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Abstract | In the last decades, the quantum mechanical modeling has moved from isolated molecules
made of few atoms, to large supramolecular aggregates embedded in complex environments. This has
been made possible by the important progress achieved by multiscale models based on the integration
of QM methods with classical descriptions. One of the first example of this integration is represented by
continuum solvation models that starting from the eighties of the last century have been largely and
successfully applied to predict properties and processes of solvated molecules. Almost in the same years,
another alternative classical description, based on Molecular Mechanics (MM) has been coupled to QM
methods to give the hybrid QM/MM approach. Since their first formulations, these QM/classical
models have seen an enormous development in terms of accuracy, robustness and generalizability. This
progress has allowed their application to systems of increasing complexity and to processes never faced
before within a QM framework. An important example of such an achievement is represented by the
novel insights reached in the fundamental understanding and the possible exploitation of photoinduced
processes in biomolecules, nanomaterials and, more in general, composite systems where different
“objects” of molecular, nano and mesoscopic scale are coupled together. In this review, we highlight the
potentials and the limitations of such modeling, thereby showing which developments are still needed
to definitely make the QM-based multiscale strategy the gold-standard for explaining the outputs of
novel advanced spectroscopic techniques and predicting the outcome of light-activated events in
composite systems.
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The response of molecules to light represents one the most effective ways to investigate their properties
through the vast set of spectroscopic techniques which are based on the detection and quantification of
such a response. As a matter of fact, light is also used by “special” (supra)molecular systems to activate
processes spanning many time and space scales. To achieve such a multiscale character, these systems
are generally composite, i.e. they contain recognizable constituents with different characteristics in
terms of chemical composition, size and behavior. Nature has often used these photoresponsive
composite systems as a very effective tool to perform a specific biological function. Inspired by such an
incredible strategy, scientists have started to design artificial composite systems which, using light, can
achieve enhanced or completely new properties with respect to the single components.t* However, the
rational of the photo-induced processes in both natural and artificial composite systems is still far from
being complete. It is therefore extremely important to develop tools which can be used to explain the
natural processes and to conceive artificial setups which not only mimic the former but also optimize
them according to our requirements. These tools need to combine a good theoretical foundation with
an efficient computational machinery able to simulate systems going well beyond the molecular scale.
This is clearly a challenging task.

If the photoinduced process can be localized on a specific part of the system, its effective modeling can
be achieved introducing a “focused approach”. Here, the term “focused” is used instead of the more
general one, “multiscale”, to recall that we are considering embedded systems, where a finite subsystem
is surrounded by a larger (and eventually infinite) environment. These are clearly a subfamily of the vast
world of multiscale systems, and in particular they do not contain the important case of
(nano)materials, for which the multiscale modeling has been largely used but it will not be reviewed
here. 57

Within this focused formulation of multiscale approaches, the subsystem of interest (from now on the
“target”) is represented as a set of interacting quantum mechanical (QM) units (atoms, molecular
fragments, up to molecular aggregates), which are embedded in a “classical” environment acting back on
the target. To account for that, the environment itself does not need to be described at atomic or
molecular level; what is here important is in fact the “action” of the environment on the target. In a QM
language, this means that we have only to define the operator(s) to be added to the QM Hamiltonian of
the target to account for such an action. If this operator can be correctly formulated even without
knowing the atomistic nature of the environment, the goal will be anyhow achieved as the focus is in the
embedding effects on the target and not on the accurate description of the whole system
(target+environment).

This simple statement of course hides many fundamental details which make the operative formulation
of the focused approach nor univocal neither simple.

The main issues are (i) the definition of the target (and the boundary between the target and the
environment), (ii) the nature of the action of the environment on the target and (iii) the role of
reciprocity in such an action.

Obviously, the definition of the target determines the type of action of the environment. In fact, by
enlarging the subsystem which defines the target so to include the atoms/molecules of the environment
which strongly interact with it, the action of what remains of the environment can be described through
long-range (mostly) electrostatic effects. If, instead, the target is limited to the molecular system of
interest, the action should go beyond electrostatic and include short-range repulsion and dispersion
effects as well. The beauty of this approach is exactly that: in the limit of the computational feasibility
and with the constraint that no charge-transfers are possible between the target and the environment,
any choice of the boundary is possible, and the description can be systematically improved on the basis
of the system and the process of interest.

The issue of the reciprocity is also strictly connected to the definition of the target but, this time, the
improvement of the description is not as straightforward as before because mutual effects between the
target and the environment enter into play.



The multiscale strategies

In the years, two main strategies to combine QM descriptions of the target and classical models of the
environment, have been proposed. Interestingly, their first formulations date back to the same years,
namely the end of the seventies of the previous century. 8-10

The two strategies refer to continuum and discrete (or atomistic) descriptions of the environment,
respectively. In the latter case, the atoms of the environment (or group of atoms in coarser grained
versions of the model) are treated through a Molecular Mechanics (MM) force field (FF). 11-1> In the
former case, instead, the atomic nature of the environment is lost and a continuum description in terms
of macroscopic properties is introduced instead. 16-18

Despite this huge “modellistic” difference, the two formulations present important common elements
when reconsidered from the point of view of the QM target. In any case, for simplicity’s sake two
separate presentations will be given.

QM/continuum. If the environment loses its atomic nature, an effective description has to be introduced
which is based on some macroscopic properties. This is exactly what is done in continuum models
where the target sees the environment as an infinite dielectric medium characterized by a (generally)
frequency and position dependent permittivity tensor function &(w;r). In the most common
formulations of the model, however, a homogeneous and isotropic approximation of the dielectric
medium is introduced, and the permittivity function loses its position dependency and becomes a
scalar quantity. Moreover, for standard applications of the model also the frequency dependency can
be neglected, and a single value is used, namely the isotropic dielectric constant of the environment
of interest, €. As a matter of fact, the position and frequency dependence will be reintroduced later
when extensions of the model to heterogeneous environments and dynamic processes will be presented.
The dielectric constant is a measure of the response of the medium to an applied electric field and is an
experimentally known property for most of the common solvents: on the basis of its value, solvents are
classified as apolar (i.e. non-responsive to electric fields such as cyclohexane where €~2) or polar
(i.e. highly responsive such as water where £~80).

Together with the value of the dielectric constant of the environment, the continuum models require to
define the boundary of the target, which, in this context, is called “cavity surface”. The target is in fact
assumed to be fully contained within a cavity which, in its most accurate formulation, should follow the
geometrical structure of the target itself. In the old versions of continuum models, simplified cavities
have been largely used, such as spheres and ellipses, because in those cases an analytical solution of the
electrostatic problem is possible. In all the other cases instead, a numerical solution has to be
introduced.

Many different numerical strategies have been proposed so far but within the quantum chemical
formulation of the model, the one which has shown to be the best compromise between accuracy,
generality and computational feasibility is the so-called Apparent Surface Charge (ASC) approach (see
Box 1). 19-21 Different cavities have been used in combination with the ASC formulation; in most cases,
a set of interlocking spheres centered on the target atoms is used with radii defined so to take into
account the atomic dimension but also the dimension of the solvent molecules (the resulting cavity
surface is also known as Solvent Accessible Surface, SAS).

Within the ASC formulation, the main idea is that the action of the environment on the target can be
described in terms of a set of “apparent” charges placed on the cavity surface only. These surface charges
are “apparent” as they exist only if a source of polarization exists, here the QM charge density of the
target. The number of ASCs is determined by the cavity and the mesh used for partitioning its surface
while their values depend on the dielectric constant of the environment and the QM density of the
target. Because of the dependence of the ASCs on the QM density, and of the latter on the action of the
ASCs, a self-consistent approach is needed; the name “self consistent reaction field” (SCRF) is also



commonly used to identify this approach when combined with a SCF QM method such as Hartree-
Fock (HF) or Density Functional Theory (DFT).

