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On the influence of metal nanoparticle and
p-system sizes in the stability of noncovalent
adducts: a theoretical study†

Sergi Burguera, Marı́a de las Nieves Piña and Antonio Bauzá *

Herein we have computationally evaluated the relationship between Ag and Au nanoparticle (Ag/AuNP)

size and p-surface extension in the formation of noncovalent complexes at the PBE0-D3/def2-TZVP

level of theory. The NP–p interaction is known in supramolecular chemistry as a Regium–p bond (Rg–p), and

differentiates from classical coordination bonds in strength and type of metal orbitals involved. In this study,

the Rg–p complexes involved small Ag/AuNPs composed by 1 to 5 atoms and benzene, naphthalene and

anthracene as p-systems, being characterized using several molecular modeling tools, including molecular

electrostatic potential (MEP) calculations, energy decomposition analysis (EDA), quantum theory of atoms in

molecules (QTAIM), non covalent interaction plot (NCIplot) and natural bonding orbital (NBO) methodologies.

We believe the results reported herein will be useful for those scientists working in catalysis, molecular

recognition and materials science fields, where structural–energetic relationships of weak interactions

are crucial to achieve product selectivity, a particular molecular recognition mode or a specific molecular

assembly.

Introduction

The incorporation of nanotechnology in the field of catalysis
has led to a myriad of transformative possibilities, where the
unique properties of nanomaterials facilitate new applications
for catalytic processes.1 Among them, Ag and Au nanoparticles
(NPs) have emerged as powerful catalysts, showcasing a
remarkable efficacy in a wide variety of processes.2 Conse-
quently, the development of novel synthetic approaches, such
as seed-mediated growth, template-assisted synthesis or micro-
fluidic synthesis, has enabled the obtention of metal NPs with
specific morphologies and enhanced catalytic activity.3–5 In this
context, the interaction of Ag and AuNPs with aromatic sub-
strates has attracted significant attention, owing to the intricate
interplay between surface chemistry, electronic structure, and
catalytic activity.6 Aromatic molecules are interesting substrates
for catalytic transformations, since their p-basicity facilitates
adsorption onto the metal NP surface, where they undergo
activation and subsequent transformations.7

Ag and Au NPs catalyse a plethora of reactions involving
aromatic substrates, including the synthesis of heterocycles,8

cross-coupling reactions,9 and functional group transforma-
tions.10 For instance, AuNPs functionalized with ligands or
supported on solid substrates exhibit high activity and selectiv-
ity in the synthesis of benzimidazoles,11 benzofurans,12 and
other heterocyclic compounds. Similarly, AgNPs serve as effi-
cient catalysts for the arylation of aromatic compounds and the
functionalization of aromatic rings with diverse functional
groups.13

Beyond organic synthesis, the catalytic processes involving
Ag and AuNPs and aromatic substrates have shown potential
application in environmental remediation and energy-related
applications. For instance, they facilitate the degradation of
aromatic pollutants, such as phenols, dyes, and pesticides,
through heterogeneous catalytic reactions.14 Moreover, Ag
and AuNPs are involved in the conversion of biomass-derived
aromatic molecules into valuable chemicals and fuels, thus
contributing to the development of sustainable energy
technologies.15 Lastly, novel applications have been found in
emerging areas such as electrocatalysis,16 photocatalysis,17 and
enzymatic catalysis.18 Consequently, advancing in the under-
standing of the underlying mechanisms governing the catalytic
activity of Ag/AuNPs (e.g. the role of surface defects, ligand
interactions, and electronic structure) is crucial to provide
valuable insights into catalyst–substrate interactions and reac-
tion pathways.

Our aim in this exploratory work is to investigate the
structural–energetic relationship between small Ag/AuNPs and

Department of Chemistry, Ctra. de Valldemossa, km. 7.5, Universitat de les Illes

Balears, Palma de Mallorca (Baleares), 07122, Spain.

