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fluorescence†
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Tommaso Giovannini * and Chiara Cappelli *

The fluorescence response of a chromophore in the proximity of a plasmonic nanostructure can be

enhanced by several orders of magnitude, yielding the so-called surface-enhanced fluorescence (SEF).

An in-depth understanding of SEF mechanisms benefits from fully atomistic theoretical models because

SEF signals can be non-trivially affected by the atomistic profile of the nanostructure's surface. This work

presents the first fully atomistic multiscale approach to SEF, capable of describing realistic structures.

The method is based on coupling density functional theory (DFT) with state-of-the-art atomistic

electromagnetic approaches, allowing for reliable physically-based modeling of molecule–nanostructure

interactions. Computed results remarkably demonstrate the key role of the NP morphology and

atomistic features in quenching/enhancing the fluorescence signal.
1 Introduction

Under the action of an external electric eld, metal nano-
particles (NPs) can exhibit localized surface plasmons (LSPs),
which are collective excitations of conductive electrons. LSPs
are associated with a signicant enhancement of the induced
electric eld, up to several orders of magnitude. When
a molecular system is posed in the NP proximity, its photo-
physical and spectral properties can be substantially affected,
yielding the so-called surface-enhanced spectroscopies.1–15

Among them, Surface-Enhanced Fluorescence (SEF) exploits the
enhancement of the uorescence signal, which can be useful to
study biological matrices interacting with plasmonic nano-
structures for biosensing applications.16–20 Remarkably, precise
control of the NP structure and the resulting plasmonic
response has enabled the mapping of single molecules,
achieving submolecular resolution, within the so-called Tip-
Enhanced Photoluminescence (TEPL) experiments.21–24 The
interplay of the complex physical phenomena underlying SEF
and related techniques, such as the optical response of plas-
monic substrates and their interaction with the electronic
structure of the chromophore, are still not fully understood,
thus challenging the rationalization of the measured results. In
this context, reliable computational approaches capable of
accurately describing how the NP structure affects SEF signals
eri 7, 56126 Pisa, Italy. E-mail: tommaso.

(ESI) available: Details on the BEM
puted plasmon resonance frequencies.
res. Fluorescence Dependence on NP
th Ag Nanorods. PDI interacting with
39/d4na00080c

–3425
are needed, especially those models featuring a fully atomistic,
realistic description of the nanosystem.18,22,25–30

In this work, the rst fully atomistic multiscale approach to
SEF is developed. The model can be used to describe realistic
nanostructures with atomistic details, substantially overcoming
common issues related to the huge computational cost of full
QM treatments of the system, which only allows the description
of systems (molecule + nanostructure) composed of a few
atoms.28,31,32 Our approach is based on the coupling of quantum
mechanics (QM), dened at the density functional theory (DFT)
level to determine the molecular electronic structure, with
a novel fully atomistic electrodynamical approach to describe
the plasmonic response of complex-shaped nanostructures,
namely the frequency-dependent uctuating charges and uc-
tuating dipoles (uFQFm) method.33,34 uFQFm is physically
grounded on the Drude conduction model, electrostatics, and
interband transitions and includes corrections to describe
quantum tunneling effects, which can be crucial to reliably
model nanoaggregates. In uFQFm, each metal atom is endowed
with a uctuating charge, accounting for intraband transitions
(Drude regime), and a uctuating dipole, describing interband
transitions. The method can remarkably capture plasmonic
properties of systems featuring subnanometer junctions35–37

and defects.38–40 Recent extensions have also permitted the
calculation of the plasmonic response of bimetallic systems.41

Notably, uFQFm reproduces ab initio results, questioning the
common notion that an explicit QM treatment is needed for
describing plasmonic response upon shrinking the nano-
structure size.33 Furthermore, the coupling of uFQFm to a QM
formalism (QM/uFQFm) to evaluate surface-enhanced Raman
scattering (SERS) signals of molecules in the vicinity of complex-
shaped nanostructures, has recently been proposed.34
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this paper, QM/uFQFm is extended to the calculation of
SEF signals. The modeling of uorescence processes presents
signicant challenges compared to SERS. Specically, the elec-
tronic structure of both the molecular Ground State (GS) and
the emitting Excited State (ES) needs to be accurately described.
This is achieved in terms of a Time-Dependent Density Func-
tional Theory (TD-DFT)/uFQFm formalism, which is specied by
reformulating at the fully atomistic level the methodology
proposed for implicit, non-atomistic, descriptions of the
nanostructure.27–29,42–45 The latter describe the nanostructure as
a continuum dielectric whose response is determined by the
permittivity functions. Due to their implicit nature, atomistic
features and their effect on the molecular response are
neglected.

The manuscript is organized as follows. In Section 2, the
theoretical foundations of uFQFm are recalled, and its coupling
to a TDDFT formalism to study the SEF response is presented.
Aer highlighting the computational details, in Section 4,
TDDFT/uFQFm is challenged to simulate SEF of a well-studied
chromophore (N,N0-dimethylperylene 3,4,9,10-dicarboximide –

PDI) near metal NPs of increasing complexity. Conclusions and
future perspectives end the manuscript.