From this brief description, it is evident that the ASC formulation of continuum models automatically
accounts for the mutual polarization between the target and the environment (see Fig. 1).

In the years, the ASC models have been reformulated many times and nowadays they represent
extremely robust and efficient numerical methods. Moreover, they have been extended to almost all the
applications of quantum chemistry for isolated molecules such as the study of the potential energy
surfaces, the simulation of chemical reactivity and the prediction of spectroscopic properties. This has
been made possible thanks to the simplicity of the ACS formulation which introduces an additional
operator to the Hamiltonian of the isolated system which is very easy to calculate and to be analytically
differentiated with respect to external and internal perturbations (geometrical distortions, external
electric and magnetic fields, etc.). The latter characteristic in particular has allowed to combine
continuum models with response theories, thus achieving a computationally effective and general
approach to include environment effects in the simulation of spectroscopies.

As a matter of fact, the extension of continuum models to light-matter interaction is not automatic but
it requires to face two important aspects which are not present when the same phenomenon is simulated
for an isolated system. When an oscillating field impinges on an embedded system, the time-dependent
reaction of the latter will be necessarily coupled to that of the environment. Normally, the environment
should be transparent with respect to the applied field. If this is the case, the applied field oscillates at
frequencies that are far from possible resonances of the molecules of the environment, and, in our
modeling, we can avoid to explicitly consider the environment frequency dependent response.
However, we cannot completely neglect the timescale of such a response with respect to that of the
target. In fact, if the dynamics of the process induced in the target by the oscillating field is faster than
the response in the environment, the latter will (fully or partially) lag behind. This is what happens when
we consider an electronic transition in the target: the system which is initially in equilibrium with the
environment, instantaneously is excited to a new electronic state corresponding to a new electronic
density while the environment is still in the original configuration. The delay in the environment
response will correspond to a kind of nonequilibrium which will eventually relax to a new equilibrium
once the environment configuration will be optimally adapted to the new electronic density in the
target. This relaxation will be possible if the lifetime of the excited state is long enough with respect to
the time scale of the environment relaxation. In common polar solvents, the timescales involved in the
solvation dynamics are of the order of some hundreds of ps, e.g. much slower than a vertical excitation
but faster than molecular excited state lifetimes. This means that the emission following the excitation
will happen with a solvent which has been fully equilibrated to the excited target and the whole
nonequilibrium scheme should be reverted.

When these molecular responses of the environment are “translated” into a macroscopic language we
can distinguish between optical and static dielectric constants. The optical one describes the fast
response of the dielectric to fields of very high frequency (high with respect to the excitation frequencies
of the solute) and can be approximated with the square of the refractive index at optical frequencies,
while the static one is the “total” response to static fields: just to quantify the two relative values,
for the most common polar solvent (water) we have g.,=1.7 and &,=78.

This simplified picture is extremely effective when integrated into the framework of ASC models. In
fact, we can assume that also the apparent charges can be split into two components: a dynamic one
corresponding to the electronic degrees of freedom of the environment molecules and an inertial one
corresponding to their nuclear and orientational motions. In our effective model, an electronic
excitation in the target will induce a change only in the dynamic charges (determined by &) while
the rest will remain frozen. In practice, this means that all environments behave as apolar ones during
the electronic transition.



Even when the interaction with applied field does not induce an excitation in the target system, still the
presence of the environment makes the process different from the case of an isolated system. The
applied field in fact will polarize the environment and as a result the field acting at the molecular level
on the target will be different from the applied one. This effect is well known since many years and it is
generally described as “cavity field effect”. Its main application is within nonlinear optics to properly
connect measurements of electric response properties (electric susceptibilities) of chromophores
dispersed in a macroscopic condensed medium to the corresponding molecular polarizabilities. The
common approach is to use the simple correction factor proposed by Lorentz and by Onsager?? based
on simplified continuum models. Important generalizations of the Onsager-Lorentz model have been
made in the years by using more refined ASC approaches. 22 Within this context, the field acting locally
on the target is described through an additional set of apparent charges induced on the cavity surface
not by the molecule itself but by the externally applied field. In general, such new set of charges depends
not only on the solvent macroscopic properties but also on the details of the molecular cavity and, when
the cavity is very far from a simple sphere, the description of the cavity field effects can be significantly
different from the standard Lorentz or Onsager factors. These effects are quite general, as all properties
depending on an external field need to account for them; this is true, for example, for Infrared and
Raman intensities, but also for absorption and emission intensities.

A particularly intriguing kind of light-matter interaction in the presence of an active environment is
that comprising a (solvated) molecule in proximity of a metallic nanostructure. Here, the incoming light
is also able to excite a surface plasmon (a collective excitation of the metal conduction electrons), that in
turn can greatly amplify the electric field locally. There are several phenomena where this is used. In
spectroscopy, nanoparticles, metal surfaces with nanoscale roughness or tip with nanoscale radius of
curvature are exploited to enhance the signal from the molecule. 2* The best-known example is
undoubtedly Surface Enhanced Raman Spectroscopy (SERS or TERS in the metallic tip-enhanced
version)?>26 where the Raman scattering signal of molecules are enhanced by several order of
magnitude.?” Single molecule and even sub-single molecule (i.e., intramolecular) resolution has been
demonstrated.?82% Plasmonic effects have become largely used for sensing applications (e.g. through
SERS but also plasmon-enhanced fluorescence3?3! and other techniques).3233 In photochemistry,
plasmonic nanostructures are used to promote photoreactions,34-3¢ either by exploiting the enhanced
excitation due to plasmons or by transfer to the molecule hot carriers which have been generated inside
the metal by the light. In another class of experiments, the molecule-nanostructure interaction can be so
strong to reach the level where hybrid light-molecule states are in order to describe the system (strong
coupling regime).37:38

In the electromagnetic mechanisms of these phenomena3? there is a close analogy with what already
discussed for molecules in solution. The external field enhanced by the plasmonic resonance is what is
called cavity field for molecules in solution; the field acting on the molecule and due to the nanoparticle
polarization induced by the molecule itself (sometimes called image field) is the analogous of the
reaction field in solution. The effects of such fields are much more dramatic in the case of metal
nanostructures due to the plasmonic excitation, but the formal analogy is very strict. An important
difference between molecules close to metal nanoparticles and in solution lies in the much more
relevant role of metal-molecule charge transfer, that is a (quantitatively minor) contribution to SERS but
is the central effect in hot-carrier induced photochemistry. Many phenomena however can be captured
by purely electromagnetic models, as it has been shown in the literature.

