivery, [9]
theranostics [10] and antimicrobials [11–13]. Three high symmetries 
(face-centered cubic FCC or Oh, icosahedral Ih and decahedral D5h) are 
found in equivalent statistics for commercial Ag NPs in the range 1–10 
nm kept in a carbon matrix. [11] Among the synthesis protocols from 
academic research (see an overview of the literature in Table S25 of the 
Supporting Information, Section 10), Ag NPs can be formed by either 
various physical routes, starting from Ag bulk [14–20] to Ag2O powders 
[21], or chemical routes, most of them using AgNO3 precursors [8, 
22–45].

In the case of the physical route, the choice of the support and the 
heat treatment have an impact on size distribution and on competition 
between morphologies. On amorphous silica with a treatment at 600∘C 
avoiding any kinetic trapping, a majority of icosahedral nanoparticles 
(60 %) has been detected from high-resolution transmission electron 
microscopy (HRTEM) up to 7 nm, whereas decahedral shape becomes 
predominant (90 %) in the range 7–11 nm, and FCC single crystals 
dominate morphology statistics above 11 nm (90 %). [16] These inter
esting results are different from those reported on another study, where 
Ag NPs are grown on silicon, at a higher temperature (800–1000∘C). 
[21] A preference for icosahedral and decahedral nanoparticles is found 
in this case up to 100 nm. In addition, Ag NPs synthesized in vacuum, in 
the range 309–923 atoms, [18,19] and supported on amorphous carbon 
show a prevalence of FCC clusters. The icosahedral symmetry becomes 
preferential (below 3000 atoms), when Ag NPs are exposed to air. [20]
Hence none of the morphology statistics obtained by physical synthesis 
routes reconcile with commercial Ag NP products.

Regarding the chemical route, the sizes and morphologies of func
tionalized Ag NPs also depend on the synthesis protocol, including e.g. 
the choice of the silver precursors, reducing and capping agents, tem
perature, solvent and kinetic trapping. FCC nanoparticles have been 
frequently synthesized in the range 1–100 nm. [23,26,29,30,35,36,44, 
45] The choice of the silver precursor AgNO3 [35,44], Ag2NO3 [45], 
Ag-acetate [26] and the capping agent hexadecylamine [26,29,35] offer 
a large variety of sizes in the range 1–24 nm by keeping the FCC sym
metry. Other synthesis protocols have also yielded nanocubes and FCC 
nanoparticles, in the range 20–100 nm, by also considering AgNO3 as 
precursor with alternate capping agents (polyvinylpyrrolidone, [23,30]
ethylene glycol, [36] and citrate [30]). By using AgNO3 precursors and 
amidinate ligands (such as bis(2-pyridyl)-formamidinate), very small 
functionalized Ag clusters (Ag52, Ag53) could be stabilized in a FCC 
structure, [45] in contrast with a previous study at an even smaller size 
(Ag21, Ag22) with dipyridylamido protecting ligands, which had shown 
icosahedral nanoparticle cores. [42]

Surprinsingly, the Ih forms have often been detected from HRTEM 
measurements [31,32,34,37,39,41] and found majority, in synthesis 
conditions similar to those yielding FCC clusters (AgNO3 precursor and 
capping agents, such as polyvinylpyrrolidone [33,34,37,41], citrate, 
[37] tartrates, [39] diols, [31] oleylamine, [32] or ammonia [34]) and 
equivalent large range of sizes (2–150 nm). Other authors have 
addressed a preference for decahedral shapes in the range 35–120 nm, 

[28] or at small sizes with thiolates, [40,43] whereas in similar synthesis 
conditions, another study indicates no preference between Ih and D5h 
nanoparticles up to 100 nm. [33]

In addition, over the last twenty years, amidinate [38] or mesityl 
[24] precursors have been associated several times with amine ligands 
(such as diamine, [22] tertiary alkyl amine, [25] hexadecylamine, [24, 
38] oleylamine [27]) for the synthesis of Ag NPs, without focusing the 
discussion on the structural properties. In summary, in this vast bibli
ography related to functionalized Ag NPs with different synthesis pro
tocols, a rationale is missing since reliable predictions of favored 
morphologies depending on the synthesis environment can not be 
sketched out from the literature. Therefore there is a need for theoretical 
modeling aiming to evaluate all the competing effects and contributions 
leading to a preferred symmetry. [46,47]

Over the last two decades, intensive theoretical efforts have been 
conceded to explore the relative stability of Ag nanoclusters and its 
competitive high symmetries, as a function of size and morphological 
complexity, first in vacuum with various effective atomic or semi- 
empirical potentials [48–59] (up to 10,000 atoms or 8 nm), or with ab 
initio methods [19,58,60,61] at smaller size (below 3 nm). The different 
theoretical conclusions exposed in all these studies regarding the 
competitive morphologies (FCC versus icosahedral or decahedral sym
metries) reflect a clear lack of highly controlled measurements in vac
uum helping to validate all these approaches. Such discussion has been 
opened recently on the basis of new experimental results aiming to 
advance on this question. [18,19] Beyond idealistic models in vacuum, 
other DFT studies have reported on the interaction of various 
amine-based molecules or thiols either on Ag NPs [62–66] or on Ag 
extended surfaces [67–71], at a restricted size (below 3 nm) due to the 
computational cost. Although these DFT models are not representative 
of much larger Ag NPs, they can be useful to parametrize force fields or 
effective potentials, in order to describe complex systems such as Ag NPs 
supported on silica. [72,73] In addition, ab initio molecular dynamics at 
the DFT level is also useful to accurately explore the impact of several 
combined environment effects on the morphological evolution of Ag NPs 
exposed to air, according to the fair agreement with directly comparable 
experiments. [20,66] To reach large size functionalized Ag NPs and 
tackle the difficult question of global optimization, more approximate 
theoretical methods ranging from tight-binding density functional the
ory (DFTB) to force fields [74] can be implemented in a multiscale 
modeling [75–77] assisted by several mathematical techniques such as 
classical molecular dynamics, [77,78] genetic algorithm, Monte Carlo 
simulations [76] and machine learning. [79] Although powerful to 
explore complex configurational space, these approaches show limits 
when the synthesis environment and interfacial physico-chemical pro
cesses have to be considered explicitly and accurately. In summary, both 
multiscale modeling predicting the morphological competition of 
chemically-synthesized Ag NPs and rationalizing environment effects, 
and achievable DFT models of large functionalized Ag NPs are missing in 
the literature to date.

