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Introduction

Water-soluble silver nanoparticles stabilized by
amino acid-derived N-heterocyclic carbenes:
synthesis, properties and theoretical study of the
nucleation process

Carlos J. Carrasco, (2@ Regla Ayala, 2 ® Sara Garrido,? Francisco Montilla (2 ** and

Agustin Galindo (=

Silver nanoparticles stabilized by amino acid-derived N-heterocyclic carbenes, denoted as Ag(NHCR)-NPs
(R = H, 3a; Me, 3b; Pr, 3c; and 'Bu, 3d), were synthesized by reducing the parent complexes Nas[Ag
(NHCR),] (2a—d) with NaBH, under appropriate reaction conditions. The stability of the aqueous AgNP
solutions was found to depend strongly on the presence of the NHC ligand, the solution concentration, and
the nature of the R substituent. In particular, the stability of the nanoparticles decreases as the steric bulk of R
increases. Among the series, 3a (R = H) exhibits remarkable stability in water and can be isolated by ultracen-
trifugation and lyophilization. Notably, solid AgINHC™)-NPs (3a) can be redissolved in water to regenerate a
stable AgNP solution. The Ag(NHCR)-NPs were characterized by infrared (IR) and ultraviolet-visible (UV-Vis)
spectroscopies, polarimetry, dynamic light scattering (DLS), and transmission electron microscopy (TEM). 3a
behaves as an active and versatile nanocatalyst in water, efficiently promoting both the model reduction of
4-nitrophenol to 4-aminophenol and the catalytic hydrolysis of NaBH,4 to generate H, under basic conditions.
From a theoretical perspective, the nucleation and growth of the AGINHCR)-NPs were modelled using density
functional theory (DFT) at the PBE-D3/def2-TZVP level, considering systems of the type [Ag,(NHCR)?~ (with
R =H, Meand 'Prand n = 2, 3, 4, 20, 30). The Quantum Theory of Atoms in Molecules (QTAIM) was employed
to analyze the bonding characteristics within the nanoparticles, with particular attention to the Ag—Ag and
Ag-C(carbene) interactions. It is noteworthy that the bond dissociation energy (BDE) of the Ag—C(carbene)
bond decreases with increasing steric bulk of R, consistent with the experimental observations. Based
on experimental data, the Ag:NHC ratio is approximately 30:1 and the calculated IR spectrum of
[Agz0(NHC™)]2~ model (corresponding to 3a) provides a satisfactory match with the experimental spectrum.

reactivity.'™ In this context, N-heterocyclic carbenes (NHCs)
have emerged as a versatile class of ligands for nanoparticle

Silver nanoparticles (AgNPs) have garnered significant atten-
tion because of their unique physicochemical properties—
such as high surface area, tuneable optical characteristics, and
strong antimicrobial activity—which have enabled their appli-
cation in various fields, including catalysis, electronics, medi-
cine, and environmental remediation. Among the various syn-
thetic strategies, biological and ligand-assisted methods have
gained prominence for producing stable, functionalized nano-
particles under mild conditions. In particular, the use of
organic ligands has proven effective in enhancing colloidal
stability, controlling particle size, and adjusting surface
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stabilization. Their strong o-donor character facilitates the for-
mation of robust metal-ligand bonds, imparting resistance to
aggregation and oxidative degradation.’”® The structural tun-
ability of NHCs—via modifications of the heterocyclic core,
substituents, and side chains—enables precise control over
the steric and electronic properties, making them ideal for
surface functionalization. Recent reviews underscore their
growing role in materials chemistry, particularly in stabilizing
metal nanoparticles for catalytic applications.*”” Despite these
advances, aqueous solubility remains a key challenge for
NHC-stabilized nanoparticles, particularly in biomedical
contexts.”'® To address this, recent efforts have focused on
incorporating hydrophilic functional groups into the NHC
framework.""?

In recent years, our research has focused on the develop-
ment of amino acid-derived imidazolium carboxylates as pre-
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cursors for silver-N-heterocyclic carbene complexes (Ag-
NHC). This interest led us to investigate the different bio-
medical properties of these compounds. Amino acid-derived
NHC ligands present a promising approach by integrating
the stabilizing characteristics of carbenes with the inherent
water solubility and biocompatibility of amino acid
moieties."*'® Moreover, these ligands can improve the col-
loidal stability of silver nanoparticles through steric hin-
drance and hydrogen bonding, while simultaneously intro-
ducing functional groups capable of promoting interactions
with biological systems. Leveraging the synthetic versatility
of NHCs and the inherent biocompatibility of amino acid
residues, we aim to develop a new class of AgNPs suitable for
aqueous environments.

Density functional theory (DFT) has emerged as a powerful
tool to investigate the structure, properties and reactivity of
silver clusters,’”” ' particularly those stabilized by selected
ligands.***>* Beyond providing optimized geometries and
electronic structures for NHC-stabilized nanoparticles, DFT
can identify the preferred ligand coordination sites, the role of
NHC in stabilizing larger clusters, and the energetics under-
lying nanoparticle growth. Such theoretical insights comp-
lement and validate experimental observations, offering a
molecular-level framework that is essential for understanding
and ultimately controlling the properties of silver-based nano-
materials. In addition, the Quantum Theory of Atoms in
Molecules (QTAIM**>°) was employed to characterize the
nature and presence of bonding as well as the degree of cova-
lence and interaction strength between the silver nanoparticles
(AgNPs) and the carbene functionality.

In this study, we report on the synthesis, characterization
and theoretical study of AgNPs stabilized by amino acid-
derived NHCs, focusing on their solubility, structural integrity,
potential applications, and DFT analysis of the silver-silver
bond and NP nucleation and growth. As a preliminary demon-
stration of their catalytic potential, the nanoparticles were eval-
uated in the aqueous-phase reduction of 4-nitrophenol with
NaBH, and in the hydrolysis of NaBH, to evolve H, under
basic conditions, both being benchmark reactions widely
employed to evaluate the catalytic activity of noble metal
nanoparticles.>'?