E-mail: antonio.bauza@uib.es

† Electronic supplementary information (ESI) available: Fig. S1 and S2, Tables S1
and S2 and cartesian coordinates of complexes 1 to 30. See DOI: https://doi.org/

10.1039/d4cp02149e

Received 24th May 2024,
Accepted 15th July 2024

DOI: 10.1039/d4cp02149e

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 8
:5

2:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3363-0004
https://orcid.org/0000-0002-5793-781X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02149e&domain=pdf&date_stamp=2024-07-19
https://doi.org/10.1039/d4cp02149e
https://doi.org/10.1039/d4cp02149e
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02149e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026030


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 20522–20529 |  20523

p-surface sizes, and their influence on the stability of NP–p
noncovalent adducts. The NP–p noncovalent binding is
achieved through the formation of Regium–p bonds (Rg–p),19

and several theoretical and experimental studies have delved
into their physical nature and applications in supramolecular
chemistry,20 environmental chemistry21 and materials science
fields.22 To achieve this, we have used Ag/AuNPs of different
sizes (from 1 to 5 atoms) and several electron rich p-systems
(benzene, naphthalene and anthracene) (see Fig. 1). In addi-
tion, we have characterized the noncovalent complexes studied
herein by means of molecular electrostatic potential (MEP)
surface analysis, energy decomposition analysis (EDA) as well
as the quantum theory of atoms in molecules (QTAIM), non
covalent interaction plot (NCIplot) and natural bonding orbital
(NBO) methodologies. We believe the results reported herein
will be useful for those scientists working in catalysis, mole-
cular recognition and materials science fields, where the fine-
tuning of weak interactions is crucial to achieve product
selectivity, a particular molecular conformation or a precise
supramolecular architecture.

Computational methods

The interaction energies of all complexes included in this study
were computed at the PBE023,24-D325/def2-TZVP26 level of theory.
The calculations have been performed using the program TUR-
BOMOLE version 7.7.27 The interaction energies were calculated
using the supermolecule approximation (DE = ERg–p complex �
Ep-system � EAg/AuNP). During the optimizations no symmetry point
group was imposed, except for complexes 2, 13, 14, 17 and 29,
where the Cs symmetry point group was used. In addition, for
complexes 3 and 20 one Ag/Au� � �C–C angle was kept frozen
during the optimization (see Fig. 2 below), while for complexes
8 and 23 one Ag–Ag/Au–Au distance was fixed to preserve the NP
geometry (see Fig. S1 in ESI† for more details). The MEP surfaces
were computed at the PBE0/def2-TZVP level of theory by means of
the Gaussian 16 software28 and analyzed using the Gaussview 5.0

program.29 The calculations for the wavefunction analysis were
carried out at the PBE0/def2-TZVP level of theory (also using the
Gaussian 16 software) and analyzed by means of the AIMall
software.30 The NBO31 analyses were performed at the PBE0-D3/
def2-TZVP level of theory. In addition, the energy decomposition
analysis (EDA)32,33 scheme was used to understand the role of
electrostatics, exchange-repulsion, orbital, dispersion and electron
correlation contributions in the formation of the noncovalent
complexes studied herein at the PBE0-D3/def2-TZVP level of
theory, also using TURBOMOLE 7.7 software.

Lastly, the NCIplot34 isosurfaces correspond to both favor-
able and unfavorable interactions, as differentiated by the sign
of the second-density Hessian eigenvalue and defined by the
isosurface color. The color scheme is a red–yellow–green–blue
scale, with red for repulsive (rcut

+) and blue for attractive (rcut
�)

NCI interaction density. Yellow and green surfaces correspond
to weak repulsive and weak attractive interactions, respectively.
The surfaces were visualized using the visual molecular
dynamics (VMD) software.35

Results and discussion
Energetic study

As a starting point, we computed the interaction energies of the
Rg–p complexes 1 to 30 (see Table 1 below). Firstly, in all
the cases the energetic values obtained were attractive, varying
from weak (e.g. complex 1 (Ag1@B), �3.9 kcal mol�1)
to moderately strong nature (e.g. complex 30 (Au5@A),
�16.8 kcal mol�1). Secondly, for both Ag and AuNPs, the
interaction energies became more favorable upon increasing
the NP size (e.g. complex 6 (Ag1@N), �4.3 kcal mol�1 and
complex 10 (Ag5@N), �10.5 kcal mol�1) as well as the p-system
used (e.g. complex 17 (Au2@B), �5.6 kcal mol�1, complex 22
(Au2@N), �7.3 kcal mol�1 and complex 27 (Au2@A),
�7.8 kcal mol�1).