In this work, we tackle the challenge of proposing a multiscale 
approach aiming to determine the relative stability of high symmetries 
in competition with a sufficient accuracy, in the experimentally relevant 
size (3–10 nm) out of reach for ab initio methods. We introduce a global 
chemical equation describing the synthesis of metallic nanoparticles 
from two different organometallic precursors, and a corresponding 
original descriptor, named synthesis energy, which captures the reaction 
energy. This approach is applied for Ag NPs synthesized and stabilized in 
solution with amine and amidine ligands. In addition, the synthesis 
energy is decomposed into several contributions related to the key steps 
involved in the synthesis. Those components are compared in various 
chemical environments (ligands, solvent, support). A mathematical 
function predicting at any size the main contribution, called clean 
nanoparticle cohesion energy normalized by its surface area, is then 
developed by considering general properties of ordered nanoparticles. 
To compute the synthesis energy, determine the relative weights of its 
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contributions and fit the mathematical function, DFT calculations are 
performed for functionalized Ag NPs (in the range 1–3.5 nm) and 
extended surfaces representing large facets. The predictions of the 
multiscale approach are validated by comparison with experimental 
characterization of chemically-synthesized Ag NPs of diameter around 
7 nm.

Results and discussion

Experiments

In colloidal chemistry, the choice of the metal precursor, which is not 
innocent toward the resulting properties of the synthesized NPs, is a key 
parameter for a well-controlled synthesis of Ag NPs. [80] To date, there 
exist only very few examples of metallorganic Ag precursors. [81] In this 
work, solid silver amidinate precursors are prepared by following a 
procedure inspired by Lim et al.’s works [82] (see Materials and 
Methods and the Supporting Information, Section 1). In a previous study 
the affinity of the amidine (AMD) moiety for Ag NPs surface has been 
experimentally evidenced by Surface Enhanced Raman Spectroscopy 
(SERS) and theoretical modeling. [38] By using methyl (precursor 1) 
[38] or butyl (precursor 2) [83] amidinate silver precursors (Fig. 1a, the 
alkyl group being changed on the central carbon), well-defined Ag NPs 
could be synthesized under very mild reaction conditions (40∘C), with 
mean size distributions of 6.2 ± 1.4 nm for 1 and 6.9 ± 1.5 nm for 2 
(Fig. 1b, see the histogram of NP size distribution for precursor 1). The 
use of methyl and butyl amidinate precursors in our study has been 
dictated by the choice of an organometallic precursor that do not 
contain any halide. In that way, we ensure that the Ag NPs will be 
chemically pure and only stabilized by amine ligands that are present in 
the reaction medium. The two precursors present different thermal 
stability evaluated by Thermal Gravimetric Analysis (TGA) (see Fig. S1
in the Supporting Information, Section 1) and the amidine ligands 
released in the medium after hydrogenolysis participate to the NPs 
stabilization, as well as the added hexadecylamine HDA ligand. The 
complementary role of these ligands allow the effective stabilization of 
Ag NPs in colloidal solution. As expected, the mean size of the Ag NPs is 
slightly modified by the chain length of the substituent in the AMD 
precursor (Fig. 1b for 1 and Fig. S2 for 2, Supporting Information, 
Section 1). Thanks to the conjoint stabilizing effects of HDA/AMD li
gands, our synthesized Ag NPs at 6–7 nm are stable enough for allowing 
an ex-situ morphological characterization. We have performed HRTEM 
for the determination of the different morphologies exhibited by the Ag 
NPs deposited on amorphous carbon. Small size NPs crystallize under 
different possible morphologies, either polycrystalline (multi
ple-twinned structures such as regular decahedron or defective 
Marks-decahedron D5h or icosahedron Ih) or monocrystalline FCC (Oh) 
structures (Fig. 1a). All along these measurements, we have not 

observed any morphological transition during the exposure of Ag NPs to 
the microscope electron beam, meaning that our nanoparticles are 
maintained in equilibrium on amorphous carbon support. Our meth
odology for recognizing the different morphologies of Ag NPs relies on 
the significant work of Koga et al. [84], who experimentally identified 
by HRTEM the Ih, D5h, and FCC geometries of Au NPs, from various 
tilting angles of the sample holder, with multislice simulations of these 
structures. Thanks to their work on identifying the structural features of 
these different NPs, we were able to recognize, among our own HRTEM 
images (30 high resolution images, several hundred NPs), 76 Ag NPs 
with good orientation and focus, which were classified into the three 
possible structures according to their prevalence. Most of the nano
crystals obtained from 1 and 2 are polycrystalline. Fig. 2a-e shows ex
amples of identifiable images of multiple-twinned nanoparticles (Ih, 
Fig. 2a-c, D5h, Fig. 2d) and FCC ones (Fig. 2e). An equivalent set of 
around 1080 nanocrystals form a regular pavement on amorphous car
bon spanning over 10− 2μm2 (see Fig. S4 in the Supporting Information, 
Section 1). According to our statistics (Fig. 2f), only one nanocrystal 
presents a FCC structure (1 %), 6 being D5h (8 %) and 69 being Ih 
(91 %). Hence the Ih nanocrystals are clearly the dominating forms, as 
suggested also by the well defined (111) planes over (200) ones dis
played by X-ray diffraction patterns of Ag NPs (see Fig. S3, Supporting 
Information, Section 1).