Results and discussion
Nanoparticles from Ag-NHC complexes

Silver nanoparticles stabilized with N-heterocyclic carbene
ligands, Ag(NHC®)-NPs (R = H, 3a; Me, 3b; 'Pr, 3c; and 'Bu, 3d),
were synthesized via a bottom-up approach. This involved the
reduction of previously reported silver complexes, Naj[Ag
(NHCR),] (2a-d),"'® with NaBH, in aqueous solution
(Scheme 1). To optimize the synthesis procedure, Ag(NHC")-
NPs (3a) were initially prepared at concentrations of 1 mM,
2 mM, 5 mM, and 10 mM, using Naz[Ag(NHC™),] (2a) as the
precursor. The stability of the resulting nanoparticles was
assessed using UV-visible spectroscopy by monitoring the loca-
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Scheme 1 Silver nanoparticles stabilized by N-heterocyclic carbene.

Table 1 Stability of AGINHC™)-NP (3a) versus non-stabilized AgNPs at
different concentrations

Time of decomposition

Concentration Ag(NHCY)-NP (3a) Non-stabilized AgNPs
1 mM — 20h
2 mM 48 h 2h
5 mM 20h 2h
10 mM 2h 2h

lized surface plasmon resonance (LSPR) band centred around
400 nm (Table 1).**

Notably, the nanoparticles synthesized at the highest con-
centration (10 mM) exhibited rapid decomposition, character-
ized by the loss of the yellow coloration of the solution, the for-
mation of precipitated agglomerated silver particles and the
disappearance of the LSPR band in two hours. Synthesized at
lower concentrations, 5 mM and 2 mM, demonstrated
improved stability, although they also underwent decompo-
sition within 20 and 48-hours after synthesis, respectively.
Nanoparticles synthesized at the lowest concentration (1 mM)
showed the greatest stability, remaining stable for several
months (stored in the dark at room temperature). The initially
observed LSPR band decreases during the first hour after
nanoparticle dispersion in suspension, likely due to aggrega-
tion phenomena. However, from the second hour onwards, the
band intensity remains virtually unchanged, persisting even
three months after nanoparticle formation (Fig. 1).

To assess the size distribution of Ag(NHC™)-NPs (3a),
dynamic light scattering (DLS) measurements were conducted
on a 1 mM colloidal solution (Fig. S1). The analysis indicated a
narrow size distribution with low polydispersity and an average
particle diameter below 10 nm. These results were further vali-
dated by transmission electron microscopy (TEM). Image ana-
lysis of the TEM micrographs using Image] software revealed
an average nanoparticle diameter of 8.2 + 2.2 nm (SD)
(Fig. S2), in good agreement with the principal peak observed
in the DLS data.

In addition, Ag(NHC")-NPs (3a) were isolated by ultracentri-
fugation followed by lyophilization. The isolated nanoparticles
can be redispersed in water, retaining key properties observed

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 UV-vis spectrum of AgINHCM)-NPs (3a) over time.

prior to isolation, such as the intensity of the LSPR band. The
ATR-IR spectrum of isolated nanoparticles displays character-
istic absorption bands attributable to the imidazole-carboxy-
late moiety, indicating its coordination to silver atoms on the
nanoparticle surface. For 3a, two distinct bands at 1627 and
1571 cm™' were assigned to the asymmetric stretching
vibrations of the two carboxylate (COO™) groups (Fig. S3).
Additionally, absorptions at 1381 and 1313 cm™" were attribu-
ted to the symmetric (COO™) of the carboxylate groups. These
assignments were confirmed by theoretical data (see below)
and attributed to the NHC ligand. Furthermore, CHN elemen-
tal analysis revealed an approximate ratio of one carbene
ligand per 30 silver atoms within the nanoparticle structure.

To verify the stabilizing effect of NHC ligands on silver
nanoparticles, non-stabilized AgNPs were also synthesized
using a procedure analogous to that described for the syn-
thesis of 3a, but with AgNO; as the precursor (Table 1). In all
cases, the stability of these nanoparticles was significantly
lower than that of 3a, particularly at concentrations of 2 mM,
5 mM, and 10 mM, where complete decomposition occurred
within 2 hours. At a lower concentration of 1 mM, the non-
stabilized nanoparticles exhibited slightly greater stability, yet
they still decomposed within approximately 20 hours.
Moreover, DLS analysis reveals a higher polydispersity of
AgNPs (Fig. S4), indicating the presence of two predominant
nanoparticle sizes, approximately 2.7 and 8.7 nm.

To investigate the influence of the ligand on the synthesis
of the nanoparticle, the preparation of AgNPs 3b-d was investi-
gated. They were prepared by reduction of the precursors
Na,[Ag(NHCR),] (R = Me, 2b; 'Pr, 2¢; 'Bu, 2d) at 1 mM concen-
tration, under the experimental conditions optimized for 3a.
The chiral nature of AgNPs was maintained after reduction as
proved by polarimetry measurements (for example, o’ of 24.0°
+ 0.2 for 3c in water). The stability of the nanoparticles was
initially assessed by monitoring the intensity of the LSPR band
over time. As observed for nanoparticles 3a, a decrease in
band intensity was also detected during the first hour follow-
ing the formation of 3b-d, which is likely attributable to initial

This journal is © The Royal Society of Chemistry 2026
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aggregation processes. After this initial period, the nano-
particles remained stable for several weeks (Fig. S5). DLS and
TEM analyses of 3c nanoparticles confirmed a uniform compo-
sition, with an average particle size of approximately 10 nm
(Fig. S6). Comparable morphologies and size distribution were
observed in TEM analyses of nanoparticles 3b and 3d (Fig. S7).