Once the analogy with molecules in solution has been made explicit, it is not surprising that the
multiscale models developed so far for molecules close to metal nanoparticles bear a strong resemblance
with those developed for molecules in solution. Also in this case, scientists put forward multiscale
models that describe the metal as a continuous dielectric medium, and others that exploit an atomistic
description of the metal.#% The older of the continuum models for molecule-plasmon systems is based
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on the ASC description described above (see also Box 1).41 Seen from the point of view of the classical
electromagnetic models for plasmonics, the metal nanoparticle is treated with a quasistatic version of
the Boundary Element Method (BEM) approach (fully retarded BEM are also extensively used in
nanoplasmonics).4243 It is worth remarking that the continuum description of a solid nanoparticle has
not been limited to metal, but was suggested for semiconductor NP as well, exploiting a similar
philosophy.#* The use of continuum models for molecules interacting with metal specimen has also
been proposed as a convenient approach in photoelectron spectroscopy. 4> Finally, intermediate
descriptions where the molecule and the metal specimen are not mutually coupled, but rather the local
electromagnetic field is calculated a priori without the molecule and then applied on the molecule,
approximately taking into account its spatial dependence, have been also proposed and proved to be
useful. 46

A recent turn in the development of such models is the transition to approaches that describe the
interaction with light in the time domain rather than in the frequency domain. On one hand, this allows
to simulate directly experiments where light pulses, often of complicated profiles, are involved. 47 It also
allows to include naturally important effects such as decoherence and relaxation. On the other hand, it
may have computational advantages, related to the different scaling of the computational cost with the
system size of the time-dependent vs frequency calculations (many matrix-vector multiplications in one
case vs a single iterative matrix diagonalization in the other). 48 In practice, the time-dependent
approach amounts to numerically solve a time-dependent Schrodinger equation for the molecule (or its
DFT counterpart, ie., a time-dependent Kohn-Sham equation) electromagnetically coupled to a
numerical time-dependent classical electromagnetic solver.#950 The Finite Difference Time Domain
solver coupled to real-time TDDFT is the most natural choice.>1->* A time-dependent formulation of
the ASC approach is also possible and may have technical advantages in the calculation of the
electromagnetic coupling. >°

QM/MM. The continuum approach presented so far is an extremely flexible and effective approach to
include environment effects within a focused formulation. In particular, the use of the ASC formulation
of continuum models based on molecular cavities which accurately follow the chemical and structural
composition of the target has largely improved the sensitivity of continuum models to “local” effects due
to the presence of specific chemical groups in the target which can differently interact with the
environment. These effects were completely neglected in older formulations of continuum models
based on very simplified cavities (often a single sphere) and assuming a monopolar or dipolar
distribution of charge for the target.

However, it is clear that continuum models cannot be the solution of all problems. The lack of the
atomic nature of the environment necessarily excludes the chance of a correct and accurate description
of any specific interaction between the target and the environment. Moreover, molecular-scale
heterogeneities/anisotropies in the environment are lost as well when using a continuum model.

In all cases where these specificities play a significant role, the alternative atomistic strategy for the
environment has to be preferred. As reported in the Introduction, the coupling of atomistic or
continuum classical models with QM descriptions has been proposed in the same years. Because of that,
both strategies have a long history behind, and many fundamental improvements have been proposed
during the years both from the numerical and the modeling point of view. When talking about atomistic
formulations, the standard approach is to introduce a MM Force Field to describe the atoms of the
environment. As a result, the QM target will be coupled through electrostatics and through dispersion-
repulsion potentials. As a matter of fact, also covalent bonds between the target and the environment are
possible within this framework, and they are generally addressed by introducing some “tricks” such as
the link atoms or the frozen density approaches. Going back to noncovalent interactions, the most
common formulation of QM/MM limits the action of the MM part on the QM target to electrostatics,
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only recovering the dispersion and repulsion terms as additional fully classical energy corrections. This
is exactly the common “electrostatic embedding” version of QM/MM methods where the QM density
“sees” the environment as a set of fixed point-charges (or a fixed multipolar expansion) representing the
MM atoms.

Especially in the last years, this formulation has been often supplemented with the inclusion of an
additional term accounting for the polarization of the environment. The resulting “polarizable
embedding” has been realized in many different ways.>¢ One way is to replace the fixed charges of the
electrostatic embedding with fluctuating ones which are defined through the electronegativity
equalization. 57-61 Another strategy is to introduce a Drude oscillator model where a charge is located at
the MM atom, while a second charge of the same magnitude and opposite sign is mobile.6263 The two
charges are linked by a harmonic spring and, as a result, the polarization arises from the competition
between the forces acting on the mobile charge, which are due to the spring and the electrostatic
interactions with the environment. A third approach is the one based on induced dipoles.64-68 Here,
each MM atom is characterized by a fixed charge and a (usually isotropic) polarizability: as a result of
the electric field due to the target (and the MM charges) an induced dipole will appear on each atom of
the environment.

In all cases, mutual polarization effects between the target and the environment will be included exactly
as done in the continuum framework but this time also keeping the atomistic details of the
environment. As a matter of fact, by moving from the electrostatic to the polarizable (pol) embedding,
the QM/MM and the continuum formulations become more and more similar. For example, also for
the QM/MM(pol) we can introduce the SCRF concept where the target density and the polarization of
the environment are solved together exploiting a variational formulation. Moreover, the QM/MM{(pol)
can properly take into account possible nonequilibrium effects through the separation between an
inertial (the fixed charges) and a dynamic (the induced dipoles) component of the MM
description.67:6970 Only the dynamic part will be able to respond to an instantaneous change in the
charge distribution of the target while the inertial component will remain frozen in its initial
configuration, i.e. the induced dipoles will change in value but their position as well as the fixed charges
will remain “frozen”. Finally, also the cavity field effect can be described through QM/MM(pol) by using
additional induced dipoles to simulate the change of an externally applied field at the target.”%.72

All these evident similarities between continuum and MM(pol) descriptions of the environment
however should not generate the erroneous idea that the two approaches are, in some way,
interchangeable. Indeed, the two methods require a completely different application strategy (see figure
1). While the continuum model does not require any knowledge about the spatial distribution of the
environment atoms, the MM does. This has two important consequences: the first one is that any
QM/MM calculation has to be preceded by the determination of the atomic positions of all the MM
atoms. The second is that one single calculation referring to one MM configuration is often not enough,
and many different configurations have to be used to get a correct sampling of the environment, paying
particular attention to avoid getting stuck in a subset of local free energy minima (e.g., specific
conformations of the QM portion or of the complex MM environment).

This sampling is indeed mimicking a realistic feature of the system, but it also represents a strong
practical limitation of QM/MM approaches as it involves a much larger computational cost with respect
to the continuum analog. Commonly, QM/MM calculations are combined to fully MM molecular
dynamics (MD) simulations which are used to get the various configurations of the system. This is a
cost-effective approach, but it can suffer an important weakness: the common FFs are not always
accurate enough to give proper geometries of the chromophoric units to be directly used in the
following QM description of the target.”37# Different possible strategies have been proposed in the
literature to solve this problem. The first one is to define optimized FFs for chromophores by
parameterizing them on the basis of QM calculations.”> An alternative strategy is, instead, to introduce
“ab initio” (or QM) FFs which are fully built on first principles and require no fitted parameters.”® Very
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popular examples of this type are the Effective Fragment Potential (EFP) method’” and the X-Pol
strategy.”8 A third solution is to use a QM/MM molecular dynamics.'* Of course, the much larger cost
of this approach has so far limited its applications but recently more efficient implementations have
been made available”980 also within a polarizable embedding. 81
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Figure 1. The QM/classical strategy. a) The conceptual way which leads to the selection of a hybrid
QM/classical approach. b) The input data needed in the continuum and the atomistic formulation of
the classical environment. ¢) The effective Hamiltonian within two popular formulations of continuum
and MM models: the former refers to the ASC approach and the latter to the ID type of polarizable
embedding (the purely classical term applies only for the MM formulation).