Despite of this, there are several cases where the increase in
the stability of the Rg–p complex while increasing the NP size is
subtle (less than 0.5 kcal mol�1), such as between complexes 1,
2 and 3 involving Ag1, Ag2 and Ag3 and benzene (�3.9, �4.1 and
�4.5 kcal mol�1, respectively), or between complexes 18, 19 and
20 involving Au3, Au4 and Au5 and benzene (�8.2, �8.6 and

Fig. 1 Compounds and complexes 1 to 30 used in this study (B =
benzene, N = naphthalene and A = anthracene).

Fig. 2 Rg–p interaction energies (DE) vs. Ag/AuNP size for benzene (B),
naphthalene (N) and anthracene (A) rings.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 8
:5

2:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02149e


20524 |  Phys. Chem. Chem. Phys., 2024, 26, 20522–20529 This journal is © the Owner Societies 2024

�8.8. kcal mol�1, respectively). Additionally, when varying the
size of the p-system used, we found some cases where the
energy gain was also minimal, such as between complexes 6
and 11 (�4.3 and �4.7 kcal mol�1), and between complexes 21
and 26 (�4.8 and �4.9 kcal mol�1), involving Ag1 and Au1 and
naphthalene and anthracene rings, respectively.

On the other hand, among the rest of the Rg–p complexes,
the gain in stability upon increasing the NP size is of approxi-
mately 1 to 3 kcal mol�1, while when expanding the aromatic
p-surface from benzene to anthracene, it is comprised between
1 and 3.5 kcal mol�1. These results are interesting, since they
evidence a similar reinforcement of the Rg–p interaction
strength upon increasing either the NP or the p-system size.

Ag/AuNP size vs. Rg–p strength

In Fig. 2 and 3 several plots are shown involving the strength
of the Rg–p interaction and the increase in size of the metal NPs
and p-systems considered. More in detail, in Fig. 2, the Rg–p
interaction energy values vs. the NP size are represented,
following the general tendency discussed above where the
strength of the Rg–p increases upon increasing both the NP
size and the extension of the p-system.

Despite of this, when comparing all the series together,
there are several Ag/Au Rg–p complexes that do not follow the
general trend. For instance, we observed that complexes 8
(Ag3@N) and 13 (Ag3@A) obtained very similar interaction

energy values (�7.8 and �8.3 kcal mol�1), thus mitigating the
effect of increasing the p-surface available, which might be
related to the size of the metal NP. In addition, between
complexes 9 (Ag4@N) and 19 (Au4@B), where very similar
interaction energy values were obtained (�8.5 and�8.6 kcal mol�1),
which might be due to a compensating effect between the metal
atom (Au is more polarisable than Ag) and the extension of the
p-system used (naphthalene is larger than benzene). Lastly,
between complexes 14 (Ag4@A) and 24 (Au4@N) and between
complexes 15 (Ag5@A) and 25 (Au5@N) very similar Rg–p inter-
action strength values were also observed, also possibly due to
the same reason as before. Furthermore, we also observed that
those complexes involving anthracene as a p-system exhibited an
almost linear profile in Fig. 2, in contrast to their analogues
involving benzene and naphthalene, where we observed the
formation of a ‘‘shoulder like’’ profile.

On the other hand, in Fig. 3a and b, the regression plots of the
Rg–p interaction energies vs. the NP size are shown. More in detail,
in the case of Fig. 3a each series involve a p-system, obtaining very
good correlation coefficients in all three cases (R = 0.80 for benzene,
0.90 for naphthalene and 0.95 for anthracene, respectively).
Additionally, very good correlation coefficients were obtained when
all Ag and Au Rg–p complexes are gathered in the same representa-
tion (R = 0.79 for AgNPs and 0.84 for AuNPs, see Fig. 3b). These
results are interesting, since they support the Rg–p interaction as a
metal NP-aromatic surface recognition mode and can be used as a
predicting tool for other metal NP sizes or aromatic systems.