2 Theory
2.1 uFQFm

uFQFm is a fully atomistic model specically developed for
studying plasmonic responses of metal NPs.33,35 It combines the
Drude model for intraband transitions with an effective polar-
izability, which mimics core electrons and interband
transitions.46–49 To physically consistently model both mecha-
nisms, each atom is endowed with a charge (uFQ) and a dipole
(uFm). Under the action of a monochromatic external electric
eld, the atoms exchange charge via the Drude conduction
mechanism, which is further assisted by quantum tunneling,
thus limiting charge transfer among the nearest neighboring
atoms and making the interaction decrease with the typical
exponential decay. In particular, uFQ charge equation of
motion in the frequency domain (u) reads:33,35,37

�iuqiðuÞ ¼ 2n0s
1� ius

X
j

�
1� f

�
rij
��Aij

rij

�
fel
j � fel

i

�
(1)

where qi is the electric charge on the i-th atom, n0 is the 3D
density, s the scattering time, and Aij denotes the effective area
connecting atoms i and j. The Fermi damping function f(rij)
describes quantum tunneling effects35 in terms of the inter-
atomic distance rij = jri − rjj (ri is the position of atom i).
fel
i accounts for the electrochemical potential of the i-th atom,

and takes into account charge–charge and charge–dipole
interactions, and the external electric eld.

To introduce interband effects, each atom is assigned an
additional source of polarization, i.e., atomic polarizability, to
which an induced dipole moment is associated. The induced
dipole moments mi are obtained by solving the following linear
equation:33

mi = aui (E
ext
i + Em

i + Eq
i ) (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where Eexti , Em
i and Eq

i are the external electric eld and the
electric elds on atom i generated by the other dipoles and
charges, respectively. Additionally, aui is the atomic complex
polarizability, which mimics interband transitions.33,41

Remarkably, aui can be easily obtained by extracting interband
contributions from the experimental permittivity function
without introducing a posteriori any adjustable parameters.33,41

To effectively couple charges and dipoles, eqn (1) and (2) are
simultaneously solved using the following set of linear
equations:33" 

Dq Dqm

Tmq Tmm

!
�
 
zðuÞIN 0

0 z
0 ðuÞI3N

!# 
q

m

!
¼
 

R

�Eext

!
(3)

where Dq gathers the interaction between charges, Dqm accounts
for the charge–dipole terms, and T{{m}q} and Tmm matrices
represent the charge–dipole and dipole–dipole interaction
kernels, respectively.50 IN is the N× N identity matrix, where N is
the number of atoms. z and z0 functions are the complex
frequency-dependent diagonal shis associated with charges
and dipoles, respectively (see ref. 33 for their denitions). In the
right-hand side, R and Eext enclose the effect of the external
potential and eld acting on each charge and dipole.
2.2 QM/classical coupling (QM/uFQFm) and uorescence
descriptors

To evaluate the uorescence response of a chromophore when it
is inuenced by the plasmonic response of a nearby metallic
NP, uFQFm is coupled with a QM treatment of the molecule, in
a multiscale fashion. Through the developed method, the effect
of NP atomistic features on the uorescence response of the
nearby molecular system is evaluated, thus overcoming the
limitations of QM/continuum methodologies previously
proposed.27–29,42,43,45

Molecular uorescence response originates from the
following subsequent processes: (a) initially, the molecule
absorbs a photon from the incident electric eld, being
promoted to an ES; (b) the molecule undergoes internal relax-
ation, reaching the minimum of the emitting ES; (c) the chro-
mophore decays to the GS, either radiatively, emitting a photon,
or non-radiatively.27–29,43,45

We exploit the time-dependent formulation of density
functional theory (TD-DFT)42,44,51 and we modify it to take into
account the effects of the plasmonic NP. Within a QM/uFQFm
formalism, Casida's equations read:342

4
0
@ AðuÞ BðuÞ

B*
��u*

�
A*ð�u*Þ

1
A� u

0
@ I 0

0 �I

1
A
3
5 Xu

Yu

!
¼ 0 (4)

Aai,bj(u) = (3a − 3i)dabdij + K0
ai,bj + Kpol

ai,bj(u) (5a)

Bai,bj(u) = K0
ai,jb+K

pol
ai,jb(u) (5b)

where u is the excitation frequency while Xu and Yu are the
excitation and de-excitation transition densities, respectively.
Eqn (4) contains AB TD-DFT matrices dened in eqn (5a) and
Nanoscale Adv., 2024, 6, 3410–3425 | 3411
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(5b), whose elements (i, j/a, b indices run over occupied/virtual
orbitals) are dened in terms of themolecular orbital energies 3.
K0
ai,bj is the exchange-correlation contribution, while Kpol is

a frequency-dependent term that includes the polarization
arising from the NP, which is expressed as:

K
pol
ai;bjðuÞ ¼

X
n

qðuÞ�rn; �J*
aJi

��
V
�
rn;
�
J*

bJj

��
�
X
n

mðuÞ�rn; �J*
aJi

��
E
�
rn;
�
J*

bJj

�� (6)

where qðuÞðrn; ½J*
aJi�Þ and mðuÞðrn; ½J*

aJi�Þ represent the
frequency-dependent charges and dipoles at the atomic posi-
tion rn, induced by the J*

aJi distribution. They interact with
the potential Vðrn; ½J*

jJb�Þ and eld Eðrn; ½J*
jJb�Þ generated

by the J*
jJb distribution, respectively.