Keeping the parallelism with solvation model, the problem of a molecule close to a metallic nanoparticle
has been also tackled with a classical but atomistic description of the metal specimen. This approach has
been pioneered by Jensen's group, who developed the Discrete Interaction Model (DIM).82 While for
non metallic environments using an electrostatic but unpolarizable embedding is meaningful, this
would be of limited use to describe phenomena when plasmonic excitations are involved. For this
reason, DIM has been from the very beginning a polarizable embedding approach; this was achieved by
allowing for a scalar dipolar polarizability plus a fluctuating charge per each atom, even if, in the most
recent version of the model, only the polarizability features are typically exploited.®3 In addition, while
atomistic polarizable models for solutions or biomolecular environments adopt a frequency
independent polarizability, in DIM the atomic polarizability and the chemical hardness (or rather
atomic capacity in the plasmonic context) are frequency dependent (see Box 4). Various prescriptions

8



have been given to set the metal atom parameters of this model, that in the most recent version depend
also on the coordination environment of the metal atom. Similar models have been also incorporated in
other descriptions, such as the capacitance-polarization model proposed by Rinkievicius et al. 84
Moreover, proper metal-solvent-molecule force fields are being developed to include a proper sampling
of the ground state geometries.8>

The multiscale modeling of photoinduced processes

In the years, multiscale approaches have been largely applied to study photoinduced processes.1#86
While in the past decades, the focus was mostly on the simulation of solvatochromism of common
solvated dyes, in the last years the attention has been moved to much more complex systems and to
excited state processes going beyond the vertical absorption. Here we primarily focus on some of these
recent applications while for the examples describing the first phase of the extension of the multiscale
methods (either in their continuum and atomistic formulation) to photoinduced processes we refer the
reader to earlier reviews.1318:87,88

Molecules close to surfaces & nanostructures. It is widely recognized that MNPs generally enhance the
radiative decay rates of fluorophores as well as the initial process of electronic absorption.8%20 However,
the presence of metal NPs also activates a new nonradiative channel of decay through excitation energy
transfer (EET) from the fluorophore to the NPs, explaining the sometimes very strong fluorescence
quenching observed experimentally.?® Therefore, a global enhancement of a fluorescent system is the
result of a competition between local enhancement and quenching. It is also well known that the
plasmonic properties determining the final enhancement or quenching of the fluorescence depend not
only on the characteristics of the MNP (its nature, shape, and dimension) but also on the position and
orientation of the fluorophore with respect to the MNP as well as on the interparticle distance if a multi-
MNP system is used. In addition, as the whole process is conducted in solution, the presence of the
solvent can significantly affect fluorophore’s structure and properties and the NP plasmonic behaviours.
It is clear that all these couplings among the different components of the whole system (the fluorophore,
the NPs, and the solvent) make the accurate modelling of the process extremely difficult. Within the
PCM-NP framework, all these parameters can be included in a single and coherent theoretical
approach. Using such an approach, the global effect of the composite environment on the fluorescence
of a given molecular system can be determined by calculating the so-called relative brightness (®**). The
relative brightness is the quantity more directly related to experiments as it quantifies metal-induced
enhancement or quenching of the fluorescence at a constant excitation intensity. It can be computed as
the product of a factor which takes into account the different population in the fluorophore excited state
induced by the metal influence on the molecular absorption and the fluorescence quantum yield. All the
involved quantities (the absorption factor, the radiative, and the nonradiative decay rates which define
the quantum yield) can be obtained using the QM/PCM-NP approach which explicitly includes mutual
polarization effects among all the components (fluorophore and NPs, fluorophore and solvent, NPs and
solvent, and NPs among themselves when an array is considered).

In Fig. 2 we summarize the results of a PCM-NP study®? of the fluorescence of a model dye (perylene
diimide, PDI) close to gold NPs of different shape and dimension. This example is here used to show
the potential of the model not only to reproduce the expected enhancement but also to understand the
underlying mechanisms. By comparing single-sphere and two-fused spheres NPs, a much more evident
enhancement is seen for the latter case in the region of long distances and large radii, where neither the
increase of the absorption nor that of the radiative process are at a maximum. This demonstrates that
the enhancement is due to an optimal compromise between increased local field effects (larger radii)
while keeping nonradiative losses at reasonable levels (longer distances). When we move from the PDI
close to a single NP to the dye sandwiched between two NPs, the effect on ®** is much more dramatic.
The presence of two particles in the longitudinal orientation and positioned on the opposite end of the
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dye increases the absorption and the radiative processes by orders of magnitude, whereas it “only”
doubles the nonradiative process. Such nonlinear effects are automatically included in the PCM-NP
calculation by the influence and mutual interaction of apparent charges on each NP. For this
arrangement, the maximum increase is not for the region of long distances as in the previous case but
for the region of short distances. In this region, the enhancement of ®** is not due to relatively small
nonradiative losses but to a large increase in the absorption and the radiative decay.

Turning now to QM/MM atomistic description, in ref. [83], the DIM model was extended to include
not only the metal but also the functionalization layer, and proper rules to determine the metal atom
polarizability parameters were developed. The properties of functionalized dimers of nanoparticles were
calculated and experiments could be reproduced faithfully. More recently, the results of TERS
experiments with sub-molecular resolution?® have been also fully interpreted by applying the DIM
model, without the need to perform any assumption on the localization degree of the electromagnetic
field in the gap.? In the lower panel of Fig.3, the results of such an analysis are reported for a porphyrin
molecule supported on a Au(111) slab. When a metal nanotip, modeled by a nanocrystal, is scanned
over the molecule (see panel d of Fig.3), the (resonance) Raman scattering intensity for a given
vibrational mode is calculated by DIM. The resulting intensity maps are reported for the out-of-plane
motion of the outer and inner hydrogens: in both cases submolecular features are seen in agreement
with experiments. Simulations of such features were performed before,?8 but the spatial distribution of
the field was an input external parameter rather than part of the calculations itself.

b______________c

-
o
o

Distance [A]
8

Figure 2. Multiscale modeling of surface enhanced spectroscopy. Upper panel: continuum PCM-NP
modeling of Surface Enhanced Fluorescence of a model dye (PDI) close to gold nanoparticles.®* Color
scale plot of relative brightness ®** with respect to dye-NP distance and NP radius (R). In all cases the
PDI is placed with its long axis parallel to the NP long axis: a) a single sphere NP, b) a two-fused spheres
NP, ¢) two coupled spherical NPs. N and R denote the nonradiative and radiative decay rates,
respectively, and +, 0, and — indicate a larger, similar, and smaller metal-induced rate relative to the
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isolated dye. The color scale is normalized with respect to the maximum ®** value (red) for each
system. For the single sphere NP, ®* is always less than 1 whereas for the two other cases
enhancements are possible (the combination of distance and radius values giving ®** = 1 are
represented by a dotted line). All data refer to ZINDO calculations. Lower panel: atomistic DIM
modeling of TERS of porphyrin.®? d) Representation of the studied system, showing the gold surface,
the porphyrin and the Au nanocrystal that simulates the nanotip. b) TERS intensity map for the 683 cm’
"and ¢) 678 cm™ vibrational mode of porphyrin; these modes correspond to symmetric(asymmetric)
out-of-plane motion of the outer(inner) hydrogens.”? All data refer to TDDFT calculations. Upper
panel adapted with permission from Ref. [°1]; lower panel adapted with permission from Ref. [?2],
American Chemical Society.

Photoresponsive proteins. One of the most intriguing field of application for multiscale models is the
investigation of the cascade of events that the absorption of sunlight can activate in proteins. The family
of photoresponsive proteins is extremely large as they are involved in the most fundamental processes
for life going from the photosynthesis used to produce the nutriment to live and grow to the sensory
system used to interact with the outside world.34 In all cases, the protein itself can be seen more as an
embedding matrix than a real actor as the absorption of light is made possible by the presence of specific
pigments, which are covalently or noncovalenty bound to the protein. These pigments, once in their
excited states, activate the sequence of electronic and nuclear processes that, by crossing many different
time and space scales, finally lead to the specific biological “function”.

