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investigating complex systems. Chaptef]|2 explains the steps of the protocol,
including a brief theoretical background of embedding approaches and the spectral
signatures studied. Chaptef |3 gives a summary of the key scienti ¢ ndings from
the author's publications addressed in the thesis. Applications of the protocol to
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Abstract

This Thesis focuses on developing and applying protocols, based on multiscale
Quantum Mechanics/Molecular Mechanics (QM/MM) simulations, for studying
systems in complex environments, with a special emphasis on spectroscopic and
molecular response properties. When the systems are embedded in aqueous
environments, the atomistic mutually polarizable QM/Fluctuating Charges (FQ)
and QM/Fluctuating Charges and Fluctuating Dipoles (FQF ) embedding
schemes are applied to the calculation of Ultraviolet/visible (UV-Vis), Raman, and
Resonance Raman (RR) spectra. Biologically important molecules, like small
amides, small peptides, and a series of common drugs covering xanthines (ca eine,
and others), and anionic Ibuprofen and Naproxen, are part of the test cases.

As an extension of the designed protocols, a novel strategy to study the nature of
the interactions taking place in complex environments is proposed. The method,
similar to that used in the modeling of spectroscopies, is based on the extraction of
multiple con gurations from Molecular Dynamics (MD) trajectories and then
computing quantum mechanical descriptors, as those derived from Natural Bond
Orbitals (NBO), Quantum Theory of Atoms in Molecules (QTAIM), and
Non-covalent interaction (NCI) formalisms. The procedure is applied to the
analysis of the evolution of intermolecular interactions during the insertion of
non-steroidal anti-in ammatory drugs, namely anionic Ibuprofen and Naproxen,
into model cell membranes. QM/MM-based UV-Vis absorption spectra of both
drugs are also modeled as a function of their position from the purely aqueous
phase to the approximate center of the membrane. The reasons for the small
changes in experimental UV-Vis spectra are then revealed.

A further extension of the model to deal with electronic and vibrational
spectroscopies of targets embedded in other large biomolecular environments is
developed and applied to the intercalation complex between Doxorubicin (DOX), a
well-known anticancer drug, and DNA. The coupling between the Density
Functional Tight Binding (DFTB) approach and the FQ approach is tested to
simulate UV-Vis spectra, and innovative methodologies to compute normal modes
are presented.

To demonstrate the reliability of the developed protocols, the versatile
methodology is validated by comparison with experimental data. The excellent
agreement attained makes it possible to condently use our simulations to
interpret/predict properties and spectra of complex biosystems.



Chapter 1

Introduction

Accounting for environmental e ects when modeling system properties has been
considered a challenge for years, especially in the spectroscopic &d°> Di erent
computational protocols have been developed to accurately describe both the
chromophore's response to the light and the perturbation provided by its
surrounding medium. Most of them belong to the family of the so-called focused
models?22%27 in which the system is usually divided into two portions: the target,
which inherits the measured property, generally described at the QM level, and the
environment, often treated by means of classical physics to reduce the overall
computational cost26:2832 |f an atomistic description of the embedding is retained,
MM Force Field (FF)s are exploited in the resulting QM/MM approaches?®33
QM/MM schemes dier from each other in how they describe the interaction
between the target fragment and the environment. This interaction might be
restricted to electrostatics (including polarization) or might also contain other
contributing forces of quantum nature, like Pauli repulsion and dispersio#®. For
instance, in the Electrostatic Embedding (EE$**® method, the environment
charge distribution is included as point charges in the QM Hamiltonian, whereas in
the Polarizable Embedding (PEJ%!3® approaches the mutual polarization between
the two regions is taken into account, thus providing the most physically consistent
picture of the interacting system.

There are various techniques to simulate the mutual polarization between the
guantum region and the surroundings. Modeling the polarization via the
induced-dipole model is the strategy exploited in the Polarizable Embedding
modeP®, the Eective Fragment Potential (EFP) models®®®! and in
QM/AMOEBA “2. In contrast, QM/FQ ?»® and QM/FQF ,** use the
electronegativity equalization principle to allow variations in the charges (or in
both charges and dipoles) assigned to MM atoms. In this thesis, the focus is on
QM/FQ and QM/FQF  approaches.