From the mathematical point of view, q and m are complex
quantities, making Kpol complex. By following ref. 42, the
modied TD-DFT problem is solved by treating the imaginary
parts as a perturbation to the rst order. In particular, excitation
energies and transition densities are computed from the real
part of the poles (eqn (4)) as follows (0 indicates real
quantities):422

64
0
B@ A

0�
u

0�
B

0�
u

0�
B

0��u0�
A

0��u0�
1
CA� u

0

0
@ I 0

0 �I

1
A
3
75
 
X

0
u

Y
0
u

!
¼ 0 (7)

The imaginary excitation frequency can be computed by
exploiting the perturbative treatment as: (00 marks imaginary
parts):42

u00 ¼

2
64 �X0†

u Y0†
u

�0@ A00�u0�
B00�u0�

�B00��u0� �A00��u0�
1
A
0
@X

0
u

Y
0
u

1
A
3
75 (8)

The response imaginary component is associated with the
molecular non-radiative lifetime (snr) through the inverse of the
non-radiative decay rate (Gnr). The latter is given by:44

Gnr ¼ 1

snr
¼ �2uIm (9)

The molecular radiative energy dissipation instead generates
the uorescence signal from the emitting ES to GS. This is
generally characterized by the radiative lifetime (sr), which can
be expressed as the inverse of the radiative decay rate (Gr).
Furthermore, the emission probability is dened by the
absorption coefficient (A), which is related to the population of
the emitting ES. Within QM/uFQFm, A and Gr are calculated (in
a. u.) as follows:

A ¼ 2p

3c

��d0Ktot ��2 (10)

Gr ¼ 4u
0 3

3c3

��dK0
tot

��2 (11)
3412 | Nanoscale Adv., 2024, 6, 3410–3425
where c is the speed of light, whereas d0Ktot is the total transition
dipole from the molecular GS to the K-th ES. This takes into
account both the molecular transition dipole moment
(dK0mol, calculated by solving eqn (7)) and the dipole moment
induced on the plasmonic NP by the molecular transition
(dK0plas).29 Thus, they can be dened as:

dK0
tot = dK0

mol + dK0
plas (12)

dK0
plas ¼

X
i

qK0
i ri þ

X
i

mK0
i (13)

where qK0 and mK0 are uFQFm charges and dipoles induced by
the molecular transition 0 / K. As stated above, the efficiency
of uorescence response arises from the interplay of the dis-
cussed processes. To account for both the absorption and
emission mechanisms, the relative brightness (FRB) is
computed in the following way:

FRB ¼ A

Afree

	
Gr

Gr þ Gnr



¼ A

Afree
FFQY (14)

where A/Afree is the absorption ratio in the presence or absence
of the NP. The absorption ratio is multiplied by the number of
emitted photons against the total number of absorbed photons.
Such ratio is generally called uorescence quantum yield
(FFQY), which is lower or equal to one by denition. FRB

quanties uorescence enhancement or quenching of the
chromophore signal as a result of the interaction with the
plasmonic NP.27–29
3 Computational details

The method is applied to studying the uorescence response of
N,N0-dimethylperylene 3,4,9,10-dicarboximide (PDI) chromo-
phore as interacting with metal nanostructures of different
shapes and dimensions. Both a longitudinal (L) and transversal
(T) orientation of PDI relative to the NPs are considered. The
uorescence response is then investigated as a function of the
PDI-NP distance (from 3 to 200 Å compared to the closest PDI
hydrogen atom). In all calculations, PDI is treated at the QM
level, while the metal nanostructure is classically described by
using uFQFm. The latter is compared to the implicit description
of the plasmonic systems to validate the novel approach, as
provided by the BEM method. Following ref. 27, the NP
response is computed at the experimental absorption (515 nm)
and emission (525 nm) frequencies of PDI dissolved in n-
heptane. The absorption coefficient (eqn (10)) is computed from
the GS optimized geometry of PDI, while the non radiative decay
and radiative decay rates (eqn (9) and (11)) are evaluated using
the rst ES optimized geometry.

Atomistic NPs are built with the Atomic Simulation Envi-
ronment (ASE) Python module v. 3.17.52 A face-centered cubic
(FCC) arrangement and a lattice parameter of 4.08 Å are
exploited, for both Ag and Au NPs. The geometrical relaxation of
NPs is not considered because it slightly affects their optical
response, as reported in ref. 33.53–59 Four morphologies are
analyzed: spherical, cuboctahedral (cTO), icosahedral (Ih), and
cylindrical rods. The optical response of such NPs is simulated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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employing uFQFm, using the parameters reported in ref. 33 (see
also Table S3 in the ESI†). uFQFm charges and dipoles are
calculated by solving eqn (3) by direct matrix inversion for the
single rods and spherical, Ih, and cTO structures with radius
#30 Å. For all other studied systems (Tables S1 and S2 of the
ESI†), the Generalized Minimal RESidual method (GMRES) is
used (RMSD threshold = 1.0 × 10−11).37

Spherical continuum structures are created using GMSH
code,60 with 5890 tesserae for each NP. Their optical properties
are studied at the BEM level, using the Dielectric Polarizable
Continuum Model (DPCM) formalism (see Sec. S1.1 of the ESI†
for more details).61–63 For both Ag and Au NPs, the frequency-
dependent permittivity function of Etchegoin et al.64 as tted
by Johnson and Christy65,66 is used. The permittivity function is
corrected to account for the dependence of the mean free path
of the electrons on the sphere radius, as described in ref. 27.
BEM equations are solved by matrix inversion (see eqn (1) of the
ESI†). More details about the geometries and the associated
Plasmon Resonance Frequencies (PRFs) are given in Tables S1
and S2 in the ESI.†

In all calculations, the PDI is described at the (TD-) DFT level
by using the B3LYP functional combined with a double-z-
polarized DZP basis set.27 All QM/uFQFm and QM/BEM calcu-
lations are performed by using a locally modied version of the
Amsterdam Modelling Suite (AMS).67

4 Results and discussion

In this section, uFQFm is applied to compute the uorescence
response of PDI placed near noble metal NPs. First, QM/uFQFm
and QM/BEM implementations are validated on spherical NPs.
Then, QM/uFQFm is used to investigate the effect of different
geometrical arrangements/parameters on the PDI uorescence
response.