The quasi-absence of FCC nanoparticles at the detected size (6.2–6.9 
nm) in this work is counter-intuitive, since previous studies of Ag NPs 
chemically synthesized from AgNO3 precursor [29,35,44,45], and 
especially with formamidinate [45] or hexadecylamine capping agents 
[26,29,35], have identified the FCC morphology from X-Ray diffraction 
or transmission electron microscopy in the range 1–24 nm. [26,29,35, 
44,45] Our results are in better correspondence with those related to 
chemically synthesized Ag NPs from AgNO3 precursor with other 
capping ligands than amine or amidine, such as polyvinylpyrrolidone, 
[33,34,37,41] citrate [37] or tartrate [39], for which the icosahedral 
symmetry is prevalent.

Multiscale theoretical modeling

In order to understand the very low statistics of FCC clusters, a DFT 
modeling of Ag NPs interacting with methyl amidine mAMD and model 
ligands of HDA (for instance octylamine OTA) is exposed in the 
following (see Materials and Methods and Supporting Information, 
Section 2). Since the synthesis environment of Ag NPs is rather complex 
with the contributions of ligands chemistry, solvent, support, tempera
ture and pressure, and due to the clear lack of related theoretical 
modeling in the literature, we have developed several atomistic models 
aiming to disentangle all these effects. We have considered various high 
symmetry Ag NPs and different orientations of Ag extended surfaces. 
Different DFT functionals including weak van der Waals interactions 

Fig. 1. (a) Scheme showing the synthesis of silver nanoparticles from the silver amidinate precursors (1 namely N,N’-diisopropylacetamidinate silver(I) referred to as 
methyl amidinate Ag, and 2 namely N-N’-diisopropyl-n-butylamidinate silver(I) referred to as butyl amidinate Ag), in tetrahydrofuran (THF) under moderate 
temperature and H2 pressure. Silver nanoparticles, which are stabilized by amidine (AMD) coming from the precursor hydrogenolysis and hexadecylamine (HDA), 
are illustrated by a HRTEM image of ligand-capped Ag nanoparticles. (b) Histogram of nanoparticle size distribution resulting from precursor 1 with an average 
diameter of 6.2 nm and a standard deviation of 1.4 nm (see the histogram of precursor 2 in Fig. S2b of the Supporting Information, Section 1).
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have been used. Our theoretical results do not depend on the choice of 
the DFT functional (Tables S1-S8, Supporting Information, Section 3).

Synthesis energy
In the following, we have formalized the experimental synthesis 

protocol by a global chemical equation (see Eq. (1)), useful for the 
theoretical modeling to define the synthesis energy noted Γsyn and 
normalized by the surface area (nanoparticle or extended surface). 

p[MxLy] + ṕ [Mx́ Ĺ ý ] + S →
Γsyn

medium
MNLlĹ ĺ S + (py − l)L + (ṕ ý − ĺ )Ĺ (1) 

N = px + ṕ x́ ; l ≤ py; ĺ ≤ ṕ ý (2) 

p
2
[Ag2(OTA)2] +

ṕ
2
[Ag2(mAMD)2] + Gr →

Γsyn

medium
AgN(OTA)l(mAMD)ĺ Gr

+ (p − l)OTA + (ṕ − ĺ )mAMD (3) 

N = p + ṕ ; l ≤ p; ĺ ≤ ṕ (4) 

p
2
[Ag2(OTA)2] +

ṕ
2
[Ag2(mAMD)2] →

Γdiss

medium
NAg + (p)OTA + (ṕ )mAMD (5) 

NAg →
Γcoh

medium
AgN (6) 

AgN + (p)OTA + (ṕ )mAMD →
Γcoads

medium
AgN(OTA)l(mAMD)ĺ + (p − l)OTA

+ (ṕ − ĺ )mAMD (7) 

AgN(OTA)l(mAMD)ĺ + Gr →
Γadh

medium
AgN(OTA)l(mAMD)ĺ Gr (8) 

In this equation, the formation of metallic NPs MN (N being the total 
number of metallic atoms, corresponding to NSA - for silver atoms as 
defined in the Supporting Information, Section 2) functionalized by li
gands L and L’, and deposited on a support S, in the context of a medium 
(gas, solvent), results from the complete decomposition of two metallic 
precursors MxLy and Mx́ Ĺ ý  yielding isolated M atoms and ligands L and 
L’. If we apply this model in our context of Ag NPs functionalized by 
OTA and mAMD ligands and supported on graphite Gr, one can 
decompose the global balance (Γsyn, Eq. (3) and Eq. S11, Supporting 
Information, Section 2) in four chemical subequations (Eq. S12a, 

Supporting Information, Section 2) describing in turn the precursor 
complete dissociation (Γdiss, Eq. (5) and Eq. S12b, Supporting Informa
tion, Section 2), the clean Ag NP formation (Γcoh, Eq. (6) and Eq. S12c, 
Supporting Information, Section 2), the ligand coadsorption at the sur
face of the Ag NP (Γcoads, Eq. (7) and Eq. S12d, Supporting Information, 
Section 2) and the adhesion of the complete functionalized Ag NP on 
graphite (Γadh, Eq. (8) and Eq. S12e, Supporting Information, Section 2), 
respectively. Note that in these equations, the structure of the metallic 
nanoparticle can be crystalline, non-crystalline, amorphous, defective, 
or truncated.