QTAIM and NCIplot analyses

In Fig. 4 the results from the combined QTAIM36 and NCIplot
analyses are shown for a set of representative complexes (see

Table 1 Interaction energies (DE, in kcal mol�1), equilibrium distances (d,
in Å) and average values of the density at the bond critical points involving
the Rg–p interaction (r � 100)

Complex DE da r � 100

1 (Ag1@B) �3.9 3.557 0.65
2 (Ag2@B) �4.1 3.426 0.84
3 (Ag3@B) �4.5 3.183 0.77
4 (Ag4@B) �6.2 3.443 0.65
5 (Ag5@B) �7.3 3.092 1.35
6 (Ag1@N) �4.3 3.301 0.98
7 (Ag2@N) �6.2 3.506 0.63
8 (Ag3@N) �7.8 3.450 0.83
9 (Ag4@N) �8.5 3.490 0.67
10 (Ag5@N) �10.5 3.221 0.75
11 (Ag1@A) �4.7 3.477 0.72
12 (Ag2@A) �6.7 3.417 0.77
13 (Ag3@A) �8.3 3.318 0.84
14 (Ag4@A) �10.6 3.399 0.68
15 (Ag5@A) �13.5 3.464 0.77
16 (Au1@B) �4.2 3.492 0.82
17 (Au2@B) �5.6 3.309 1.23
18 (Au3@B) �8.2 3.075 1.80
19 (Au4@B) �8.6 3.331 0.89
20 (Au5@B) �8.8 3.268 0.99
21 (Au1@N) �4.8 3.126 1.55
22 (Au2@N) �7.3 3.461 0.75
23 (Au3@N) �9.8 3.398 1.11
24 (Au4@N) �11.0 3.419 0.88
25 (Au5@N) �13.7 3.074 0.48
26 (Au1@A) �4.9 3.429 0.93
27 (Au2@A) �7.8 3.298 1.01
28 (Au3@A) �11.1 3.235 1.10
29 (Au4@A) �13.9 3.201 0.81
30 (Au5@A) �16.8 3.459 0.99

a Values measured as the shortest Rg� � �C distance.

Fig. 3 (a) and (b) Regression plots of the Rg–p interaction energy vs. Ag/
AuNP size for benzene (B), naphthalene (N) and anthracene (A) systems.
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Fig. S1 and S2 in ESI† for the rest of Rg–p complexes). As noted,
in all the cases the Rg–p interaction is characterized by the
presence of several intermolecular bond critical points (BCPs)
and bond paths that connect the Ag/Au atoms from the metal
NPs to the C atoms from the aromatic moieties. In most
complexes, the BCP distribution is symmetrical, except for
complexes 11 (Ag1@A) and 26 (Au1@A), where only a BCP and
a bond path between the Ag/Au atom and one of the ring C
atoms was found. Interestingly, no additional BCPs involving
ancillary interactions were found, thus indicating that the
interaction energies obtained for complexes 1 to 30 are totally
related to the Rg–p interaction, thus giving reliability to the
correlation coefficients shown above.

In addition, the NCIplot surfaces are also shown in Fig. 4,
covering the space between both interacting partners. These sur-
faces are colored in green for most complexes, indicating the
presence of weak but attractive interactions. Moreover, in the
majority of complexes the NCI surface covers most of the space
between the NP and the aromatic moiety, however, there are some
NP-aromatic systems combinations (e.g. complexes 21 and 28 in
Fig. 4, complexes 6, 11 to 13 and 14 in Fig. S1, ESI† and complexes
26 and 27 in Fig. S2, ESI†) where the p-system is much larger than
the NP size, leading to a partial interaction with the aromatic
surface, in line with the energetic results discussed above. More-
over, for some complexes the NCIplot isosurface presented a bluish
color (e.g. complex 18 (Au3@B) and complex 25 (Au5@N)), indicat-
ing regions of the space where stronger interactions take place.

Lastly, in Table S1 (see ESI†) the average values of
the laplacian at the BCPs that characterize the Rg–p bond

(r2r � 100) are shown, resulting in positive values in all cases,
as it is common for noncovalent interactions. Furthermore, the
values of the potential (V � 100) and kinetic (G � 100) energy
densities lie within the same range in all the cases, confirming
the noncovalent nature of the complexes studied herein.

EDA study

To further investigate the physical nature of the Rg–p com-
plexes studied herein, we have performed an energy decom-
position analysis (EDA) on complexes 1 to 30. The energy
partition scheme used unveiled the contribution of electro-
statics, exchange-repulsion, orbital, dispersion, and electron
correlation contributions (see Table 2).