4.1 Atomistic vs. continuum descriptions of spherical NPs

The uorescence response of PDI as adsorbed in L or T orien-
tation on a spherical NP (see Fig. 1a) is studied. In particular,
Fig. 1 (a) Graphical depiction of PDI interacting with a spherical NP of rad
transversal (bottom) configurations. (b) PDI molecular orbitals involved i

© 2024 The Author(s). Published by the Royal Society of Chemistry
the attention is focused on the rst bright excitation (HOMO–
LUMO), which is associated with a p / p* transition with the
transition dipole moment aligned with the principal axis of the
chromophore (see Fig. 1b).

In Fig. 2, calculated QM/uFQFm and QM/BEM Gr and Gnr are
reported (in logarithmic scale) as a function of the PDI-Au NP
distance and Au NP radius for both L and T orientations (panels
a and b, respectively). The results for Ag NPs are similar and are
reported in Fig. S1 and S2 of the ESI.†

Let us rst focus on Gr. For the L orientation (see Fig. 2a,
both QM/uFQFm and QM/BEM Gr decrease as the PDI-NP
distance increases, converging at large distances to the gas-
phase Gr value. This is because, in such a conguration, the
PDI transition dipole moment and the plasmon dipole moment
are parallel. As a result, the plasmon-induced Gr is larger than
its gas-phase counterpart and decreases as a function of the
PDI-NP distance because the interaction between the two parts
vanishes at large separations (~dKOplas / 0). For the same reasons,
by enlarging the NP size, Gr increases because the associated
~dKOplas increases. It is worth remarking that QM/uFQFm and QM/
BEM results are in almost perfect agreement, also from the
quantitative point of view.

In contrast, for the T conguration (Fig. 2b), different trends
are observed depending on the NP size. In fact, for small NPs
(radius # 10 Å), QM/uFQFm and QM/BEM Gr increase as the
PDI-NP distance increases. For larger NPs (radius > 10 Å), QM/
uFQFm and QM/BEM Gr decrease at small distances (<25 Å) and
then increase at larger distances, displaying a minimum. In
particular, by increasing the NP radius, the minimum shis
towards larger distances. In all cases, at large distances, the gas-
phase Gr is recovered. These ndings can be explained by
considering that in T conguration the NP plasmon dipole
moment and PDI transition dipole moment are anti-parallel. As
a consequence, when jdKOplasj > jdKOmolj Gr decreases (small
distances), while when jdKOplasj < jdKOmolj Gr increases (large
distances). Gr minimum is displayed when jdKOplasj x jdKOmolj. By
increasing the NP radius, a larger induced NP dipole is ob-
tained, shiing the Gr minimum to larger distances. In this
ius R. PDI is placed at a distance d from the NP in longitudinal (top) and
n the electronic transition under study.

Nanoscale Adv., 2024, 6, 3410–3425 | 3413
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Fig. 2 Longitudinal (a) and transversal (b) orientations of PDI interacting with a spherical Au NP studied at the QM/uFQFm (left) and QM/BEM
(right) levels (see top panel). Radiative (middle) and nonradiative (bottom) decay rates (logarithmic scale) as a function of the PDI-NP distance as
obtained by varying the NP radius (from 10 Å to 70 Å).
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case, QM/uFQFm and QM/BEM agreement is only qualitative.
This can be related to the different plasmonic properties
provided by the two approaches, i.e. different PRFs and different
absorption proles (see Fig. S3 of the ESI†). To investigate how
the atomistic features of the NP surface affect the computed
QM/uFQFm Gr, in Fig. S4 of the ESI† we report a scan over the
NP-PDI angle (from 0 to 180°, with a step of 20°) for T dispo-
sition. Specically, for NPs with a radius of 20 Å and 70 Å, PDI is
positioned at the distance corresponding to the minimum of Gr

(6 and 20 Å, respectively). Our ndings reveal small and periodic
uctuations of Gr as a function of the angle, which are reduced
as the NP size increases, highlighting the weaker impact of
atomistic details as the structure approximates that of a perfect
sphere. Thus, the numerical discrepancies between QM/uFQFm
and QM/BEM reported in Fig. 2b mostly arise from the diverse
modeling of the optical response of the NPs, rather than the
atomistic features of the NP surface.