Small Ag NPs DFT models
A direct exploration through ab initio models is out of reach at the 

targeted experimental size of 6.2–6.9 nm. In addition, the investigation 
of ligand adsorption requires a large number of configurations which is 
also unachievable for large-sized clusters. This justifies our strategy to 
start with DFT models of small silver nanoclusters in the range 54–79 
atoms (around 1.5 nm) in interaction with specific ligands (see Fig. 3a- 
d and Supporting Information, Section 3.1). In order to represent the 
detected symmetries in competition, four clusters of different mor
phologies have been selected: regular decahedral Ag54deca (D5h), 
Mackay icosahedral Ag55ico (Ih), Marks-decahedral Ag75marks (D5h) 
and irregular truncated octahedral Ag79ito (Oh). Complementary tests 
have been done for ino decahedral Ag55ino (D5h) and cuboctahedral 
Ag55cubo (Oh) which correspond to local minima in absence of ligands. 
For HDA, the most simplified ligand model is butylamine (C4 aliphatic 
chain, noted BTA). Numerous top monoadsorption forms (usually 
named η1μ1) have been optimized on these small clusters and the most 
stable structures have been further optimized by considering an amine 
ligand with a longer aliphatic C8 chain, octylamine noted OTA (see 
Tables S1-S3 and Fig. S6-S9 in the Supporting Information, Section 3). A 
moderate adsorption strength is found for BTA (0.78–0.91 eV.molec− 1) 
and OTA (0.90–1.32 eV.molec− 1) in agreement with a previous DFT 
study of cysteine amino acid on small Ag clusters [64] showing a pref
erential bonding through the amino group, but also with previous trends 
of amino acids interacting with silver predicted by combined INTER
FACE/CHARMM36 force fields. [77] Note that, throughout the study, 
the adsorption energetics is dominated by the van der Waals in
teractions. Then adsorption models at saturation for BTA have been 
developed by considering its most stable adsorption positions, and for 
OTA, the saturation models have been optimized by extending the chain 

Fig. 2. Selected HRTEM images of different Ag NPs morphologies present on the amorphous carbon support: a-c) three different possible orientations and tilting 
angle of Ih nanocrystals, d) D5h and e) FCC NPs and f) distribution statistics of Ag NPs symmetries.
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lengths of the BTA corresponding models (see Fig. 3a-d for adsorption at 
saturation; see Tables S1-S3 and Fig. S13-S14, Supporting Information, 
Section 3). The effect of coverage is presented in Fig. 4a for OTA and in 
Fig. S5 of the Supporting Information (Section 3). The stability of the 
ligand-covered silver nanoclusters is captured by the DFT synthesis en
ergy Γsyn (Eq. (3) and Eq. S9, Supporting Information, Section 2), which 
is plotted as a function of the molecule surface density MSD (Eq. S1, 
Supporting Information, Section 2). For the case of amidinate synthesis 
precursors, the methyl amidine molecule, noted mAMD throughout the 
study, has been chosen for DFT monoadsorption and saturation models, 
by following an approach similar to the one used for BTA (see 
Tables S4-S6 and Fig. S10-S12, S15 of the Supporting Information, 
Section 3). According to this preliminary study, BTA and OTA are 
related to a more exothermic Γsyn (for example − 60.9 and − 61.3 meV. 
Å− 2 on Ag54deca for BTA and OTA, respectively) than mAMD (-53.8 
meV.Å− 2 on Ag54deca), whatever the nanocluster model, thus meaning 
a preference for OTA. This has also been confirmed on the Ag(111) 
surface by exploring the relative stability of OTA and mAMD 

monoadsorption from a combination of DFT calculations and ab initio 
molecular dynamics (Supporting Information, Section 9). Mixed coad
sorption models at saturation have thus been developed by considering a 
large excess of OTA over mAMD (see Table S7 and Fig. S16 of the 
Supporting Information, Section 3). The first key theoretical result 
shows that the decahedral Ag54deca is always the most stable one 
among the four considered small nanoclusters, whatever the composi
tion of the ligand shell at saturation. This is illustrated in Fig. 4a in the 
case of OTA. The icosahedral Ag55ico and Marks-decahedral 
Ag75marks offer an intermediate stability between Ag54deca and the 
irregular truncated octahedral Ag79ito. To ensure that no other 
competitive morphology could be more favorable than the regular 
decahedral symmetry (Ag54deca), Ag55cubo and Ag55ino covered by a 
shell of OTA ligands at saturation have also been optimized in similar 
computational conditions. Both systems have entirely transformed into 
Ag55ico or Ag55twin, respectively (see Table S2 and Fig. S14 of the 
Supporting Information, Section 3), without desorbing any OTA ligand 
during the geometry optimizations. Moreover, the theoretical stability 

Fig. 3. Top views of optimized structures (DFT models) of functionalized small Ag NPs (54–79 atoms, 1.5 nm) by monoshells of octylamine (OTA) ligands: a) regular 
decahedral Ag54deca, b) Mackay icosahedral Ag55ico, c) irregular truncated octahedral Ag79ito, d) Marks-decahedral Ag75marks. Top and lateral views of opti
mized structures (DFT models) of functionalized larger Ag NPs (287–318 atoms, 2.5 nm) by monoshells of OTA adsorbates: e,i) regular decahedral Ag287deca, f,j) 
Mackay icosahedral Ag309ico, g,k) irregular truncated octahedral Ag314ito and h,l) Marks-decahedral Ag318marks. Corresponding number of adsorbed OTA ligands 
(coverage, ML = monolayer) and molecule surface density MSD (molec.nm− 2). The color label is green for silver, blue for nitrogen, grey for carbon and white for 
hydrogen atoms. The vertices of the Ag NPs are represented by balls, whereas the bonds between surface Ag atoms are depicted by joint sticks. Core Ag atoms appear 
with solid representation.
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order in favor of Ag54deca does not depend on the MSD in OTA or 
mAMD (see Fig. S5 of the Supporting Information, Section 3). Hence, 
our conclusions at small sizes (54–79 atoms) disagree with our mea
surements in the range 6.2–6.9 nm. This questions the relevance of the 
chosen size for interpreting experiments.