Catalytic activity of AgNPs in the reduction of 4-nitrophenol
and the hydrolysis of NaBH,

To explore the catalytic potential of these AgNPs, we investi-
gated the performance of 3a in aqueous media, where it
efficiently facilitates both the model reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) and the catalytic hydro-
lysis of NaBH, for dihydrogen generation under basic con-
ditions. The development of efficient nanocatalysts for envir-
onmentally relevant redox processes represents a key challenge
in sustainable chemistry, particularly for wastewater remedia-
tion and on-demand hydrogen generation.*® The reduction of
4-NP using NaBH, serves as a benchmark reaction for noble
metal nanoparticles, given the toxicity of nitroaromatic pollu-
tants from industrial effluents and the pharmaceutical value
of the amino product.®® Similarly, the catalytic hydrolysis of
NaBH, constitutes a promising route for portable H, pro-
duction, offering high-purity gas from a stable solid-state
hydrogen carrier suitable for fuel cells.>® In the presence of
excess NaBH, (1:10 4-NP: NaBH,), 3a mediates a clean trans-
formation of 4-NP into 4-AP, as evidenced by the gradual decay
of the 400 nm band of 4-NP and the concomitant growth of
the 4-AP band at shorter wavelength (Fig. S8). As illustrated in
Fig. 2, the reaction follows an apparent pseudo-first-order
kinetic model with respect to 4-NP, with an approximately
linear dependence of In(C/C,) on time over the main conver-
sion interval and a rate constant ¥ = 0.16 min~', consistent
with a surface-mediated electron-transfer process from boro-
hydride to 4-NP on the Ag-NHC nanoparticles. The steady
decrease of the 4-NP absorbance from high initial values to
near-plateau after several minutes, without induction periods
or evidence of deactivation, reflects both the intrinsic activity

of 3a and its colloidal robustness in water. These features
place 3a in line with other NHC-stabilized AgNP systems
— 000 9.
g -
S
c 0404 © .
®
.‘\\
-0.80 A e
@
-1.20 A e
e
k =0.16 min‘ -
-1.60 A "
°
-2.00 . . , . . .
0 2 4 6 8 10 12

Time (min)

Fig. 2 Catalytic activity of AGINHC™)-NPs (3a) in the reduction of 4-NP.
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reported as benchmarks for 4-NP reduction, for example k =
0.5 min~" for related systems,** where high-rate constants are
associated with small particle sizes and partially accessible
metal surfaces. The same nanoparticle system also catalyses
hydrogen evolution from NaBH, in basic aqueous medium,
demonstrating that 3a can efficiently activate borohydride
beyond its role as a simple reducing agent. When 1 mmol of
NaBH, is treated with 0.05 mmol of the Ag-NHC precursor 2a
(forming 3a in situ), significant H, production is observed at
pH =~ 11.5, reaching about 50 mL of gas under conditions
where uncatalyzed or purely basic media give negligible or very
slow evolution (Fig. S9). A direct comparison with AgNPs gen-
erated from AgNO; under the same basic conditions shows
that the NHC-stabilized system clearly outperforms the non-
stabilized particles, which produce only around 35 mL of H,
from the same NaBH, charge. This difference, together with
the known higher colloidal stability and narrower size distri-
bution of 3a, indicates that NHC capping improves not only
nanoparticle lifetime but also the effective density of active
sites available for borohydride activation. Combining both sets
of results, 3a emerges as a robust Ag-based nanocatalyst
capable of promoting two mechanistically related but distinct
redox processes in water: the reduction of an aromatic nitro
group and the hydrolytic decomposition of borohydride. In
both cases, the catalytic performance of 3a can be rationalized
by considering its structural features. The nanoparticles
exhibit a small average diameter in the sub-10 nm range and a
low NHC-to-Ag ratio, which ensures a high density of accessi-
ble metallic surface sites while maintaining excellent colloidal
stability in water. This balance between stabilization and
surface exposure prevents extensive aggregation or deactivation
during the reduction, in contrast to non-stabilized AgNPs that
usually display shorter lifetimes and poorer kinetic profiles.
The absence of a pronounced induction period also suggests
that the active surface of 3a is readily available to both 4-nitro-
phenol and borohydride from the onset of the reaction.

Theoretical calculations

To obtain information on the interaction of NHC ligands and
silver nanoparticles, it was considered worthwhile to initiate
the study with the simplest systems: one to four silver atoms.
Initially, the coordination of the ligands (NHC®)*~ (NHC® for R
= H, Me and 'Pr) to a single silver(0) atom was analyzed using
density functional theory (DFT). Geometry optimizations of
[Ag(NHCM]*~ were performed without symmetry restrictions
and their optimized structures are shown in Fig. 3. We pre-
viously studied the interaction of these ligands with silver()
ions in complexes [Ag(NHCR),]>~ and the frontier molecular
orbitals (MOs) of ligands (NHC®)*>~ were well identified.'*"®
Comparison of the interaction between NHC® and silver(0)
with respect to that with silver(i) is pertinent to evaluate
whether coordination capabilities are maintained similarly.
Therefore, geometry optimizations of [Ag(NHCR)]™ were also
carried out and the resulting optimized structures are shown
in Fig. S10. As expected, the Ag-C distances (range
2.161-2.164 A) in the silver(0) species are longer than those

Dalton Trans.