Remarkably, computed results are in agreement with
experimental ndings,18,68–70 and are consistent with similar
analysis performed at the semi-empirical ZINDO/BEM level,27

thus demonstrating the reliability of uFQFm.
QM/uFQFm and QM/BEM Gnr display a similar behavior for

both L and T congurations (see Fig. 2a and b). In particular,
Gnr decreases as the PDI-NP distance increases for all consid-
ered NPs and approaches zero. Indeed, PDI non-radiative decay
channels are neglected; thus, Gnr vanishes in the gas phase
limit. At small distances, Gnr assumes almost the same value for
all NP radii because the NP can be approximated as an innite
plane surface. At larger distances, Gnr increases for large NP
sizes because a large dipole moment is induced on the NP (see
eqn (6)). Remarkably, at large distances, and for all NP size, Gnr

follows a distance−6 trend, following the Förster limit. These
3414 | Nanoscale Adv., 2024, 6, 3410–3425
ndings are again in agreement with previous computational
investigations.27

To conclude this section, the relative brightness FRB is evalu-
ated. In Fig. 3, FRB of PDI adsorbed in L conguration on Au (a)
and Ag (b) spherical NPs are reported, as calculated at the QM/
uFQFm (le) and QM/BEM (right) levels. In particular, FRB

dependence on the NP radius and PDI-NP distance is studied and
graphically depicted as a 3D plot. It can be noticed that, for Au
NPs, FRB decreases by increasing the radius for a specic PDI-NP
distance. For a xed radius, FRB shows the opposite trend, i.e., it
increases by increasing the PDI-NP separation. Thus, for Au NPs,
a general quenching effect is obtained at both QM/uFQFm and
QM/BEM levels. For Ag NPs, an increment in FRB is observed by
enlarging the PDI-NP distance, similarly to Au NPs. In contrast,
FRB behavior as a function of the NP radius is more complex and
displays aminimum, which is shied at larger radii as the PDI-NP
distance increases. The different Ag–Au trends can be ascribed to
the diverse plasmonic properties of the two materials. In fact, the
absorption/emission PDI frequencies are close to Au PRF and fall
in the pre-resonant region for Ag NPs. Consequently, the non-
radiative decay channels are facilitated by Au NPs, thus yielding
larger Gnr than Gr and A (see eqn (14)), nally resulting in FRB

reduction.27,28 A similar investigation for the T orientation is re-
ported in Fig. S5 of the ESI,† for which a less pronounced
quenching effect is observed, in agreement with experimental
ndings.18,68–70
4.2 QM/uFQFm for complex-shaped nanostructures

4.2.1 Effect of the NP morphology. In this section, QM/
uFQFm is applied to the study of the uorescence response of
PDI induced by complex-shaped Au NPs. Ih and cTO
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 QM/uFQFm (left) and QM/BEM (right) FRB as a function of PDI-NP distance and NP radius for PDI in L orientation interacting with
a spherical Au (a) and Ag (b) NP.
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morphologies are considered; they feature sharp edges and
atomistically dened tips, which require fully atomistic
descriptions to be appropriately modeled. In fact, continuum
BEM descriptions can lead to large numerical instabilities for
these morphologies.29,71

In Fig. 4(i and j), QM/uFQFm Gr, Gnr, and FRB values are re-
ported as a function of the PDI-NP distance. A values are not
given, because their trend is similar to Gr. PDI lays in the L
orientation in the vicinity of spherical, Ih and cTO NPs with
a radius of 30 Å. To highlight how different morphologies affect
the uorescence parameters, the differences between Gr, Gnr,
and FRB values for the various morphologies and the data for
the spherical case are computed as follows:

%X ¼
	
XIh=cTO

Xsph

� 1



� 100; X ¼ �Gr;Gnr;FRB

�
(15)

where XIh/cTO and Xsph indicate G
r, Gnr,FRB values computed for

Ih or cTO, and spherical NPs, respectively.
%Gnr maximum value occurs when PDI is close to Ih/cTO NPs

and rapidly decreases until it reaches a plateau. In fact, for large
distances, both Gnr

Ih/cTO and Gnr
sph values follow a Förster-like

behavior (fdistance−6), and thus %Gnr converges to a nite
value (see eqn (15)). %Gr

Ih/cTO instead presents lower values than
the spherical reference, smoothly converging towards zero as the
PDI-NP distance increases. The combination of Gr and Gnr varia-
tion proles as a function of the distance determines the %FRB

function, which exhibits a maximum in the distance region
© 2024 The Author(s). Published by the Royal Society of Chemistry
between 50 and 100 Å. Indeed, %FRB prole is related to the
intersection point of %Gr and %Gnr curves. Furthermore, Fig. 4(i
and j) shows a substantial %FRB reduction at short distances (<30
Å) for both Ih and cTO morphologies. In this region, %Gr displays
its lowest values while%Gnr reaches its maximum, overall favoring
the quenching of the uorescence signal. This behavior is due to
the signicant enhancement of the electric eld near the sharp
tips of cTO and Ih NPs.33,35 Although these results show the same
general behavior for Ih and cTO NPs, some subtle differences are
worth discussing. Specically, %Gnr is smaller for cTO than for Ih,
and consequently, cTO %FRB is slightly larger.