As noted, for complexes 1 to 15 involving AgNPs, we observed
an increase of all attractive terms (Eel, Eorb, Ecor and Edisp in Table 3)
upon increasing the NP size, in agreement with the progressive
increase in Rg–p complex stability discussed above. The only
exception are complexes 9 and 14, where the electrostatic term
slightly diminishes when comparing these to complexes 8 and 13,
respectively. Firstly, among complexes 1 to 5 involving benzene,
the electrostatics is the dominant energy term while the rest of
attractive contributions show proximal values between them. More
in detail, in the case of complexes 2 and 5 the contributions from
orbital and correlation terms are higher than those involving the
dispersion term, contrary to that observed in complexes 1, 3 and 4.

Secondly, among complexes 6 to 10 involving naphthalene,
the correlation term is more prominent than orbital and
dispersion terms in complexes 6 to 8 and 10, while in complex
9 dispersion is the most prominent contribution.

Fig. 4 Distribution of intermolecular BCPs (red dots) and bond paths in complexes 1, 3, 7, 9, 15, 19, 21, 22, 25 and 28. The values of the density (r � 100)
related to specific BCPs that characterize the Rg–p interactions are also included in a.u. NCIplot color range�0.03 a.u. r (signl2)r r +0.03 a.u.
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Lastly, for complexes 11 to 15 involving anthracene, the
dispersion term is the predominant contribution in complex 11

while in complex 13 correlation was the leading term.
In addition, for complexes 12 and 15 dispersion and correlation
exhibited the same magnitude while in complex 14 dispersion
showed a more prominent value.

Among complexes 16 to 30 involving AuNPs, we observed
that for those complexes involving benzene (16 to 20), the
correlation term is predominant in complexes 16 and 19, while
in complexes 17, 18 and 20, the orbital and dispersion terms
are more noticeable. For complexes 21 to 25 involving naphtha-
lene, the correlation term is the most predominant energy
contribution of all these three, except for complex 24, where
the dispersion term shows a slightly larger magnitude. Lastly,
for complexes 26 to 30 involving anthracene, the correlation
term exhibited larger values than orbital and dispersion terms.
However, in complex 27 the dispersion term was slightly more
favorable compared to the correlation energy.

From these analyses, we conclude that although electrostatics
is the main driving force of the Rg–p complex formation, the
rest of attractive energy terms (orbital, electron correlation and
dispersion) also contribute to the stabilization of the metal NPs
onto the aromatic surfaces, with their values being close to
electrostatics in some complexes (e.g. 4, 9, 14 or 20) and depend-
ing on the combination of metal NP and p-system used. This can
be observed if dispersion and correlation terms are considered
together (see Table S3 in ESI†), showing a larger magnitude than
electrostatics in most of the complexes, thus recovering the typical
picture of a dominating dispersion term, especially in larger
complexes.

MEP surface analyses

With the purpose to rationalize and complement the results
obtained from the EDA study, we also computed the MEP
surfaces of the Ag/AuNPs and the aromatic molecules used
herein (see Fig. 5 below). As noticed, for Ag/AuNPs composed
by 2 to 5 atoms, we observed an anisotropic electron density
distribution around the metal atoms, exhibiting regions of
positive electrostatic potential (coloured in green and blue)
and regions of negative electrostatic potential (coloured in
orange and red). In addition, each NP size exhibits a different
number of very positive electrostatic potential regions
(coloured in blue), also known as s-holes, which varied upon
incrementing the NP size and were located on the extension of
the Rg–Rg coordination bonds.

Interestingly, when these regions were used to interact with
the p-surface, they led to the formation of a coordinated
adduct, however, when the electropositive regions gathered
around the s-holes were used (coloured in light blue and
green), noncovalent adducts (Rg–p bonds) were obtained, lead-
ing to complexes 1 to 30. These results indicate a preferential
orientation of the metal nanoparticle to noncovalently interact
with the aromatic surface dictated by electrostatics.