View Article Online

Dalton Transactions

i
i

4

Fig. 3 Optimized structures (top) and SOMOs (bottom) of [Ag(NHCR)]>~
for R = H, Me and 'Pr.

found for the silver(i) compounds. The calculated bond dis-
sociation energies (BDEs) for the Ag-C bond of [Ag(NHCF)]*~
are around 31 kcal mol™" (Table S1). These BDE values are
lower than the values found for NHC silver complexes with the
acetate ligand (around 68 kcal mol™, Table S1). The SOMO of
[Ag(NHCR)]*~ species is a non-bonding MO centered on the
silver atom (composition for R = H: 55% s orbital and 29% p
orbital) with a small antibonding combination with the
carbon atom of NHC (Fig. 3) that justifies the reduction in the
length of the Ag-C bond. This fits well with the simplified MO
diagram shown in Fig. S11, where the Ag-C bond is mainly
located in SOMO-8. Selected local and integral topological
properties of the electron density for silver(i) and silver(0) com-
plexes are presented in Table 2. Specifically, the electron
density (pgcp) and its Laplacian(V?ppcp) were used as prelimi-
nary indicators of the presence and nature of bonding, where
negative and positive values for the Laplacian of the electron
density at the bond critical point (BCP) are assigned to elec-
tron-shared and closed-shell interactions, respectively.”’
However, it is well-known that this assignment is inefficient
for the description of heavy atoms interactions.”” In this
context, Macchi’s classification®®*° was also adopted, based
on a combination of local and integral properties within
atomic basins. Key metrics utilized included the delocalization
index, §(4,B), which reveals the extent of electron pair exchange
(bonding mechanism), and the integrated electron density,
JANB, which is indicative of the interaction strength.
Furthermore, the bonding regime was quantitatively assessed
using the energetic ratio of the potential energy density to the
kinetic energy density at the BCP, (|Vgcp|/Gpcp). Values of
|Vecp|/Gpep < 1 were assigned to ionic/van der Waals inter-
actions, while values > 2 indicated covalent interactions, with
the intermediate range (1 < |Vpcp|/Gpcp < 2) characterizing
dative bonds or ionic bonds with weak covalent character. The
degree of covalence was additionally estimated from the ratio
of the total energy density to the electron density Hgcp/ppcp
(being H(r) = [G(r) + V(r)]),>” and the interaction strength was
quantified using the Espinosa et al. correlation scheme, Ej,; =
—1/2Vgep.''™ The analysis of these topological properties

This journal is © The Royal Society of Chemistry 2026
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Table 2 Selected local and integrated topological properties of the electron density at the Ag—X (X being C, O and H) for [AgINHCR)I"™ (n = 1, 2)

complexes?

Complex Ag-X DiSt(ag x) p VZp 5(Ag,X) Jagrx ? |vliG Hip Ein
[Ag(NHCY C 2.051 0.114 0.256 0.951 0.952 1.389 -0.357 —45.613
[Ag(NHC™)]>~ C 2.161 0.091 0.253 0.826 0.824 1.276 —0.264 —34.798
[Ag(NHCM)]~ C 2.048 0.115 0.257 0.953 0.971 1.391 —0.360 -46.120
[Ag(NHCM)]*~ C 2.161 0.091 0.252 0.814 0.864 1.277 —0.264 —-34.798
[Ag(NHC™)]” C 2.099 0.102 0.261 0.825 0.895 1.329 -0.314 —40.655
[Ag(NHC)]P~ C 2.164 0.091 0.253 0.798 0.860 1.273 -0.262 —34.844

“ All dimensions are expressed in atomic units (a.u.) except distances which are in A and E;,, which is in kcal mol™. §(Ag,X) means the delocali-
zation index between Ag-X bonded atoms. ngnx p accounts for the integrated electron density on the whole Ag-X interatomic surface. |V|/G is an

adimensional ratio at the BCP and H/p is the total energy ratio at the BCP.

reinforces previous conclusions, that is, more stability of the
silver(i) species respect to the silver(0). This is evident from
the larger values of pgcp, V’pgcp, 6(AZ,C), -[AgﬁCp and esti-
mated Ej, energies for the former compared to the silver(0)
species (Table 2). The possible interaction of (NHC®)*~
ligands through the oxygen atom of carboxylate with the
silver(0) atom was also analyzed, but the energies of the
[Ag(x'O-NHCM]>~ isomers are less stable than those with the
k'C-coordination of carbene (see Table S2). Topological quan-
tities for Ag-O BCP found in [Ag(x'O-NHC®)]*~ isomers are
also shown in Table S2 and support the preference of
k'C-coordination. Due to its larger size, the 'Pr ligand exhi-
bits the possibility of additional interactions involving more
than one atom simultaneously.

The inclusion of a second silver atom was considered and
optimized structures of [Ag,(NHC®)]>~ were calculated (Fig. 4).
The interaction of the SOMO of [Ag(NHCN)]>~ with the s
orbital of the second silver atom constitutes the Ag-Ag bond,
which is the HOMO—-4 of the compounds with R = H (Fig. 4)
and R = Me or the HOMO for R = 'Pr. The Ag-C bond, found in
HOMO-8 for R = H (Fig. S12) and R = Me or the HOMO-7 for
R = 'Pr, shows distances shorter than those of the [Ag
(NHCM]*~ compounds (Table S3) with higher values for BDEs
(Table S1). The formation of the Ag-Ag bond and the reinforce-
ment of the Ag—C bond suggest that this could be the first step
in the mechanism of NP formation. In fact, the reaction of the

Fig. 4 Optimized structures of [Ag,(NHCR)]*~ for R = H, Me and 'Pr
(top) and HOMO-4 for R = H and Me and HOMO for R = Pr (bottom).

This journal is © The Royal Society of Chemistry 2026

addition of a silver atom to [Ag(NHC®)]>~ is an exergonic
process (for example, —53.7 kcal mol™" for R = Me).