To deepen the analysis, how a variation in the NP size affects
the uorescence response is investigated. To this end, Ih, cTO
and spherical NPs with radii ranging from 10 to 70 Å are studied
(see Fig. 4(c–h), and S6 and S7 in the ESI†). First, the NP size
highly affects both %Gnr and %Gr. In fact, for short PDI-NP
distances, %Gnr increases, while the opposite holds for %Gr.
This results in a substantial decrease in %FRB in this distance
region. At larger distances (50–100 Å), both morphologies
display uorescence responses that largely exceed that obtained
for the reference spherical NPs, reaching a maximum that shis
toward larger distances and decreases in intensity by increasing
NP size. Fig. 4(g and h) clearly shows that the discrepancies
between the cTO and Ih become more pronounced for small NP
radii. In fact, within this size range, the atomistic differences in
Ih/cTO morphologies are more signicant. The radius depen-
dence of the %FRB maxima originates from a slight mismatch
Nanoscale Adv., 2024, 6, 3410–3425 | 3415
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Fig. 4 Graphical representation of PDI interacting with Au Ih (a) and
cTO (b) NPs, compared with spherical NPs. QM/uFQFm %Gnr (c and d),
%Gr (e and f), and %FRB (g and h) 2D color plots as a function of the
PDI-NP distance and NP radius for Ih vs. sphere and cTO vs. sphere
systems, respectively. QM/uFQFm %Gnr, %Gr, and %FRB values for
systems of 30 Å radius are displayed in panels (i) (Ih vs. sphere) and (j)
(cTO vs. sphere).

3416 | Nanoscale Adv., 2024, 6, 3410–3425
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in the effective sphere-cTO/Ih size due to the atomistically
dened structures (see Tables S1 and S2 of the ESI †for the
effective size of the studied structures). To avoid the maxima
uctuations reported in Fig. 4(g and h), we have performed the
same study by relying on a linear interpolation of the FRB values
on the effective radius of the spherical NPs corresponding to the
effective radius of cTO NPs (see Fig. S8 in the ESI†).

4.2.2 Dependence of uorescence response on the
chromophore-NP conguration. To further demonstrate the
versatility of QM/uFQFm, how the relative conguration of the
molecule-NP system affects the uorescence response is here
evaluated. The possibility of performing this kind of investigation
is a remarkable feature of the fully atomistic nature of themethod.

In Fig. 5,FRB and%FRB as a function of PDI-NP distance and
the PDI-NP conguration are graphically depicted. In particular,
the PDI moiety is adsorbed in L orientation on the tip (T), side
(S), and face (F) of both Ih (a) and cTO (b) NPs of 30 Å radius. As
a comparison, the PDI adsorbed on a spherical NP of equal size
(30 Å radius) is also reported. QM/uFQFm results show that, for
both Ih and cTO, the highest deviation in the uorescence
response compared to the spherical reference is obtained for
the T conguration. This is not unexpected, and it is due to the
largely inhomogeneous electric eld near the sharp interfaces
of themetal structures.34 The fully atomistic nature of themodel
can also capture the smaller differences, that are instead re-
ported for S and F congurations. In particular, such differ-
ences become more pronounced when moving from Ih to cTO
NPs (see %FRB in Fig. 5, bottom). This is due to the alternating
triangular and squared faces in the cTO structure, which
accentuates the inhomogeneity of the near-eld.

4.2.3 PDI interacting with Ag nanorods. The previous
sections have focused on the capacity of Au NPs to quench the
uorescence signal emitted by a nearby chromophore. Several
strategies can be exploited to enhance the uorescence response,
i.e. the relative brightness FRB. For instance, uorescence
enhancement can be obtained by increasing the size of the
nanostructures, which makes Gr to be dominant over Gnr (see eqn
(14)) due to the increased NP dipole moment.27,72 Another possi-
bility is to consider NPs exhibiting a PRF close (in energy) to an
electronic absorption of the chromophore.27–29 This results in
amore efficient absorption process, leading to a higher population
of the excited states and, consequently, a higher emission
probability.

To investigate this aspect, the uorescence response of PDI
in the proximity of silver nanorods (SNRs) is studied. Indeed
nanorods have been amply exploited experimentally to enhance
uorescence signals. In fact, their PRF can be easily tuned by
varying their aspect ratio.73–76 Notably, uFQFm can accurately
reproduce nanorod's PRF values.33

In Fig. 6(b), absorption cross-section are reported for two
SNRs with xed radius (r = 18.5 Å) and two lengths (L = 149.5 Å
and L = 154 Å; see Fig. 6(a)). The absorption spectrum is
dominated by a main plasmonic peak, associated with the
dipolar plasmon. As expected, by increasing the SNR length, the
PRF redshis of about 0.04 eV. The plasmonic response sensi-
tivity as a function of the SNR length can be exploited to match
absorption (uabs) or emission (uem) PDI frequencies.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 QM/uFQFm FRB (top) and %FRB (bottom) as a function of the PDI-NP distance for tip, side, and face PDI adsorption geometries. Ih (a) and
cTO (b) NP morphologies are studied and compared to spherical NPs.
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PDIFRB values as a function of the SNR-PDI distance are also
given in Fig. 6(c)) for both nanorods. As expected, the highest
uorescence enhancement is reported when the PRF coincides
with uabs. However, a large uorescence enhancement is also
Fig. 6 (a) Geometrical representation of the studied SNRs interactingwith
PDI emission (uem) and absorption (uabs) frequencies are marked with ve
SNR distance for L = 149.5 Å and L = 154 Å.

© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained when PRF aligns with uem. Although FFQY values
computed in the two cases are almost identical (see eqn (14)),
the energy similarity of uabs and uem and the large SNR dipole
moment lead to enhanced A values.
PDI. (b) PRF of a SNRswith 18.5 Å radius (r) as function of the length (L).
rtical red and green lines, respectively. (c) PDI FRB as a function of PDI-

Nanoscale Adv., 2024, 6, 3410–3425 | 3417
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Fig. 7 (a) Graphical depiction of SNR pristine (a), r= 18.5 Å; L= 149.5 Å) and defected structures (c, e, g and i), as obtained by atomistic deletions
at the SNR end (see red regions). The number of removed atoms is also reported for each structure. The associated uFQFm electric field
enhancement 2D colormaps, obtained at the PRF for a field polarization along the principal axis, are given in panels (b, d, f, h and j). (k) QM/uFQFm
FRB and A (l) values as a function of the PDI-SNR distance.
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Let's focus on how SNR atomistic structure close to PDI
affects the molecular FRB. Fig. 7 provides a graphical repre-
sentation of such structure modications, which are obtained
3418 | Nanoscale Adv., 2024, 6, 3410–3425
by digging the SNR end close to PDI with a concentric (with
nanorod axis) sphere with increasing radius. This results in the
removal of SNR atoms within the volumes spanned by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Graphical depiction of SNRs featuring an atomistic tip (a) and a bump (b). The number of added atoms compared to the pristine SNR (r
= 18.5 Å; L = 149.5 Å) is also reported for each structure. The associated uFQFm electric field enhancement 2D color maps, obtained at the PRF
for a field polarization along the principal axis, are given in panels (c and d). (e) QM/uFQFm FRB and A (f) values as a function of the PDI-SNR
distance.
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selected spheres. In particular, the number of the removed
atoms for the four studied geometrical modications (Sub-1–
Sub-4) are given in Fig. 7(c, e, g and i), where they are also
highlighted in red. The electric eld enhancement color maps
associated with each SNR are also reported. Following ref. 33,
the latter are calculated as the ratio between the magnitude of
the induced and the incident electric elds. The external eld is
polarized along the SNR principal axis and oscillates at the
dipolar PRF of each structure (u = 2.40 eV). Color maps clearly
show that the maximum eld enhancement is obtained at the
two SNR ends. By digging the SNR right end, a substantial
reduction of the electric eld enhancement in the deletion
region is reported.

Fig. 7(k) shows the impact of these atomistic modications
on FRB as a function of the PDI-SNR distance as compared to
the reference SNR (L = 149.5 Å). Clearly, the largest discrep-
ancies emerge at small PDI-SNR distances. In particular, the
structures characterized by the highest atomistic deletions
(Sub-3 and Sub-4) feature a substantial reduction in FRB values.
This is expected and is related to the modications in the local
eld enhancement (see Fig. 7(h and j)). Indeed, Gr and Gnr

variations as a function of PDI-SNR distance have small effect
on FFQY. Thus, the reported differences primarily originate
© 2024 The Author(s). Published by the Royal Society of Chemistry
from the changes in A as a function of the PDI-NP distance (see
eqn (14) and Fig. 7(l)).

An opposite structural modication is also possible, i.e., the
increasing of the SNR end close to the PDI with a small sharp tip
– +5 atoms – or a spherical bump – +17 atoms (see Fig. 8(a and
b)). Both systems feature a larger and more localized enhanced
eld than the pristine SNR (see Fig. 8(c and d) and 7(b)). In
particular, the most localized enhanced eld is obtained for the
tip-SNR due to its sharp prole. Fig. 8(e) shows FRB values of
PDI placed at the proximity of both systems as a function of the
PDI-SNR distance, taking the full SNR (L = 149.5 Å) as a refer-
ence. Tip-SNR and bump-SNR are both associated with
a signicant FRB reduction, especially for small PDI-SNR
distances. In particular, the largest discrepancy with the refer-
ence is given by Tip-SNR, for which the computed uorescence
response is comparable with the Sub-4 system (see Fig. 7(k)). For
both geometrical modications, the overall quenching of the
uorescence signal is due to the smaller SNR dipole compared
to the reference, which results in a lower absorption coefficient
A (see eqn (14) and Fig. 8(f)). It is worth mentioning that the
structural modications of the SNR only modify their electrical
properties but not their absorption prole compared to the
pristine structure (see Fig. S9 in the ESI†).
Nanoscale Adv., 2024, 6, 3410–3425 | 3419
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Fig. 9 Graphical representation of PDI interacting with Au Ih (a) and cTO (b) dimers, as compared with spherical NP dimers (radius 30 Å). QM/
uFQFm %FRB (c and d), %Gnr (e and f) 2D color plots as a function of the distances between PDI and the two NPs, for Ih vs. sphere and cTO vs.
sphere systems, respectively.
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To underscore the importance of a fully atomistic modeling
of the substrate, in Fig. S10 in the ESI† we replicate the simu-
lations reported in Fig. 7 and 8 by exploiting the continuum
3420 | Nanoscale Adv., 2024, 6, 3410–3425
QM/BEM approach. Specically, we study the longitudinal
absorption, FRB, and FFQY of pristine SNR (r = 18.5 Å; L = 149.5
Å), as well as those featuring a tip, bump, and the Sub-4 cavity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Graphical depiction of PDI interacting with two pristine Ag SNRs (a), two Ag SNRs featuring bumps (b) and tips (c). QM/uFQFm FRB (d–f)
and FRB (g–i) 2D and 3D color maps as a function of the distances between PDI and the two SNRs.
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Additionally, we evaluate three different discretizations of the
surfaces (∼10 000,∼5000, ∼1000 tesserae) for each system. Our
ndings reveal a strong dependence on the number of tesserae
used to describe the BEM surface. In particular, while the
longitudinal PRFs tend to converge aer 5000 tesserae,
computed FRB and FFQY with 5000 and 10 000 tesserae show
a mismatch as a function of the SNR-PDI distance. Focusing on
the structure presenting the Sub-4 cavity, results suggest strong
numerical instabilities when increasing the number of tesserae.
This is evidenced by the lower-energy band emerging in the
longitudinal absorption plots, along with the FFQY trend which
presents an anomalous peak instead of the expected gradual
decrease with increasing the SNR-PDI separation.