Nanoparticle size effects
In order to evaluate the influence of the nanoparticle size on the 

competition between the concerned morphologies, DFT models of larger 
size nanoparticles in the range 287–318 atoms (around 2.5 nm) have 
been investigated by considering decahedral Ag287deca, icosahedral 
Ag309ico, irregular truncated octahedral Ag314ito and Marks- 
decahedral Ag318marks nanoparticles covered by monoshells of li
gands in vacuum (see Fig. S17 in the Supporting Information, Section 
3.2). Thanks to the analysis at small size with Γsyn, highlighting the 
preference of OTA adsorbate over mAMD, only pure monoshells of OTA 
have been developed in the models at large size (Fig. 3e-l for the 

optimized structures). The number of OTA molecules (from 39, in the 
case of Ag287deca, to 54 ligands, for Ag314ito) has been chosen to 
obtain quasi-identical MSD for all morphologies (2.2–2.3 molec.nm− 2), 
and leading to a narrow range of coverage (0.21–0.31 ML). Such a 
change in the number of ligands is due to the large difference of 
accessible Ag NP surface area; the lowest area being calculated for 
Ag287deca and the largest one for Ag314ito (Table S8, Supporting In
formation, Section 3). The starting configuration and conformation of 
the monoshells use the conclusions of the previous models at small size: 
top adsorption for OTA adsorbed on nanoparticle kinks, edges and fac
ets, and minimization of steric repulsions between molecules by 
assembling them in parallel patterns. All along the geometry optimiza
tions, no desorption has been registered, thus meaning that the chosen 
MSD are below saturation. As shown in Fig. 3e-l, the optimal structures 
of coadsorbed ligands show clear discrepancies. The OTA-covered 
icosahedral and decahedral Ag NPs present much more organized ligand 
shells than the truncated octahedral nanoparticle. In the case of 

Fig. 4. a) DFT models. Synthesis energy Γsyn (black points, meV.Å− 2) against molecule surface density (MSD, molec.nm− 2) for Ag NPs (54–318 atoms) and extended 
flat surfaces (111), (100), (110) covered by octylamine (OTA) ligands in vacuum and decomposed into three components: dissociation energy of the silver precursor 
Γdiss (red points), cohesion energy of clean Ag NPs and surfaces Γcoh (green points) and ligand coadsorption energy Γcoads (blue points). Note that all energies Γ are 
normalized to surface area, either of the nanoparticle or of the surface. The definition of each Ag nanoparticle or surface is indicated close to its corresponding point. 
b) DFT models. Solvent effects (THF, purple points and toluene, pink points) on Γsyn for Ag NPs (287–318 atoms) compared to gas phase systems (black points). c) 
Mathematical model based on DFT data of Ag NPs and surfaces. Γcoh (Eq. (9)) of the four key morphological families of Ag NPs (defined by four different colors) 
plotted as a function of the total number of Ag atoms up to 10000 atoms (corresponding to a diameter D of 8 nm according to the formula D = 0.371 × N1∕3, where 
the nanoparticle volume is approximated as the one of a sphere). In the range 50–450 atoms, an insert displays the region where regular decahedra and icosahedra 
are competitive (crossing point at 285 atoms).
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Ag309ico, the self-assembly of OTA ligands leads to a homogeneous 
coating at the nanocluster surface, mimicking a spherical “wool ball”. 
For the decahedral Ag287deca and Ag318marks, the self organization of 
OTA ligands follows a motif resembling a “regular hair” wrapping 
around the C5 symmetry axis of the decahedra. The main difference 
between decahedra appears in the interaction of the OTA ligand with the 
Ag NPs. For Ag287deca, the envelope of the OTA molecules is more 
convex thanks to van der Waals interactions with the Ag NP edges, 
whereas for Ag318marks, the ligand hull exhibits weaker interactions 
between the ligand octyl moieties and the Ag NP facets presenting (110) 
concavities and (100) orientations. In the case of Ag314ito, the ligand 
coating is strongly disorganized and inhomogeneous. Concerning now 
the stability order, Γsyn is calculated as for small Ag NPs and plotted in 
Fig. 4a (see Table S8 in the Supporting Information, Section 3). Inter
estingly, at larger size, the stability order matches experimental con
clusions as follows: Ag309ico being more stable than Ag287deca and 
Ag318marks, Ag314ito being the least stable nanoparticle (Fig. 4b). 
Hence when the nanoparticle size increases from 50 to 300 atoms, the 
icosahedral symmetry becomes preferential over the decahedral one. 
Note the least stability of FCC symmetry whatever the size, in agreement 
with measurements.

We investigate in more details the various contributions (Γdiss, Γcoh 
and Γcoads) included in the synthesis energy Γsyn, as previously intro
duced (Eq. (5)-(7) and Eq. S9-S10(a-d), Supporting Information, Section 
2). All these contributions are normalized by the nanoparticle surface 
area, so as Γsyn is linked to them by an additive model, and plotted 
against MSD (Fig. 4a and Table S9 in the Supporting Information, Sec
tion 3). By crossing all the nanoparticle sizes from 54 to 318 atoms, the 
DFT calculations show that the ligand coadsorption energy (negative 
and stabilizing component) is always really minority and quasi-constant 
when MSD changes, whereas the Ag cohesion energy (negative and 
stabilizing component) is by far the major contribution to the synthesis 
energy. Surprisingly, the latter captures almost linearly the variations of 
the synthesis energy, thus meaning that the only knowledge of Ag 
cohesion energy normalized to the nanoparticle surface area is enough 
to predict the stability order between Ag nanoparticles. Indeed, the 
precursor dissociation energy, which is a positive and destabilizing 
contribution, is always secondary in the additive model. A minor remark 
concerns the weak increase of adsorption strength of OTA as MSD in
creases, due to stabilizing lateral van der Waals interactions predomi
nant over steric hindrance.