The topological properties of the compounds
[Ag,(NHCMN)]>~ are summarized in Table 3. For the sake of com-
parison, the simplest Ag, cluster is also included. This shows a
Ag-Ag bond length of 2.575 A, which is only ~0.04 A longer
than the experimental distance.*® The analysis of Table 3
reveals changes upon coordination. The Ag-Ag bond is weaker
in the complexes [Ag,(NHCF)]*™, as evidenced by lower values
of both the electron density p(r) and its Laplacian at the Ag-Ag
BCP relative to the Ag, dimer. This is consistent with the
observed elongation of the Ag-Ag distance and the decrease in
the Ag-Ag bond energetic parameters per electron listed in
Table 3. In contrast, a strengthening of the Ag-C bond is
clearly established when comparing Ag-C data (Table 2) with
the Ag,-C complexes (Table 3). According to Bianchi’s classifi-
cation,*” the |Vycp|/Gpcp ratio at Ag-C BCPs suggests an inter-
mediate bond regime, lying between ionic and covalent. The
low electron density values, positive Laplacian values and
small negative energy densities per electron support the classi-
fication of this interaction as a dative bond with strong ionic
character. This notion of a weak covalence component is
reinforced by the values of the delocalization index §(Ag,C)
and the |Hpcp|/pgcp ratio, aligning with findings from previous
studies on silver precursor complexes.*>*® For the Ag-Ag inter-
action, the |Vpcp|/Gpcp ratio, though its smaller magnitude
compared to the Ag-C bonds suggests a slightly lower degree
of covalence; nonetheless, the QTAIM descriptors remain con-
sistent with typical metallic bonding characteristics.*>™*®
Finally, the bulkier nature of the 'Pr substituent facilitates sim-
ultaneous interactions between the silver atom and several
ligand atoms, resulting in a two-fold interaction mechanism:
the C and O interactions maintain the aforementioned
covalent character, while the Ag-H interaction is classified as a
van der Waals (vdW) type, supported by the |Vgcp|/Gpcp ratio
being lower than 1 and the positive value of the Hgcp/ppcp
ratio at its BCP.

The subsequent growth of nanoparticles through the
addition of silver atoms was examined for the simplest case, R
= H. The structures of [Ag,(NHC™)]>~ (for n = 3 and 4) were
optimized, yielding two possible arrangements of silver atoms
for n = 3 (Fig. S13). Selected structural and topological para-
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Table 3 Selected local and integrated topological properties of the electron density at the Ag—X (X being Ag, C, O and H) for Ag, cluster and

[Ag2(NHCR)I?~ complexes®

Complex Ag-X Dist(ag x) P v 5(Ay,X) Jngrx P [vl/G Hip Eint
Ag, Ag 2.575 0.052 0.141 1.288 0.597 1.242 -0.217 —12.268
[Ag,(NHCH)*~ Ag 2.651 0.046 0.102 0.919 0.553 1.285 -0.22 -14.32
C 2.108 0.102 0.274 0.804 0.878 1.308 —0.299 —40.632
[Ag,(NHCM)]~ Ag 2.649 0.046 0.102 0.919 0.554 1.286 -0.221 -14.32
) C 2.108 0.102 0.274 0.795 0.913 1.308 —0.299 —40.632
[Ago(NHC™>~ Ag 2.664 0.045 0.101 0.883 0.551 1.276 —0.216 —14.067
C 2.131 0.096 0.281 0.731 0.785 1.277 —0.278 —38.649
O 2.279 0.02 0.068 0.18 0.198 1 0 —5.188
H 2.516 0.016 0.042 0.08 0.137 0.957 0.028 -3.067
H 3.076 0.007 0.017 0.036 0.072 0.838 0.089 -1.015
% For units and definitions, see the footnote of Table 2.
meters are summarized in Table S4. Both reactions are exergo- P . o
nic, supporting the proposed pathway for nanoparticle growth, o \/’ o __I\ ~\ ] 4 ,~“’° P
Q ) Ca = 2. >
with the corresponding energy profile depicted in Fig. S14. £ -‘Jj’ S~ $ f \]" S -anca’
The topological and local properties of the complexes ‘ 4 I | “% [ ¢ /
[Ag,(NHC™)]*~ (for n = 3 and 4) were analyzed relative to their ';I;\ f {.\; { \(L\\/L\\?/
. o ' 7 =Y
parent Ag, clusters (see Table S3 in SI). Specifically, for the n = \’ RS ‘\/ (_I_Z P‘L\‘ e
. . g
4 system, we restricted our analysis to the open structure of Ag. \IAX/ / | / %P{L\ .é ‘LW
= N -] . v N
This selection ensures consistency, as this geometry closely \I / \{-\%'_E/\‘:/ \\///
matches the optimized configuration of the [Ag,(NHC™)]*~ X
species. A critical finding across all studied complexes (n = 3 (F) v) (E)
and 4) were the exclusive presence of Ag-C BCPs, confirming

that the smaller H substituent prevents the simultaneous
interaction of the Ag atom with multiple ligand atoms. A clear
trend related to cluster size was observed: Ag-C distances
decreased compared to smaller n = 1 and 2 clusters, indicating
a stronger coordination bond. In contrast, the Ag-Ag distances
increased relative to their respective pristine Ag, clusters,
suggesting a destabilization or elongation of the core metallic
bonds upon carbene coordination. Despite these geometric
changes, the fundamental QTAIM descriptors for both the Ag-
Ag and Ag-C interactions maintained the characteristic fea-
tures (e.g. the intermediate bond regime for Ag-C previously
established for the smaller).