A comparison of the MEP values at these regions for the
different sizes of metal NPs revealed that their magnitude
increased ongoing from Rg1NPs (+4.0 and +3.5 kcal mol�1 for
Ag1/Au1NPs, respectively) to Rg3NPs (+19.5 and +20.7 kcal mol�1,
respectively) and then decreased in Rg4NPs (+18.2 and

Table 2 Energy decomposition analysis into exchange-repulsion (Eex-rep),
electrostatics (Eel), orbital (Eorb), electron correlation (Ecor) and dispersion
(Edisp) terms in kcal mol�1 for complexes 1 to 30

Complex Eex-rep Eel Eorb Ecor Edisp

1 (Ag1@B) 10.5 �5.6 �2.8 �3.2 �2.8
2 (Ag2@B) 15.4 �6.4 �4.7 �4.6 �3.8
3 (Ag3@B) 18.4 �7.5 �5.7 �5.7 �5.7
4 (Ag4@B) 18.1 �6.8 �5.6 �6.1 �6.2
5 (Ag5@B) 28.9 �14.3 �8.2 �8.1 �5.6
6 (Ag1@N) 12.5 �6.5 �3.1 �3.7 �3.5
7 (Ag2@N) 17.7 �8.2 �4.3 �6.0 �5.4
8 (Ag3@N) 24.2 �10.5 �6.4 �7.9 �7.2
9 (Ag4@N) 23.8 �8.9 �6.5 �8.3 �8.7
10 (Ag5@N) 31.2 �12.8 �8.6 �10.3 �9.9
11 (Ag1@A) 11.3 �5.8 �2.7 �3.5 �3.9
12 (Ag2@A) 17.9 �8.5 �4.0 �6.1 �6.1
13 (Ag3@A) 24.9 �11.6 �6.6 �8.4 �8.1
14 (Ag4@A) 24.5 �10.4 �5.9 �9.0 �10.3
15 (Ag5@A) 36.0 �15.2 �9.1 �12.7 �12.7
16 (Au1@B) 11.7 �5.5 �3.5 �4.0 �3.0
17 (Au2@B) 22.0 �8.9 �7.3 �6.6 �4.8
18 (Au3@B) 41.1 �18.8 �13.9 �11.1 �6.5
19 (Au4@B) 26.9 �11.0 �8.1 �8.8 �8.0
20 (Au5@B) 25.2 �9.9 �7.0 �7.0 �8.7
21 (Au1@N) 18.1 �8.4 �5.3 �5.5 �3.8
22 (Au2@N) 19.7 �8.3 �5.1 �7.1 �6.6
23 (Au3@N) 30.9 �13.2 �8.6 �10.1 �8.9
24 (Au4@N) 30.5 �12.0 �8.1 �10.6 �10.9
25 (Au5@N) 46.6 �19.9 �13.6 �14.5 �12.9
26 (Au1@A) 12.4 �5.7 �3.3 �4.3 �4.1
27 (Au2@A) 20.0 �8.6 �4.7 �7.2 �7.3
28 (Au3@A) 31.2 �14.1 �7.8 �10.9 �10.4
29 (Au4@A) 41.1 �17.2 �10.7 �14.1 �13.5
30 (Au5@A) 45.1 �19.0 �11.7 �15.8 �15.7

Table 3 Donor and acceptor NBOs with indication of the second-order
interaction energy E(2) in complexes 1, 3, 7, 9, 15, 19, 21, 22, 25 and 28. LP, BD,
BD* and s* and p* stand for lone pair, p bonding orbital, p antibonding orbital
and unfilled s and p orbitals, respectively. Energy values are in kcal mol�1

Complex Donor Acceptor E(2)

1 BD C–C 5p* Ag 0.62
3 BD C–C 5p* Ag 0.57

BD C–C BD*Ag–Ag 1.01
7 BD C–C 5p* Ag 1.20

BD C–C BD*Ag–Ag 2.20
9 BD C–C 5p* Ag 2.61

BD C–C BD*Ag–Ag 1.28
15 BD C–C 5p* Ag 0.34

BD C–C BD*Ag–Ag 0.51
5s Ag BD* C–C 0.20

19 BD C–C 6s* Au 6.41
BD C–C 6p* Au 1.71
5d Au BD* C–C 6.84

21 BD C–C 6p* Au 1.33
5d Au BD* C–C 0.48

22 BD C–C 6p* Au 1.60
BD C–C BD* Au–Au 3.02

25 BD C–C 6s* Au 0.48
BD C–C 6p* Au 2.32
5d Au BD* C–C 1.24

28 BD C–C 6p* Au 0.81
BD C–C BD* Au–Au 0.94
6s Au BD* C–C 0.89
5d Au BD* C–C 0.98
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+18.8 kcal mol�1) and Rg5NPs (+9.4/+10.6 and +6.3/
+11.3 kcal mol�1). However, the number of these regions per
NP has also to be considered, since it also increases upon growing
the NP size and participate in the overlapping with the p-surface,
thus leading to the interaction energies discussed above.