Here, in particular, we focus on the light harvesting (LH) function which is the initial light-induced step
of photosynthesis. Through this process, the absorbed light is collected by the antennae pigment-protein
complexes and efficiently funneled to the reaction center (the engine of the photosystem) where the
energy is used to activate the first charge separation of the photosynthetic machinery. This apparatus is
common to all photosynthetic organisms (plants, algae and bacteria) but the structure of the antennae
and their pigment composition and configuration are very organism-dependent. °> This shows that the
LH antennae are the real “biological” component of the photosystem with their unique capacity to
optimally adapt to the living condition of the organism. This adaptability is realized not only through
the different chemical nature of the involved pigments and the structure of the protein matrix, but also
with the exploitation of “collective” excitations going beyond the single pigment. In the antenna
complex, in fact, (many) different pigments are packed in specific multichromophoric structures where
the electronic interactions among the pigments generate new delocalized excitations (the excitons).6:7
The latter can both enlarge the absorption capacity of the system and allow a much more efficient
transfer of the absorbed energy to larger distances with respect to the analog system made of not
localized excitations. The excitonic nature of LH complexes is made even more intriguing if we consider
that the excitons “live” in conditions where fluctuations due to the dynamics of the protein and the
disorder should act to destroy any electronic coherence. 9899

After many years of experimental and theoretical investigations, we now know that the LH complexes
represent an optimized machinery to exploit the “natural” disorder for achieving the desired transfer
efficiency through a delicate coupling between the electronic process and the network of vibrations
within the pigments and across the protein.190.101 [n this long and difficult process towards a detailed
understanding of the microscopic mechanisms of the LH function, the quantum mechanical modeling
has clearly played a major role®® even if, the large dimensions of the multichromophoric aggregates have
forced to introduce approximated QM methods. Among them, the most effective one is the so called
excitonic model where the Hamiltonian of the multichromophoric aggregate is built in terms of
excitations localized in each pigment and their electronic couplings (see Box 3). This model has shown
to be accurate for most of the LH complexes®” but in some cases, the extremely dense packing of the
pigments has introduced a further effect that this model cannot account for, namely an interpigment
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charge-transfer (CT). Due to the mixing of these CT states with exciton states, the eigenstates of the
antenna can be shifted, and the LH function can be changed. To account for CT effects, extensions of
the excitonic model have been proposed. In particular, a possible strategy is that of introducing dimeric
units to represent the CT states and using diabatic techniques to calculate the coupling of these states
with the local excitation (LE) (see Box 3).

Moreover, it is now clear that a complete representation can only be achieved if the presence of the
protein is explicitly included in the simulations. In fact, the different local environments felt by the
pigments can differently change their excitations and consequently create or destroy possible
resonances between them. The protein matrix can also affect the electronic couplings, either through a
screening of the Coulomb interaction or by an enhancing of the transition properties of the single
pigments (see Box 3). Moreover, the specific interactions of the protein residues and the embedded
pigments can largely change the vibrational modes that couple to the electronic process even creating
new ones of intermolecular nature. Finally, the protein, through its temperature-dependent
fluctuations, introduces a disorder which perturbs the composition and the length of the excitons.

To account for all these effects, the multiscale approach combining QM and classical description
represents an extremely effective strategy due to its unique characteristic of accounting for all the pieces
of the problem, the pigments and their electronic interactions, the protein (with the external solvated
membrane) and the dynamics of the whole system. Here, however, the multiscale model has to keep the
atomistic and dynamic nature of the “environment” as well as it has to allow mutual polarization effects
between the chromophoric aggregate and the environment. These requirements can be obtained using a
polarizable embedding version of QM/MM approaches and integrating it with molecular dynamics
simulations of the whole system.

To illustrate what insight this kind of investigation can achieve, we have selected a specific example, the
major LH complex present in the photosystem of purple bacteria (commonly known as LH2).102 The
LH2 complex is an integral membrane antenna complex characterized by a cylindrical structure of C9
symmetry containing bacteriochlorophyll a (BChl) and carotenoid pigments (see panel a of Fig. 3).103
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Figure 3. The multiscale modeling of LH2. a) Representation of the system with models of increasing
realism, from left to right: the multichromophoric aggregate made of 27 bacteriochlorophyll a and 9
carotenoid pigments, the pigment-protein complex, the complex embedded in the membrane and the
fully solvated system. b) Comparison between the experimental and the calculated absorption and CD
spectra at very low (red, 77K in the experiments) and room temperature (blue).1%4 c¢) Effect of
temperature on the exciton lengths Li (see Box 3) and comparison between experimentall®> and
calculated!0¢ inter ring (B800->B850) energy transfer times. All calculations refer to an excitonic
TDDFT/MMPol model combined with classical molecular dynamics of the fully solvated system to
account for temperature dependent fluctuations.

Among them, the pigments responsible for the LH function are the BChls which are arranged in two
rings: one ring contains 9 BChls, whose molecular plane is perpendicular to the C9 axis whereas the
other ring contains 18 BChls, whose molecular plane is perpendicular to the cylinder radius. The unique
characteristic of LH2 with respect to other LH complexes is that it combines different excitonic
subsystems which act together. In the ring containing the smaller number of BChl units, the electronic
coupling is rather small and, as a result, the absorption band remains quite close to the one observed in
the solvated BChl, namely at 800 nm (and the ring is called B800). On the contrary, in the second, much
more densely packed, ring the couplings are stronger, and the resulting excitations are delocalized over a
large number of pigments and CT states can also be possible.197.108 Because of that, this ring is
responsible for an absorption band largely red-shifted and appearing at 850 nm (and the ring is called
B850). The excitonic nature of the system is also confirmed by the appearance of Circular Dichroism
(CD) signals corresponding to the B800 and B850 excitations (see panel b of Fig.3). Because of its
unique excitonic structure, three different mechanisms of transfer are expected, namely the one within
the B800 ring, the other within the B850 ring and the third from the B800 to the B850 ring.109-114

To achieve a molecular-level analysis of all these aspects, a multiscale approach integrating MD
simulations and QM/MM(pol) excitonic calculations of the whole solvated system have been performed
and the results of these investigations can be summarized as follows: 104106,115,116

1) the excitonic characteristics of the system are profoundly affected by the environment through a
combination of long-range electrostatic and shorter-range induction effects which define the energy
ordering of the pigments and tune their electronic couplings;

2) at room temperature, the protein induced fluctuations in the relative orientation/distance of the
densely packed pigments in the B850 ring lead to a decrease in the corresponding couplings: this is
reflected in a blue-shift of both the absorption and CD bands (see panel b of Fig. 3) which the
simulations show to be due to a localization of the excitons and correlate to the experimentally observed
speed-up of the inter-ring transfer (see panel c of Fig.3);

3) the B850 ring involves BChl-BChl charge-transfer states which can mix with the excitons and this
mixing is strongly affected by the environment both in terms of energy ordering and correlated
disorder: this is reflected in broader spectra and a redistribution of the dipole strengths among the
different excitons.