The coordination of (NHC®)*~ ligands to a silver cluster
containing 20 atoms was then investigated. The optimized Ty-
symmetric structure of the Ag,, cluster, reported by Dixon,*’
was used as the ligand coordination platform. Three different
types of coordination sites were considered: face (F), vertex (V),
and edge (E). The optimized structures of [Ag,o(NHC™)]*~ for
these three scenarios are presented in Fig. 5, while the corres-
ponding optimized structures for [Ag,o(NHCY®)]>~ and
[Ag,o(NHC™")?~ are shown in Fig. S15 and S16, respectively. As
the nanoparticle size increases, the ligand interaction invari-
ably involves multiple Ag atoms. Differences in the relative AG
energies among the three coordination modes are collected in
Table S4 indicating that the preferred coordination site
depends on the R substituent. Specifically, edge coordination
is favoured for R = Me and 'Pr, while vertex coordination is
only preferred for R = H. The overall stability of the carbene-
nanoparticle complex is not determined solely by the primary

Dalton Trans.

Fig. 5 Optimized structures of [Agoo(NHCH)]?~ with the carbene ligand

coordinated to a silver atom located on the face (F), vertex (V) and edge
(E).

Ag-C interaction but is also significantly influenced by the
maximization of secondary Ag-O and Ag-H ones. As the nano-
particle size increases, these secondary interactions become
progressively more important. The carboxylate groups, and to
a lesser extent the methyl groups, begin to play a substantial
role by coordinating to adjacent silver atoms. The resulting
Ag-O and Ag-H bond distances fall within the ranges of
2.20-2.55 A and 2.29-3.52 A, respectively (Tables 4 and S5).
The robust nature of the Ag-carboxylate interaction provides
considerable stabilization, reinforcing the preferred coordi-
nation geometry. In fact, the optimization of the possible
vertex complex for R = 'Pr yields an isomer of edge complex
where the interactions of carboxylate are maximized. Selected
QTAIM calculations for [Ag,oNHC"]>~ clusters are presented in
Table 4 (with values for Me and 'Pr in Table S5). The total
stability of the different conformers shown in Table S4 is fully
consistent with the sum of interaction energy contributions
(XEin) for the Ag-X (X = C, O, H) bonds, as estimated using
Espinosa’s energy term (Tables 4 and S5). This agreement
emphasizes the necessity of considering all possible stabilizing
interactions between the carbene and the Ag cluster for a
proper description. The |Vgcp|/Gpep ratio of the Ag-Ag bonds
generally ranges from 1.187 to 1.303. These values are typically
smaller than, or comparable to, those of Ag-C bonds, but

This journal is © The Royal Society of Chemistry 2026
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Table 4 Selected local and integrated topological properties of the electron density at the Ag—X (X being C, O and H) for [Ago(NHCH)2~
complexes?
Complex X Dist(ag-x) p % 5(Ay,X) [vi/G Hlp Eine
[Ag,o(NHCH)*™ (F) C 2.212 0.083 0.231 0.648 1.25 —-0.233 —-30.107
o 2.25 0.059 0.263 0.449 1.08 -0.097 —24.148
o 2.25 0.059 0.263 0.449 1.08 -0.097 —24.148
H 2.499 0.016 0.04 0.076 0.962 0.022 —2.823
H 2.499 0.016 0.04 0.076 0.962 0.022 —2.823
[Ag2o(NHCH*™ (V) C 2.145 0.095 0.264 0.724 1.282 —-0.274 —37.007
o 2.482 0.038 0.141 0.275 1.084 —-0.086 —-13.172
o 2.533 0.034 0.125 0.249 1.076 -0.076 —-11.604
C 2.987 0.015 0.046 0.038 0.942 0.042 -3.136
[Ag20(NHCH)*™ (E) C 2.172 0.089 0.261 0.673 1.257 0.253 —34.498
o 2.313 0.052 0.222 0.391 1.08 —-0.092 —20.385
o 2.222 0.064 0.286 0.472 1.089 -0.11 —26.657
H 2.644 0.014 0.041 0.051 0.927 0.051 —2.823
H 2.719 0.012 0.033 0.041 0.912 0.058 —-2.195

% For units and definitions see the footnote of Table 2.

notably higher than those found for Ag-O BCPs. This hierarch-
ical relationship suggests a stronger covalent character for the
Ag-Ag and Ag-C interactions compared to the Ag-O inter-
action, where the |Vpcp|/Grep ratio close to 1 indicates a sig-
nificantly less covalent, or predominantly electrostatic, charac-
ter. Moreover, analysis of the topological and local properties
confirms that Ag-Ag interactions within the cluster are consist-
ent with weakly covalent argentophilic bonds previously
reported for similar compounds.*>*®*8>%>1 Finally, there is a
direct correlation between the size of the R substituent and the
number of possible Ag-carbene interactions. The fact that the
interaction strength of Ag-C, Ag-O, and Ag-H bonds appears
to be of the same order of magnitude across the series (Tables
4 and S5) confirms the crucial role of these additional Ag-O
and Ag-H interactions.

From the experimental results described above, it can be
inferred that each carbene ligand is associated with approxi-
mately 30 silver atoms. To further investigate this, nano-
particles composed of 30 silver atoms and a single NHC
ligand, [Agszo(NHCM)*™ (R = H, Me, iPr), were analyzed. The
Agso cluster structure reported by Dixon®® was used as a
model, and the corresponding optimized [Ags;o(NHCR)]*~
nanoparticles are shown in Fig. 6. This model provides a satis-
factory description of NP, as evidenced by the comparison of

P
jod

{‘/@@f
AR

R='Pr

Fig. 6 Optimized structures of NP models [Agzo(NHCR)>~.

This journal is © The Royal Society of Chemistry 2026

the experimental IR spectrum with the calculated spectrum for
[Ags(NHC™)P~ (Fig. 7). In particular, the antisymmetric
vibrations of the two carboxylate groups observed at 1627 and
1571 ecm™ " are well reproduced by the calculated absorptions
at 1666 and 1582 cm™. The first band is attributed to the k'-O
coordinated carboxylate group, while the second is assigned to
the second carboxylate group that exhibits k'-0,kx"'-O’'bidentate
coordination.