4.2.4 PDI interacting with NP dimers. This section nally
focuses on the uorescence response of PDI interacting with
two NPs. As a rst case study, PDI in L conguration is sand-
wiched between two spherical, Ih, or cTO Au NPs with a radius
equal to 30 Å (see Fig. 9(a and b)). The uorescence response is
investigated in terms of the FRB percentage variation (see eqn
(15)) of Ih/cTO NPs compared to spherical NP, as a function of
PDI distance from each NP (d1 and d2). The results are graphi-
cally depicted in Fig. 9(c and d) (see Fig. S11 in the ESI† for the
same representation in 3D) for both cTO and Ih NPs. First, %
© 2024 The Author(s). Published by the Royal Society of Chemistry
FRB values computed for Ih or cTO NPs follow the same trend.
In fact, for small d1 and d2, %FRB reaches a minimum while at
larger distances ($50 Å), both morphologies display uores-
cence responses that largely exceed that obtained for the
reference spherical NP. In fact, %FRB reaches a maximum (∼40
for Ih and∼ 20 for cTO) that decreases in intensity by increasing
d1 and d2. Notably, larger %FRB values are observed for Ih than
cTO. These ndings are opposite from what is reported for
a single NP (see Fig. 4(i and j)). This is due to the lower Gnr

reported for Ih dimer (Fig. 9(e and f)), which reduces the
quenching efficiency (absolute values of FRB are always lower
than 1).

A similar study can be performed by considering PDI inter-
acting with SNR dimers, composed of two reference cylindrical
pristine SNRs (r = 18.5 Å; L = 149.5 Å), two tip-SNRs, and two
bump-SNRs (see Fig. 10(a–c)). PDI FRB as a function of the
distances compared to the two SNRs is studied (see Fig. 10(d–i)).
For all shapes, the maximum FRB values are obtained when d1
and d2 differ (anti-symmetrical displacement). Signicant
discrepancies compared to the pristine SNR emerge when the
bump and the tip are introduced. Specically, for the bump-
SNR, the maximum FRB values are similar to the pristine
SNR, while a largeFRB increase is obtained at d1= d2= 3 Å. This
Nanoscale Adv., 2024, 6, 3410–3425 | 3421
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is also observed for the tip-SNR dimer. However, consistently
smaller FRB values compared to the reference structure are re-
ported in this case. Remarkably, these ndings are in agree-
ment with the results already discussed for single SNR NPs.

To conclude this section, it is worth highlighting that the
FRB observed proles for Au and Ag dimers are related to the
different physicochemical mechanisms governing the uores-
cence process. In the Au dimer setup, the uorescence response
is primarily driven by the relative variation of decay rates FFQY,
whose trend perfectly matches FRB behavior (see Fig. S12 in the
ESI†). In fact, the maximum uorescence signal is obtained
when a symmetrical arrangement (d1 = d2) is considered. A
uorescence enhancement can potentially be achieved at small
distances by increasing the size of the NP, until reaching the
critical point where Gr dominates over Gnr.27 On the contrary,
the inuence of SNRs on FRB is primarily determined by the
variations of A as a function d1 and d2 (see Fig. S13 of the ESI†),
which provide a one-to-one correspondence with FRB trends
reported in Fig. 10(d–i). Thus, in this case, SNR anti-
symmetrical arrangements (d1 s d2) are crucial in enhancing
the uorescence signal.
5 Conclusions

In the present work, the QM/uFQFm formalism has been
extended for the rst time to study the uorescence signal of
molecular systems close to plasmonic substrates. The approach
fully retains the atomistic structure of both the chromophore
and the nanostructure, thus allowing the description of how NP
atomistic features affect the molecular response.

To demonstrate the reliability of the novel methodology, the
uorescence response of a well-studied uorophore, PDI, in the
presence of plasmonic Ag and Au NPs, is investigated. In
particular, diverse NP morphologies are considered, ranging
from spherical NPs to complex-shaped NPs, such as Ih and cTO
NPs, atomistically defected nanorods and NP dimers. The re-
ported ndings show that sharp edges, associated with highly
localized induced electric elds, play a crucial role in deter-
mining the molecular uorescence response. Remarkably, this
can be accurately described by only exploiting a fully atomistic
approach as the one proposed in the present work. As a result,
QM/uFQFm is here presented as an effective methodology to
rationalize the uorescence signals in atomistic-dened setups,
such as for TEPL or picocavity-controlled SEF,22,77,78 pending the
development of a reliable computational protocol for the
simulation of realistic nanostructures.

Finally, it is worth highlighting how signicant uorescence
signal enhancement can be obtained by matching the PRF with
the molecular absorption energy achieved by structural defor-
mations on the NP. The ndings of the present study under-
score the fundamental role of a fully atomistic description for
an in-depth understanding of the uorescence response in the
vicinity of complex-shaped nanostructures. Indeed, this work
paves the way for the rational design and optimization of
plasmonic devices to enhance the uorescence response of
target chromophores.
3422 | Nanoscale Adv., 2024, 6, 3410–3425
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