Although predictive with respect to experiments, the previous 
atomistic DFT models of Ag NPs around 2.5 nm are not enough to allow 
a direct comparison with measurements at 6.2–6.9 nm. Since the Ag 
cohesion energy normalized to surface area leads the overall stability 
order, one can check this trend at another extreme size limit by devel
oping DFT models representative of very large size nanoparticles 
(infinite facets). To do so, self-assembly models (SAM) of OTA on Ag 
(111), (100) and (110) extended surfaces have been built and optimized 
with DFT by considering two different coverages close to saturation (see 
Table S14 and Fig. S23-S25 in the Supporting Information, Section 6). 
According to computed energetics (Fig. 4a), in the explored range of 
MSD (≈3–5 molec.nm− 2), the coadsorption energy Γcoads is minority and 
follows the previous trend observed for Ag NPs. The SAM stability order 
shows that Ag(111) is the most stable surface whatever MSD, and the Ag 
cohesion energy Γcoh rules the stability order, likewise for Ag NPs. In 
summary for the SAM, in agreement with experiments, the dense Ag 
(111) surface outperforms the more open Ag(100) and Ag(110) termi
nations, thus confirming the clear preference for (111) orientations 
demonstrated previously for large size Ih Ag NPs.

Multiscale mathematical model
Thanks now to the complementary DFT predictions at small size (Ag 

NPs) and infinite size (Ag extended surfaces), one can develop a multi
scale mathematical model bridging these extreme size limits, by 
considering a continuous approach describing the variations of the clean 

Ag nanoparticle cohesion energy normalized by its surface area as a 
function of the number of Ag atoms: 

Γcoh = Γcoh0 + Γ̃coh1(G(sedge))
1∕3 (9) 

where G is the total number of Ag atoms for a given morphology 
(Table S19, Supporting Information, Section 8), sedge being the number 
of Ag atoms belonging to one edge of the nanoparticle (see Fig. 4a for the 
different contributions to the synthesis energy, Fig. 4c for results of the 
mathematical model and in the Supporting Information (Section 8), for 
the development of the model). The offset and the slope noted Γcoh0 and 
Γ̃coh1, respectively, are computed on the basis of DFT calculations for Ag 
(111), (100) and (110) extended surfaces and a large series of Ag NPs in 
the range 38–1415 atoms, for four different morphologies including 
truncated octahedra, icosahedra, regular and Marks decahedra 
(Table S18, Supporting Information, Section 8). This mathematical 
model predicts a clear preference of icosahedral symmetry over regular 
or Marks-decahedral morphologies in the range 250–10,000 atoms, and 
especially at the targeted experimental size. This means that Ih sym
metry is always favored in a large range of sizes over all the other 
morphologies, in striking agreement with experiments. At small sizes 
(below 285 atoms), the continuous mathematical model reconciles also 
with atomistic DFT predictions, since the regular decahedral symmetry 
becomes the most stable one (see insert in Fig. 4c and Fig. S27 of the 
Supporting Information, Section 8). Besides, at very large size (above 1 
million of Ag atoms or an approximate diameter of 30 nm), it predicts 
that the FCC symmetry, which is never competitive in a very large range 
of sizes, becomes finally the most stable one, as expected for a FCC 
metal. The cohesive energy normalized to the nanoparticle surface area 
thus appears as a useful descriptor for capturing relevantly the stability 
order between the classical morphologies of Ag NPs. Our central idea is 
compatible with previous considerations stating that the atomic cohe
sive energy determines the thermodynamic performance of materials 
through atomic coordination changes. [85]

Solvent effects
An important element of the chemical environment is the solvent 

which has been neglected so far in the theoretical modeling. Although 
difficult to describe from an explicit standpoint due to the large size of 
the systems (ligand-covered Ag NPs and tetrahydrofuran, THF or 
toluene solvent molecules), solvent effects can be modeled from an 
implicit approach such as the polarizable continuum model, imple
mented in DFT (Supporting Information, Section 4). In this work, all the 
previously exposed DFT models of ligand-covered Ag NPs have been 
reoptimized in toluene and THF by considering monoshells of OTA, of 
mAMD and of coadsorbed OTA and mAMD for small size NPs in the 
range 54–79 atoms (see Table S10 and Fig. S18 in the Supporting In
formation, Section 4), and monoshells of OTA for large size NPs in the 
range 287–318 atoms (Fig. 4b and Table S11 in the Supporting Infor
mation, Section 4). Whatever the size range, the solvent effects change 
neither the optimal structures of ligand-covered Ag NPs nor the con
clusions drawn in vacuum which state that the decahedral Ag54deca 
cluster is preferential at small size, whereas the icosahedral Ag309ico is 
the most stable nanoparticle at large size. The solvents modify neither 
the stability order between the NPs morphologies nor the one between 
OTA and mAMD ligands. As shown in Fig. 4b (Fig. S18 in the Supporting 
Information, Section 4), the solvents tend to systematically destabilize 
the ligand-covered Ag NPs with a slighter effect for toluene.