Combining all these findings, a better rational of the light-harvesting strategy of purple bacteria is
possible. The highly symmetric structure of LH2 which suggests that the electronic states are delocalized
over many pigments, and most of its lowest states are optically forbidden, is counterbalanced by a large
sensitivity to even small perturbations such as those induced by minor fluctuations in the environment
structural and electrostatic properties. This sensitivity is much more evident in the strongly coupled
B850 ring which serves as final donor for the inter-complex transfer process towards the reaction center:
here an efficient energy transfer can only be achieved if there is optimal energetic alignment between the
emitting states of the donor complex and the absorbing states of the acceptor. Moreover, the absorption
spectrum should be broad enough to allow for efficient light harvesting and energy funneling.116
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Towards composite systems. Recently, the possibility to treat a QM molecule immersed in a MM layer
in proximity of a continuum metal and surrounded by a continuum solvent has been
implemented.'”:11® The implementation is fully self-consistent (i.e., the mutual polarizations of the
quantum atomistic, the classical atomistic and the continuum regions are all accounted for). Its main
field of application concerns complex biomolecules that contains chromophores, in the presence of
plasmonic nanostructures. In fact, as commented above, the biomolecular matrix, while not directly
excited by the light, is pivotal in determining the chromophore properties, and cannot be convincingly
neglected. The approach that includes all these layers represented the state of the art of both solvation
models and models for molecules close to metal nanostructures. Such multilayers models demonstrated
their potential in different applications. In ref. ['’], the model was shown to be able to reproduce the
experimentally determined amplification of the fluorescence signal for a LH protein (PCP) in the
presence of silver nanoparticles.""” More interestingly, the calculations allowed to gain insights into the
role of metal to modulate the various involved optical processes (absorption, emission, EET between the
pigments), and led to formulate design rules for building hybrid bio-nano-systems. Successively, the
multilayer model was used to investigate how a plasmonic nanostructure affects excitonic states of the
LH2 complex."® Experimental studies have in fact shown that plasmonic nanoantennae can control
excitation and emission of LH2 complexes.'*"'*

In particular, the goal was to verify whether it is possible to devise metal nanostructures able to
drastically perturb the character of the LH2 exciton states, inducing localization effects of varying
degrees. Based on the multiscale results, it was suggested that nanoplasmonic is indeed a viable strategy
to achieve this goal.”™ The main point is to define the proper setup, namely tip-shaped gold
nanoparticles displaying plasmon peaks in resonance with the absorption bands of LH2, either 800 or
850 nm, placed in correspondence to the resonant ring (Fig. 4, panel b). Using such an optimal setup,
the plasmonic effect is not only seen in the enhancement of the absorption as already found for single
chromophores. When inspecting the spatial properties of the exciton states, in fact, significant
modifications appear as well because of the different local field effects acting on the different BChls due
to their different distance and orientation with respect to the nanotip (NT). As a result, states that were
dark and rather delocalized are now subject to a strong localization, with a consequent increase of the
transition dipole moment. The practical implications of these modifications are indeed important. For
example, if we simulate the effect of iradiating the system with light polarized along the NT axis, in
energy ranges resonant with each tip, i.e., around 850 and 800 nm for NT-850 and N'T-800, respectively,
the results (reported in panel e of Fig. 4, "state superposition”) show highly localized states on the tip
side. At room temperature, such results could be completely overturned, should the disorder overcome
the effect of the nanotip. In order to test this hypothesis, the effect of the static disorder has been
modelled by adding a normally distributed noise on the site energies. The resulting average populations
are reported in panel (e) of Fig. 4 ("Average population”). Clearly, the disorder does not significantly
modify the picture obtained before, as the same spatial localization can be observed for both sets of
excitations as before. Concerning specifically the B800 excitations, previously we have shown that, in the
presence of static disorder, these excitations are very much localized already (see Fig. 3), owing to the
small coupling between BChls. While this could seem to belittle the effect of the plasmon for the B800
excitations, it in fact suggests that the latter could act as a selector, allowing to selectively localize the
excitation onto one particular BChL
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Fig. 4. Plasmonic effects on excitons of LH2. a) LH2 absorption spectrum with indication of the two
wavelength regions of irradiation used for the two different nanotips. b) Arrangement of the two
nanotips, NT-800 and NT-850, with respect to the LH2 complex; the polarization axis (labeled P) is
perpendicular to the LH2 C, axis. ¢) Simulated extinction cross sections for NT-800 and NT-850. d)
Pictorial representation of the effect of NT-800 on the excitons of the B800 ring. e) Simulation of the
effect of light irradiation using NT-800 and light in the 750-820 nm range (bottom), or NT-850 and
light in the 820-900 nm range (top): superposition of accessible states (left) and average population after
including disorder (right). All simulations refer to an excitonic TDDFT/MMPol/PCM-NP model.
Adapted with permission from REF.[ 120], Royal Society of Chemistry.

Conclusion and outlook

The multiscale modelling is nowadays a well-established computational strategy to study structures,
properties and processes of complex systems, especially of biological nature.'?3126 [n more recent years,
the QM-based version of multiscale models has been extended beyond the description of systems in
their electronic ground state and applied to photoinduced processes. This extension has required to
revise some theoretical and numerical aspects of the original formulations of the models as discussed
here. Moreover, it has been a strong impulse to further widen their applicability to systems made of
different coupled scales: the molecular one, where the photoactivation is localized on, the larger but still
molecular embedding (such as a protein) and finally the nano (and meso) scale, for which the atomistic
nature is not important anymore and coarser descriptions can be introduced which more effectively
describe the response to electromagnetic fields.

What are the next steps in the development of these models? This is very difficult to say as the field is
rapidly evolving and new challenges always appear.

There are however some directions that surely need to be deepened, or even newly explored, for the
multiscale modeling to become a well-established and fully reliable approach for the prediction of the
photoinduced activity in composite systems.
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The first, fundamental, direction is that of the nuclear dynamics. Most of the applications presented in
this review are based on a static picture, or alternatively, on the decoupling of the electronic process
from the nuclear dynamics. It is instead more and more evident that the photoinduced activity in
complex systems are largely determined by a significant coupling of the electronic process with nuclear
motions inside the target and between the target and the environment. This clearly requires extending
the multiscale approaches here discussed to explicit dynamics simulations. As matter of fact, Born-
Oppenheimer (BO) MD techniques integrating a QM description (either at semiempirical or ab initio
level) and mechanical and electrostatic MM embeddings are available since long time. Also
nonadiabatic dynamics,'”” especially in their trajectory based formulations (such as surface hopping)'**
have been proposed in the literature and applied to (bio)molecular systems of increasing complexity.'*
Only recently, extensions of the MD techniques have been proposed also for polarizable embeddings
but still within a BO approximation.®"'?’

The next step is to integrate the different classical descriptions (continuum and atomistic) into a
nonadiabatic dynamics where mutual polarization effects between the target and the
(multilayer)environment are kept. This is indeed an extremely challenging goal. First of all, the
computational cost involved necessarily requires new numerical strategies in order to go beyond model
systems and extremely short time-scales. In the last years, a large activity has been focused on
improving the scaling of the QM calculations, "% also by introducing novel semiempirical
methods'” including Density Functional tight binding."** However, also the classical models have to be
reconsidered in terms of their scaling as, when coupled to fast QM methods, they can become the real
bottleneck of the calculation. Some progress in this direction has been already achieved both within
continuum models'* and induced dipole formulations of the polarizable MM embedding."** However,
the main difficulty here is from the theoretical point of view: the presence of a polarizable embedding in
fact makes the environment effects state-specific and this introduces a specificity to nonadiabatic
dynamics that has not been faced yet.

Still towards a much better scaling of the classical approaches for the dynamic simulation of systems of
very large dimensions, it is worth recalling here the important progress seen in the last years in the
accuracy and robustness of coarse grained (CG) force fields"*”'* that can now also include polarization
effects. Examples of integration among different classical models (from atomistic to CG and
continuum) have already been proposed in the literature™'* but this integration still needs to be
enhanced to describe composite systems combing biomacromolecules, complex biological
environments such as membranes and nonbiological nanostructures.