The comprehensive QTAIM results for the [Ags;o(NHCR)]*~
clusters are presented in Table S6 (SI). Our findings for these
large clusters confirm a critical requirement for accurate mod-
elling: the mandatory consideration of all possible interactions
between the ligand and the silver nanoparticle is essential for
a proper understanding of the binding mechanism.
Throughout the series, from the smallest clusters n =1 to n =
30, the overall stability of the complexes increases consistently
with the size of the nanoparticle. As a rule, the stability
depends on the nature of the R substituent, following the con-
sistent trend: H > Me > 'Pr. This ranking suggests that, while
bulkier ligands (such as 'Pr) facilitate a greater number of sim-

(e i

e mw rﬂ j |ﬂ (V\w

4000 3600 3200 2800 2400 2000 1600 1200 800 400
cm?

Fig. 7 Comparison between the experimental IR spectra of AgINHC")-
NPs (3a, black) and the calculated for the model [Agso(NHCH)]?~ (red).
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ultaneous secondary interactions (e.g., Ag-H or Ag-O), the
overall most stable coordination is achieved with the less steri-
cally demanding ligand with R = H. In fact, the highest values
of BDEs for the Ag-C bond are found in [Ag,(NHC")]*~ com-
pounds (see Fig. S17).

Experimental
General considerations

All preparations and other operations were carried out under
anaerobic conditions. For all solutions or reactions conducted
in aqueous media, ultrapure water (Millipore) was used from a
Milli-Q water purification system (model Vent Filter MPKO01).
Chemicals were obtained from various commercial sources
and used as supplied. UV-Vis analyses were performed using a
Jasco V-730 spectrophotometer, with measurements taken at
room temperature and at a concentration of 10~ M. Infrared
spectra were recorded using the ATR technique on a
PerkinElmer FT-IR Spectrum Two (Waltham, MA, USA). NMR
spectra were recorded at the Centro de Investigaciones,
Tecnologia e Innovacién (CITIUS) of the University of Sevilla
using Avance III spectrometers (Billerica, MA, USA). 'H and
BC{'H} NMR shifts were referenced to residual signals from
deuterated solvents. All data are reported in ppm downfield
from Si(CHj),. Polarimetry was carried out using a JASCO
P-2000 digital polarimeter (JASCO Analitica Spain s.l., Madrid)
and the measurements were carried out at room temperature.
Elemental analyses (C, H, N) were performed by CITIUS of the
University of Sevilla on an Elemental LECO CHNS 93 analyzer
(LECO Corporation, St Joseph, MI, USA).

Synthesis of silver carbene complexes, Nas[Ag(NHC"),] (2a-d)

NHC-dicarboxylate silver complexes Nas[Ag(NHCR),] (R = H 2a;
Me, 2b; 'Pr, 2¢; and By, 2d) were synthesized following estab-
lished procedures.'>'® Imidazolium dicarboxylate HIm® (1a-
d), (2 mmol) were reacted with Ag,O (0.5 mmol, 116 mg) in a
Schlenk tube. The solids, which were NMR identified as the
actual Naz[Ag(NHCF),] complexes, were dried under vacuum
for 5 minutes and suspended in 10 mL of deoxygenated
Millipore water. NaOH (3 mmol, 120 mg) was then added, and
the reaction mixture was stirred at room temperature for
18 hours. After completion, the mixture was centrifuged and
filtered. The resulting clear solution was stored in a sealed
ampoule as a stock solution, with an assumed silver complex
concentration of 0.1 M.

Synthesis of NHC-stabilized silver nanoparticles Ag(NHC®)-
NPs (3a-d)

The stability of Ag(NHC®)-NPs was strongly influenced by both
the nature and the concentration of the silver-carbene precur-
sor complex Nas[Ag(NHCR),] (2a-d). As a representative
example, Ag(NHC")-NPs (3a) were synthesized using a 1 mM
solution of Naz[Ag(NHC™),] (2a), prepared by diluting 100 pL
of the 0.1 M stock solution in 9.9 mL of deoxygenated water.
Under a nitrogen atmosphere, this solution (10 mL) was added
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dropwise via a pressure-equalizing funnel to a freshly prepared
NaBH, solution (2 equivalents, 30 mL, 2 mM) in deoxygenated
Millipore water. The initial colorless mixture turned yellow,
indicating nanoparticle formation. To obtain nanoparticles at
higher concentrations, the amount of silver precursor can be
adjusted accordingly (e.g. 400 pL of the 0.1 M stock solution in
9.6 mL of water yields a 4 mM solution).

Isolation and characterization of silver nanoparticles 3a

The solid form of nanoparticles 3a was obtained from a freshly
prepared 4 mM colloidal dispersion. Silver nanoparticles were
isolated using ultracentrifugation followed by lyophilization.
Samples were centrifuged with a Beckman Coulter Optima
MAX ultracentrifuge at 55000 rpm (1.15 x 10°g) for 1 hour at
4 ©°C. Subsequently, water was removed by freeze-drying.
Samples were frozen at —85 °C under high vacuum overnight
using a Telstar Lyoquest —85 °C Plus lyophilizer, yielding a dry
silver nanoparticle powder. Solid nanoparticle 3a was charac-
terized by ATR-IR spectroscopy and elemental analysis. IR
(ATR, em™): 3201 (br), 3090 (s), 2961 (W), 2922 (W), 2865 (W),
2271 (w), 1627 (vs), 1571 (m), 1426 (m), 1381 (vs), 1313 (s),
1291 (s), 1176 (m), 1000 (s), 975 (s), 878 (m), 838 (m), 795 (w),
773 (w), 706 (W), 660 (s), 619 (s), 564 (s), 465 (m), 423 (w).
Elemental anal. calc. for C;H;6Ag30N,Na,0q (3a): C, 2.37; H,
0.45; N, 0.79. Found: C, 1.94; H, 0.42, N, 1.48%.