Support effects
Another important element of the characterization environment is 

the presence of the amorphous carbon support, which has been chosen 
experimentally, as it is assumed chemically inert. Such assumption has 
been investigated in this work, by describing the support effects with a 
graphite surface model, at the DFT level (see Fig. 5a-b and Supporting 
Information, Section 5). In order to maximize them, we have chosen to 
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generate massive defects by truncating the Ag NPs in the range 287–318 
atoms and interfacing the resulting facets with graphite (0001). These 
defects lead to the truncated decahedron Ag250tdeca (resulting from 
Ag287deca), truncated icosahedron Ag272tico (obtained from 
Ag309ico), truncated Marks decahedron Ag281tmarks (built from 
Ag318marks) and truncated irregular octahedron Ag287tito (modeled 
from Ag314ito) (see Tables S12-S13 and Fig. S19-S22 in the Supporting 
Information, Section 5). The highly unsaturated Ag surface atoms of 
truncated facets are expected to bind more strongly to graphite by 
comparison with regular surface atoms. Moreover, the truncations have 
been made to create flat facets of equivalent silver atom interface den
sity, from 8.59 to 10.90 at.nm− 2 (Table S12, Supporting Information, 
Section 5), not to bias the conclusions. The adhesion energy on graphite, 
from − 0.25 to − 0.43 eV per silver interface atom, is in fair agreement 
with a recent theoretical study devoted to the deposit of Ag20 cluster on 
graphene (-0.371 eV per Ag atom). [86] Concerning the choice of the 
OTA adsorption monoshells, the structures previously optimized in 
vacuum have been used (Fig. 3e-l). In order to keep maximal the 

interactions between truncated Ag NPs and graphite, OTA ligands have 
not been kept in between the metal and the support. However, they 
could decorate laterally the boundary between them. The stability order 
between supported defective nanoclusters has been evaluated by plot
ting the synthesis energy Γsyn (Eq. (3) and Eq. S11, Supporting Infor
mation, Section 2) normalized to the total truncated Ag NP surface area 
(Fig. 5c), as a function of the interacting species density (ISD, Eq. S2, 
Supporting Information, Section 2). The DFT calculations show that 
neither the support nor the defects modify the previous conclusions. The 
truncated icosahedron Ag272tico is the most stable nanoparticle, while 
the truncated irregular octahedron Ag287tito remains the least stable 
one (the two truncated decahedra being intermediate with a comparable 
stability). Hence our most realistic DFT models agree with experimental 
observations. The energy decomposition analysis of Γsyn can be derived 
by extending the previous decomposition model with a fourth term 
noted Γadh and corresponding to the adhesion energy on support (Eq. 
(3)-(8) and Eq. S11-S12(a-e), Supporting Information, Section 2). The 
final conclusions drawn from this more complete model are identical to 

Fig. 5. Top a) and lateral b) views of the optimized structure (DFT model) of a truncated icosahedral Ag272tico nanoparticle covered by 26 octylamine ligands and 
supported on a graphite (0001) surface (trilayer slab and (16 × 16) supercell). The color labels are yellow for carbon atoms of graphite, green for silver, gray for 
carbon atoms of ligands, blue for nitrogen and white for hydrogen. Ag atoms belonging to vertices, C atoms belonging to the surface layer of graphite and to ligands, 
N and H atoms are all represented by balls, while Ag atoms of edges and facets are marked by joint sticks. C atoms belonging to subsurface layers of graphite are 
marked by balls in a) and by joint sticks in b). Ag atoms of NP core are depicted by solid representation. c) DFT models. Synthesis energy Γsyn (black points, meV.Å− 2) 
against interacting species density (ISD, interacting species.nm− 2 corresponding to either octylamine ligands or silver atoms bound to graphite) for truncated Ag NPs 
(250–287 atoms) covered by octylamine ligands in vacuum, supported on a graphite (0001) support and decomposed into four components: dissociation energy of 
the silver precursor Γdiss (red points), cohesion energy of clean Ag NPs Γcoh (green points), ligand coadsorption energy Γcoads (blue points) and adhesion energy on 
support Γadh (yellow points). Note that all energies Γ are normalized to NP surface area. The definition of each Ag NP is indicated close to its corresponding point.
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the ones evoked previously. The stabilizing Ag cohesion energy remains 
the predominant contribution, while the destabilizing precursor disso
ciation energy is secondary and the stabilizing ligand coadsorption en
ergy is minority and constant. The stabilizing adhesion energy of the 
ligand-covered Ag NPs on graphite is the smallest contribution and is 
also constant between considered morphologies. This confirms our 
experimental hypothesis regarding negligible support effects and shows 
original results with respect to a previous investigation of Ag NPs sup
ported on silica, where the position of the crossover points between 
morphologies was found sensitive to the physical nature of the support. 
[16]