Another necessary direction to explore, is the introduction of possible “chemical” interactions between
the target and the environment. This is particularly important in the case of (supra)molecular systems
close to plasmonic nanoparticles. So far, in fact, the modeling of the metal has been based on
descriptions that do not explicitly account for electrons. Photochemistry induced in the molecule by
hot-carrier injections, a subject of great current interest, is therefore beyond the applicability of such
models. Moreover, the process of exchanging electrons is pivotal to describe properly a venerable and
still poorly characterized aspect of SERS (although not a dominant one), the chemical enhancement.
The latter, beside a contribution coming from the ground state modification due to the molecule-metal
interaction, is involving a resonant-Raman like effect due to a metal-molecule charge transfer state. A
possible strategy is the introduction of “variable” boundaries between the target and the environment.
This strategy has been already used in the QM/MM dynamical simulation of solvated molecules and
liquids,'*! to allow the location and the contents of the QM subsystem to be updated when needed.

A third direction which needs to be explored is the one where the electromagnetic coupling between
the (super)molecular system and the nanostructure can be large enough to take the system in the strong
coupling regime, where the plasmonic and molecular excitations hybridize to give rise to mixed
excitations called plexcitons.'**'** The quantum nature of plasmons, in this framework, has been
generally treated by extending the theory of quantization of electromagnetic field in free space
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(Quantum ElectroDynamics, QED) * to the case where a plasmonic nanostructure (characterized as a
continuous medium with dissipative dielectric constant) is present.'#®146 Multiscale models such as
PCM-NP seem a good starting point to achieve a chemical description of molecules strong coupled to
plasmonic nanostructure.

All these directions go towards an increased completeness of the simulations which is exactly what any
good computational strategy should aim at. However, the philosophy beyond the multiscale description
also wants to maintain a focused character, e.g. a hierarchical description of the different parts of the
system. This strategy is, in some sense, opposite to what one could naturally think of, namely to extend
the QM description to an increasingly larger part of the system. Nowadays, the latter strategy is indeed
growingly possible thanks both to the new hardware infrastructures (e.g. through the graphical
processing units and the many integrated core coprocessors) and the large progress in the
computational efficiency of the softwares to take advantage of the former. In parallel, large and
important progresses have been achieved in the field of quantum embedding methods."”'* In
particular, DFT embedding approaches' such as the frozen density embedding have shown to be able
to accurately describe photoinduced processes in complex systems combining mutichromophoric
aggregates and biological matrices,”' and were also used to describe plasmon-assisted photocatalysis.'**
Up to now, however, there are no doubts that the multiscale approach is still unbeatable in terms of
efficiency and it will remain so for many years. We believe that the multiscale approach will stay even
longer; its unique “control” of the different parts of the system through the selection of the optimal
boundaries and the switch on/off for the interactions between them, is in fact an extremely effective tool.
Through that, it is possible to achieve a so deep molecular-level understanding of the roles played by the
different parts of the system that a fully QM description would hardly reach. The main challenge for the
future of these models can therefore be summarized as follows: a preserved simplicity of interpretation
combined with an enhanced realism.
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Box 1 The Apparent Surface Charge (ASC) formulation of continuum models

The basic formulation of continuum models requires the solution of a classical electrostatic problem (Poisson
problem):
-V -[e(F)VV(7)]=4mp,,(7)
where py is the solute charge distribution and &(r) is the general position-dependent permittivity. If we assume
that the charge distribution py is contained in a molecular cavity C of proper shape and dimension built within a
homogeneous and isotropic solvent, the following simplification can be used for &(r):
- 1 7reC
)= { e 7eC
where ¢is the dielectric constant of the bulk medium.
Within this framework, and introducing the appropriate boundary conditions, the Poisson problem can be
solved in terms of a potential V which is the sum of the potential due to pu (@) plus the contribution due to a
fictitious (or apparent) charge distribution on the surface of the cavity C, '=0C, namely:
V(F)=¢,(F)+V (F)
. o(s) .
V.(7)= erds
Different alternative formulations of the apparent surface charge have been proposed in the literature which are
known as different acronyms, the most popular ones being the family of the Polarizable Continuum Model
(PCM)?! and the Conductor Screening-like Solvation Model (COSMO).20 Despites the differences in the
theoretical model used, in all cases, an integral equation is introduced which can be recast as follows:
To=Rf,
where T and R are integral operators which depend on the dielectric constant and the morphology of the cavity
surface and f, is the electrostatic property due to py calculated at the cavity surface (namely, an electric potential
or the component of the electrostatic field perpendicular to the surface).
In spite of the remarkable simplification introduced by the use of the apparent surface charge (ASC) o, the
numerical resolution of the problem becomes challenging for a cavity of complex shape. To overcome this
difficulty, a discrete representation of the surface I' in terms of a mesh made of N elements (often called tesserae),
each characterized by a representative point s; and an area a;, is generally introduce. This technique may be
profitably linked to the boundary element method (BEM), a numerical technique widely used in physics and
engineering to solve complex differential equations via numerical integration of integral equations. The
discretization of I" automatically leads to a discretization of ¢ in terms of point-like charges. Namely if we assume
that on each surface element, © is practically constant, its effect can be simulated with a point charge ¢, = (5 )a, -
Within this framework, all integral operators become square matrices of dimension NxN, and the integral
equation defining o is recast on a matrix equation for the point charges g;.
The ASC model can also be applied to the continuum description of metal nanoparticles.4! In this case, however,
the dielectric becomes finite, with shape and dimension coinciding with those of the selected nanoparticle(s). The
ASCs are now placed not on the surface of the molecular cavity but on the surface of the particle itself. Moreover,
the ASCs acquire an imaginary part, i.e. they are complex numbers. The metal specimen, in fact behaves
differently if interacting with static or oscillating fields. In the first case it has a conductor-like behaviour which, in
the present context, corresponds to an infinite dielectric constant. In the second case, instead, the actual
dielectric behaviour is recovered but the dielectric constant becomes a frequency dependent function, &(®),
characterized by a real and an imaginary part, the latter connected to energy dissipation in the metal (see Box 4).
Metal nanoparticles, in fact, absorb energy from the light and behave as a dissipative channel for excited state
molecules placed in their vicinity." In the literature on metal nanoparticles, ASCs approaches are most often
called BEMs and they may also include apparent surface currents so to solve Maxwell equations and thus account
for electromagnetic retardation effects."™

‘ Box 2 The Induced Dipole (ID) formulation of polarizable embedding within QM/MM
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In their most common formulation, QM/MM methods introduces a direct interaction between the QM and the
MM part only through electrostatics, using a fixed point-charge representation of the MM atoms. In the years,
this electrostatic embedding formulation of QM/MM methods has been extended to include induction (or
mutual polarization) effects between the two subsystems. One of the most popular way to effectively introduce
this additional interaction is to use the induced dipole (ID) formulation. Within this framework, the MM atoms
are described in terms of fixed point charges (or fixed multipolar distributions) and a polarizability (usually the
isotropic static component). Because of that, each MM particle becomes a polarizable site which responds to an
applied field generating an “atomic” induced dipole. The induce dipoles can be obtained through a matrix
formaultion which is fully parallel to the one used to define the ASCs in Box 1:

Ru=E

where the vector E collects the electric field from the QM subsystem and the MM permanent charge distribution.
The matrix R is determined uniquely by the position of the polarizable MM sites and the corresponding
polarizabilities, namely:

O‘;I o - 0 0 12 Ty
R= 0 06;' 0 + L, 0 - Ty
0 0 - af Ty, Ty, = 0

where N is the number of polarizable sites and the dipole field tensor T, is defined as

x° Xy Xz
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qu rq 2
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Here r,, is the distance between site p and ¢, and x, y and z are the Cartesian components of the vector connecting
them.