On the other hand, the regions of negative electrostatic
potential exhibit MEP values of similar magnitude among the
metal NPs, ranging from �12.5 to �9.4 kcal mol�1, showing an
irregular tendency upon increasing from 2 to 5 atom size. These
are typically located above the Rg–Rg coordination bonds and
compensated by the s-hole MEP values, which are larger in
magnitude, leading to favourable electrostatics upon interact-
ing with the aromatic rings, as revealed from the EDA study
(see Table 3 above).

Lastly, among the p-systems considered, the MEP values
over the aromatic rings were negative in all three rings, ranging
from�14.7 to�10.7 kcal mol�1 from benzene to anthracene, in
line with the increase of electron delocalization and aromati-
city, as it is commonly known.

NBO analysis

As the last part of this research, we have carried out NBO
calculations,37 with particular emphasis on the second order
perturbation analysis on complexes 1 to 30, owing to its

usefulness when studying donor–acceptor interactions (see
Table 3 and Table S2 in ESI†).

As noted, in all the cases we found an orbital interaction that
consisted in the donation from a p bonding C–C orbital
(BD C–C) to unfilled s and p orbitals (s* and p*, respectively)
from Ag/Au atoms, with a magnitude comprised between 0.14
and 12.74 kcal mol�1. In addition, we also found an orbital
contribution that involved the donation from a BD C–C orbital
to an antibonding (BD*) Rg–Rg orbital in complexes 2 to 5, 7, 9,
10, 12 to 15, 17, 18, 20, 22, 24, 27 to 29, with a magni-
tude spanning from 0.45 to 3.83 kcal mol�1, which was less
prominent than the former. Both orbital interactions are con-
sistent with the formation of a Rg–p bond, agreeing with that
observed for previous computational studies carried out by
some of us.19a,22,38,39

Lastly, for complexes 11 to 25 and 27 to 30 we found a back-
donating contribution from s and d orbitals belonging to
the metal atom to an p antibonding C–C orbital (BD* C–C),
exhibiting the lowest energetic value of all three orbital con-
tributions observed (between 0.20 and 1.83 kcal mol�1).

In general, we observed that complexes involving Au1-5NPs
exhibited a larger number of orbital interactions (see also
Table S2 in ESI†), in agreement with the more favorable
interaction energies obtained. The results gathered herein

Fig. 5 MEP surfaces of Rg2 to Rg5NPs (RgQAg and Au) (a) and benzene (B), naphthalene (N) and anthracene (A) (b). Energy values at concrete points of
the surfaces are given in kcal mol�1 (0.001 a.u.). The Ag1/Au1NPs MEP surfaces are not shown in the figure since they present a spherical electron density
distribution around the metal atom.
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highlight the importance of orbital contributions to the global
stabilization of the complexes studied herein, in agreement
with the results obtained from the EDA study (see Table 2
above).

Conclusions

In summary, we have computationally studied the strength
and physical nature of a series of Rg–p complexes involving
small Ag/AuNPs of different size (up to 5 atoms) and benzene,
naphthalene and anthracene as aromatic systems at the PBE0-
D3/def2-TZVP level of theory. The results allowed us to correlate
the interaction energy of the Rg–p bond with the size of both
the metal NP as well as the p-system used, obtaining excellent
correlation coefficients. Additionally, the Rg–p complexes stu-
died herein were computationally characterized using several
theoretical tools, such as the EDA, QTAIM, NCIplot and NBO
analyses, which pointed out to a shared role between orbital,
electron correlation and dispersion contributions, while elec-
trostatics resulted as the most predominant energy term. We
believe the results reported herein can be used as a first step
towards the development of prediction tools for studying
nanoscale materials, thus making impact in the fields of
catalysis, supramolecular chemistry, and materials science.
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