Conclusion

In summary, we have synthesized silver nanoparticles from two sil
ver amidinate organometallic precursors and hexadecylamine ligands 
solvated in organic solvents. At the targeted size (6–7 nm) of Ag NPs, a 
counter-intuitive result is found from HRTEM measurements showing a 
quasi-absence of the FCC structure in the statistics of the ordered 
nanoparticles. A large majority of icosahedral nanoparticles (Ih) has 
been registered with a minor set of decahedral clusters (D5h). To 
interpret such an unexpected trend, energetics of DFT models of Ag NPs 
in the range 1.5–2.5 nm (54–318 atoms) and of extended Ag surfaces has 
been used to develop a multiscale approach predicting the stability order 
of the competitive morphologies at the experimental size. Various ele
ments of synthesis environment have been described in the DFT models 
either by an explicit approach (amine ligands, support effects) or by an 
implicit model (solvent effects). An original descriptor, named synthesis 
energy, has been introduced and decomposed into several energetic 
contributions. Among them, the clean nanoparticle cohesion energy 
normalized by its surface area appears as the prevalent component. A 
mathematical function fitting the DFT data related to ordered nano
particles is used to predict the morphological competition at any size. 
Since we consider moderately-bound ligands, the contribution of the 
normalized adsorption energy to the synthesis energy remains minority. 
In agreement with our experiments, theoretical models of large size 
ligand-covered Ag NPs predict a superior stability of the icosahedral 
symmetry up to very large sizes (30 nm, 1.000.000 atoms). As expected, 
for even larger nanoparticles, the FCC symmetry becomes more stable. 
Defects of Ag NPs, solvent and support effects do not alter these con
clusions. Thanks to the validation with measurements, the multiscale 
modeling demonstrates that the normalized cohesion energy of clean Ag 
NPs is a relevant descriptor for capturing stability order. The role of li
gands appears indirectly in this descriptor through the accessible 
nanoparticle surface area. The robustness of our theoretical multiscale 
approach combining ab initio models at various sizes and continuous 
mathematical models opens very promising perspectives for deter
mining the stability order of other functionalized metallic nanoparticles 
and related morphologies in complex synthesis environment, where the 
relative weights of the various contributions of the synthesis energy may 
change. This study paves the way to the investigation of other complex 
properties of functionalized metallic nanoparticles, such as their dy
namic response toward temperature and pressure.

Materials and methods

Colloidal Ag NPs synthesis

In a glove box, silver precursor (0.22 mmol) was weighed and 
introduced in a Fisher Porter (FP) reactor and dissolved in THF (3 ML). 
The HDA ligands were separately weighed (0.44 mmol) and added to 
the silver precursor solution, synthesized by following a previous pro
tocol. The FP reactor was placed on an argon/vacuum vessel and pres
surized with H2 (3 bar). The reactor was then placed into an oil bath at 
moderate temperature (40∘C) and let for the night. Yellow colloidal 
solutions of Ag NPs are obtained after 12 h. Precursor 1 (methyl 

amidinate) consists in a 3.6:1 ratio of dimer and trimer silver amidinate 
molecule. Interestingly, precursor 2 (butyl amidinate) crystallizes as a 
tetramer which only slowly dissolves in THF whilst transforming into 
dimer and trimer species in solution. The final ratio of each species is 
driven by the concentration of the precursor in the solvent. During the 
hydrogenolysis of the precursor, the amidine moieties (methyl or butyl 
amidine) are released in the solution and actively participate to the 
stabilization of Ag NPs. The added HDA ligand also participates to the 
NPs stabilization.

Transmission electron microscopy

TEM grids were prepared in a glove box under argon atmosphere by 
depositing a drop of colloidal Ag solution onto a copper grid with a thin 
carbon layer. The TEM experiments were performed on a JEOL JEM 
1400, Tokyo, Japan transmission electron microscope operating at 
120 kV with a resolution of 2.04 Å.

High resolution transmission electron microscopy

HRTEM analysis was carried out both on JEOL JEM 2100 F field 
emission gun transmission electron microscope (FEG-TEM) operating at 
200 kV with a resolution of 2.3 Å (point-point) and 1 Å (line), and on a 
JEOL JEM-ARM200F Cold FEG-TEM with a resolution image of 1.9 Å 
point.

Computational details

DFT calculations were performed by using the VASP code [87–89]
together with the PBE-D3 semi-empirical dispersion-corrected func
tional in its zero-damping formalism (PBE-D3(0D)) [90]. The in
teractions between electrons and ion cores were described by PAW 
potentials [91] and valence electrons by plane wave basis sets in tight 
conditions (with a kinetic cutoff energy of 400 eV). For the DFT models 
of Ag nanoparticles, a large simulation box (50 × 50 × 50) Å3 was used 
in order to ensure a large vacuum space between periodically equivalent 
systems. The Brillouin zone sampling in reciprocal space corresponds to 
the Γ point. For the Ag extended surfaces, the k-point meshes were 
selected accordingly: on Ag(111), (21 × 21 × 1) for the (

̅̅̅
3

√
×

̅̅̅
3

√
)R30∘ 

and (19 × 19 × 1) for the (2 × 2) supercells; on Ag(100), (17 × 27 × 1) 
for the (

̅̅̅
5

√
×

̅̅̅
2

√
)R108∘ and (19 × 19 × 1) for the (2 × 2) supercells; on 

Ag(110), (21 × 21 × 1) for the (
̅̅̅
3

√
×

̅̅̅
3

√
)R109∘ and (15 × 21 × 1) for 

the (
̅̅̅
6

√
×

̅̅̅
3

√
)R90∘ supercells. For the bulk of graphite, the tight 

convergence of total electronic energy has been reached with a 
(22 × 22 × 8) k-point mesh. The corresponding volume has then been 
optimized with this k-point grid at the PBE-D3(0D) level. For the DFT 
models of Ag NPs supported on the graphite (0001) surface (the graphite 
slab being composed of 3 layers), the Brillouin zone sampling in recip
rocal space has been restricted to the Γ point, due to the considered very 
large (16×16) supercell. The implicit solvation effects were evaluated 
by using VASPsol [92–94], a software package that incorporates solva
tion into VASP within a self-consistent continuum model. All the degrees 
of freedom of all atoms in the chemical systems were relaxed during the 
geometry optimizations, with a tight convergence criterion of 10− 6 eV 
for the total electronic energy, until each residual force on nuclei was 
less than ± 0.01 eV.Å− 1. For the graphitic systems, the geometry of the 
two bottom layers was kept frozen at the optimized bulk situation, 
whereas the top layer of graphite was totally relaxed, as well as all the 
degrees of freedom of the supported and functionalized Ag NPs, with 
identical convergence criteria (10− 6 eV and ± 0.01 eV.Å− 1).

More details about the experimental and theoretical methods are 
exposed in the Supporting Information (Sections 1 and 2).
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