Under certain conditions, two inducible dipoles at short distances can cause a “polarization catastrophe”; this
effect can be imputed to the use of point polarizabilities instead of diffuse charge distributions. To avoid this
problem, the 1-2 and 1-3 bonded polarization interactions can be turned off; alternatively, one can apply
distance-dependent damping for interactions on short distances or use both procedures.!>® Several schemes for
damping interactions between inducible dipoles at short distances have been proposed by Thole!%® by
introducing distance-dependent screening functions to be used in the calculation of the dipole tensor T,,. We also
recall that the introduction of induced dipoles requires to re-parameterize the permanent charges with respect to
the values used in an electrostatic embedding scheme.

Atomistic descriptions of metal nanoparticles (DIM and connected approaches)8284 closely follow this scheme as
well. The most notable differences are that (i) the atomic polarizability becomes frequency dependent and a
complex number, encoding in the imaginary part the dissipation of light by the metal (see box 4) and (ii) some
versions of the approach include also the possibility that each atom develops a net charge. The value of the latter is
determined by an equation similar to that for the dipole here above, with polarizabilities replaced by capacities
and electric fields by electrostatic potentials.

Box 3 The embedded exciton model
If we restrict our treatment to a two-level model for each site (ground and first excited state), and we allow only
single-excitations , the electronic exciton Hamiltonian can be written as:

N N
H, =28 |n){n[+ 2V, m)(m

n#m
€n is the excitation energy of the nth site (often referred as site energy), whereas V.. is the coupling between
excitations at site n and m. V,,, contains two main components, a Coulombic and an exchange term but the latter
roughly decays exponentially with the intercromophoric distance'”” and, for separations higher than 1 nm, it can
be safely neglected:
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plwm are the transition densities for site m/n. Often p', are replaced by dipoles'® but this approximation has to
be used with care especially when the interchromophoric distances are of the same order of the molecular size of
the chromophoric units.

The eigenvectors of the exciton Hamiltonian, often referred as molecular excitons, can be expressed as linear
combinations of site excitations:

N
[K)=Xerln)
Because of the couplings V..., the excitons can be spread over the whole aggregate. To quantify this spread, it is
useful to define the delocalization length of the Kth exciton as:

N . -1
I<L, =|:2|cf| } <

n
This quantity is referred as IPR (Inverse Participation Ratio). In the limit of localized states (that is, all ¢, = 0
apart from one specific site with coefficient equal to 1), Lk is one, while for fully delocalized states it reaches its
maximum value, e.g. the number of units within the aggregate (N).
When the multichromophoric aggregate is embedded in an environment, site energies and couplings will be
affected, through changes of the relative energies of ground and excited states of each site and the corresponding
transition densities. Moreover, if the environment is allowed to respond to the excitation, being polarizable, an
additional term will enter in the definition of the coupling: this term quantifies the interaction of each site with
the polarization induced in the environment by the transition in another site. If an ASC continuum model is used

to introduce a polarizable environment, such a term becomes: '’

Vm/;sczz ASC( )J.dﬁ p,,( )‘

while for an ID formulation of a MM polarizable embedding we have®”
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This additional term can be seen as a screening of the direct Coulomb interaction. Therefore, the neglect of
polarization in the environment can give an overestimation of the coupling which can lead to a wrong description
of the excitons and their delocalization.

The excitonic scheme can be extended to include charge-transfer (CT) states. To do that, one can: (i) define the
chromophoric unit which describes the CT process (e.g. a dimer, a trimer etc.); (ii) calculate the excited states on
such units; (iii) apply a diabatization approach to recover the “pure” (o diabatic) localized and CT states and the
corresponding couplings As aresult, an extended exciton Hamiltonian is obtained:

H" =1, +28”| ><\+ZZ( 2Tl +he)

where the two addltlonal terms correspond to the CT states and the couplings between locally excited (LE) and
CT states, respectively. Also for this generalized approach, the effect of the environment can be determinant. In
fact, the relative energy of LE and CT states will be strongly affected by the presence of a (polarizable) embedding.
In the literature, different methods have been proposed to calculate couplings between LE and CT states,'*>'" but

only recently these couplings have been combined with ab initio excitonic models.'">'**

Box 4 The optical response of metal nanoparticles
A key element of the “plasmonic” continuum model is the dielectric function used for metal nanoparticles. This
function, together with the nanoparticle shape, size and embedding environment, determine the position and the

width of the plasmonic resonance.'®® The physics of plasmonic resonances is grasped by the Drude dielectric
function:
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@)=1 Q 1 Q  Qy
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where Q, is the plasma frequency of the metal (related to the electron density and effective electron mass)
and vy is a phenomenological damping rate. The imaginary part of ep(w) is related to the absorption of light
by the metal. With this dielectric function, the resonance frequency of the surface plasmon is size
independent (up to nanoparticles radii ~0.1-A where electromagnetic retardation effects start to play a sizable
role). For a spherical nanoparticle, the surface plasmon frequency is Q,/V3. Drude dielectric function is in
general not accurate enough to reproduce experimental results for metal such as gold and silver. In fact, it lacks
the contribution of interband transitions. In such transitions, the electrons are promoted from a fully occupied
band, e.g., that formed by the d orbitals of the metal, to a (partially) empty one, such as that formed by s and p
orbitals. Experimentally measured dielectric function, tabulated as a function of frequency, are widely used as
they naturally take into account all such effects.

In metal nanoparticles of dimensions smaller than 10 nm, the scattering of the electrons by the particle surface
(absent in the metal bulk) starts to affect the damping of the plasmonic resonance. This is more relevant for the

free electrons than for the interband transitions, and a widely used model dielectric function is: '**

Q Q°
g@)=¢ (W) +——F—-——=
P W +ioy o +iwy'
A%
'— +A F
Y=Y R

where v is the Fermi velocity of the metal, and R is a geometrical parameter for the metal nanoparticle (the
radius for a spherical NP). The constant A is of the order of the unity and may in principle be calculated by
geometric considerations. However, it can also be used as an external empirical parameter that account for the
chemical nature of the metal surface (e.g. bare or chemically functionalized).

The use of a local dielectric constant for the metal (the polarization developed in a given point of the metal
depends only on the total electric field in that point; in a non-local response the polarization depends on the
electric fields in a region surrounding such point) is questionable for nanostructures with spatial gaps smaller
than a few nm, for small NPs (< 3-5nm in diameter) and for molecules in close proximity of the nanoparticles.
Various models are being developed to incorporate non-local effects, 185167 but they have not been coupled with
a first principle description of the molecule yet.

In atomistic models of the metal, the frequency dependence of the metal response is encoded in the atomic

polarizability, ai(®) and capacity, Ci(®). The expressions that are used in the DIM are based on Lorentzian

oscillators, namely: 168

2 2
_ @i o,
ai(a)) - ai,O 2 +

2 . 2 2 .
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C C wil
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il il

where oo is the static atomic polarizability (i.e., o (@)= oo by definition) and Ci, is the static atomic

capacitance. The parameters ®;; and ;. are the resonance frequencies and y;; and y;, the widths for the first and

second oscillators, respectively. These are used as adjustable parameters to match higher level calculations.

Recently, the coordination dependent DIM model has been introduced, where the parameters per each atom

become dependent on its coordination environment (bulk, surface, edges and vertex atoms have therefore

different frequency dependent polarizability), while capacity is not used. 83
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