Structural characterization of silver nanoparticles

Structural characterization was performed using Dynamic
Light Scattering (DLS) and Transmission Electron Microscopy
(TEM). DLS measurements, carried out with a Zetasizer Nano
ZSP, determined the hydrodynamic size distribution of nano-
particles in colloidal suspension by analyzing laser-induced
light scattering. TEM analysis, conducted with a Talos
X200 microscope operating at 200 kV and 5 nA, provided
insight into nanoparticle morphology. TEM images were pro-
cessed using Image] software (version 1.43, NIH) to obtain
more detailed size information.>

Catalytic reduction of 4-nitrophenol using AgNPs 3a

The catalytic reduction of 4-nitrophenol (4-NP) was carried out
in a quartz cuvette using freshly prepared stock solutions.
Solution 1 consisted of 4-NP (7.5 mg, 36 pmol) and NaBH, (10
equiv., 14 mg, 360 pmol) dissolved in Millipore H,O to a final
volume of 500 mL. Solution 2 contained the catalyst precursor
Na;[Ag(NHCH),] (2a, 1 mmol) dissolved in 10 mL of Millipore
H,O0. An aliquot of 100 pL of solution 2 was diluted in 3 mL of
Millipore H,0, and 5 pL of this diluted solution was added to
10 mL of solution 1. The reaction progress was monitored by
UV-visible spectroscopy at one-minute intervals.

Catalytic NaBH, hydrolysis to H, using AgNPs 3a

The catalytic hydrolysis of NaBH, was conducted in a closed
system using a round-bottom flask equipped with a magnetic
stirring bar under continuous agitation. In a typical experi-
ment, 10 mL of an aqueous solution containing the catalyst
precursor Naj[Ag(NHC"Y),] (2a, 0.05 mmol) was added to

This journal is © The Royal Society of Chemistry 2026
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10 mL of a freshly prepared NaBH, solution (1 mmol,
38.6 mg), generating AgNPs 3a in situ upon contact with the
reducing agent. The evolved H, was collected by water displa-
cement in an inverted 100 mL graduated burette submerged in
a water-filled crystallizer, with gas volume measured as a func-
tion of time to monitor reaction kinetics at room temperature.

Computational details

The electronic structure and geometries of the silver-carbene
complexes  [Ag(NHCR)*",  [Ag(NHCN)],,  [Agy(NHCN)*,
[Ag,(NHC™)P™ (n = 3, and 4) and [Ag,(NHCY)*" (R = H, Me and
"Pr with 1 = 20 and 30) were investigated using density functional
theory at the PBE-D3/def2TZVP level of calculation using
Gaussian16.>® Clusters Ag,, Agsz, and Ag, were also optimized for
an appropriate comparison. This level of calculation was pre-
viously used for its ability to reproduce geometries in good agree-
ment with the periodic DFT calculations in a few calibration
studies.”*® The initial coordinates for clusters Ag, for n = 20 and
30 were taken from the optimized coordinates reported by Dixon
and coworkers.*> Bond dissociation energies (BDEs) were calcu-
lated as the difference in the total electronic energies of the opti-
mized fragments. Frequency calculations were carried out at the
same level of theory to identify all stationary points as minima
(zero imaginary frequencies). The theoretical IR spectra were
scaled by a factor of 0.96.>*° Topology parameters were studied
within the framework of the QTAIM method implemented in
AIMALL program.”® Coordinates of optimized compounds are col-
lected in the SI (Table S7).

Conclusions

The stabilization of silver nanoparticles by amino acid-derived
N-heterocyclic carbenes was demonstrated by the preparation
and study of Ag(NHCF)-NPs (R = H 3a; Me, 3b; 'Pr, 3¢; and 'Bu,
3d). The aqueous solution concentration and the nature of the
R substituent was found to control the stability of AgNP solu-
tions. In fact, 3a (R = H) exhibits remarkable stability in water
and can be isolated by ultracentrifugation and lyophilization.
Remarkably, a stable AgNP solution was obtained by redissolu-
tion in water of solid 3a. Nanoparticles 3a behave as an active
and versatile nanocatalyst in aqueous media, promoting both
the model reduction of 4-nitrophenol to 4-aminophenol and
the catalytic hydrolysis of NaBH, to generate H, under basic
conditions. These complementary reactivity profiles place 3a
among related NHC-AgNP systems for benchmark transform-
ations,** highlighting its mediation of electron and hydride
transfer processes at the metal-solution interface. Overall, this
dual functionality identifies 3a as a promising platform for
environmentally oriented catalysis, particularly for nitroaro-
matic remediation coupled with on-demand hydrogen gene-
ration from NaBH, in water. The nucleation and growth of the
Ag(NHCR)-NPs was modeled using DFT, while QTAIM was used
to analyze the bonding characteristics of the Ag-Ag and Ag-C
(carbene) interactions. Noteworthy, the bond dissociation
energy of the Ag-C(carbene) bond decreases with increasing
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steric bulk of R, consistent with the experimental observations.
The study deals with relatively small nanoparticle size (only up
to 30 Ag atoms), which can be considered far from having bulk
behaviour. However, the [Ag;(NHC™)]>” model that corres-
ponds to 3a, selected to account for the experimental Ag: NHC
ratio of 30:1, provides a satisfactory match with the experi-
mental IR spectrum. The QTAIM results will be sensitive to the
nanoparticle’s specific geometry and the coordination site of
the carbene. Nonetheless, projection of these findings to
larger nanoparticles suggests that the interaction may not be
exclusive to a single Ag-C interaction but rather involve mul-
tiple surface Ag-O and Ag-H interactions.
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