Many of the reported methodologies to perform hybrid, polarizable QM/MM
calculations can be summarized by a series of steps that start with a
con gurational sampling, and from this, a number of structures are retrieved and
used in subsequent quantum-classical calculatiod$3”*4*” When the embedded
system under investigation is represented by a solvated molecule, the partitioning
between the QM and MM portions is generally straightforward since non-covalent
bonds are established between the chromophore (the solute) and the solvent. For
such systems, well-established and robust computational protocols have been
developed in recent yeard444 and QM/FQ and QM/FQF models have been
proven to be particularly successful for simulating standard spectroscopfésand
more challenging spectroscopies, such as RR of molecules in aqueous solutions. In

2



this respect, a protocol to interpret and reliably predict RR spectra of molecules in
solution was developed and applied to diverse systefffsas part of this thesis.

Resonance Raman and especially UVRR has a very large potential to unveil the
structural and electronic properties of systems embedded in dierent
environments. RR provides selectivity and sensitivity through the enhancement of
certain vibrations associated with particular chromophores when the incident
wavelength is tuned to match a specic electronic transition of the systerff:*
Experimentally, many biological systems are studied by using this technique.
However, the modeling of such spectroscopy is far from trivial for molecules in
solution*4%®!  and  becomes  almost  prohibitively  expensive  for
medium-to-large-sized targets embedded in more complex environments.

Given the combined nature of the RR signal, electronic and vibrational e ects
must be included in the model when computing the property in any environment.
Indeed, the calculation of the UV-Vis spectrum is a prerequisite of any RR
simulation, because the identi cation of the transition to which the resonance
occurs is made possible by the analysis of the electronic excited states, and the
selection of the excitation energy is enabled by comparing calculated and
experimental spectra. In addition, it is well known that the ingredients of those
spectroscopies, namely, electronic transitions, normal modes, and polarizabilities
are all in uenced by the environment!*°

As mentioned before, for systems in solution, basically all kinds of spectroscopies
have been covered in recently reported protocdl® but when it comes to complex
environments such as proteins, DNA, and membranes, simulations usually focus on
electronic spectroscopi€é®>® and just a few reports consider vibrational
properties®6.  Clearly, the current methods for isolated or solvated molecules
must be modi ed if the system complexity grows (for example, for heterogeneous
systems) in order to adequately cover the new aspects and interactions. As a
matter of fact, it is possible to investigate in detail the fundamental interactions,
at the molecular level, that take place between the target and its surroundings
adopting the common practice of subjecting individual con gurations a orded by
MD simulations to quantum mechanical analysis.

Although the environment's polarization is not taken into consideration by the EE,

it is nevertheless helpful in many situations, as long as the methodology can be
validated and the results are in agreement with experimental reports. In fact, in
some cases, the less accurate, but computationally inexpensive EE permits a good
reproduction of spectral measurements and together with quantum mechanical
descriptors of bonding help to provide explanations of experimental behaviofs.
UV-Vis of drugs inserting into membrane&® and UV-Vis and subsequent RR of
drugs intercalated into DNA® are examples where the EE scheme is generally
accurate.

Going back to RR simulations, it is well known that the computation of normal



modes is one of the key components. Since in the sequential clasgicaM
approaches, the sampling is often obtained through MD simulations, most of the
con gurations would mimic a situation out-of-equilibrium (in terms of quantum
mechanics) and any vibrational analysis could give rise to imaginary frequencies,
representing oscillations around an equilibrium position. The alternative solution
of re ning the geometry of the snapshots through partial optimizations, in other
words optimizing the quantum region via QM/MM methods while keeping the
environment frozen (Partial Hessian Vibrational Approach (PHVA)), could have a
negative e ect on the dynamics/conformations of the quantum region. Also, the
acquisition of the harmonic modes is time-consuming, and dealing with large
systems implies including hundreds of vibrations in the calculation of the nal
spectra. The development of a protocol to calculate RR spectroscopies of complex
systems, by proposing a series of strategies to compute the normal modes aiming
at circumventing, on one hand, the partial optimization of the structures sampled
through MD runs, and on the other hand, the cost of performing vibrational
analysis on each con guration, is also part of this thesis.

Finally, it is clear that the methodologies are exible and thus suitable for
promising applications to complex biosystems. The general protocol is discussed in
Chapter 2 as well as the theoretical basis of the FQ models and their extension to
spectral signals under investigation. Then, the practical performance of the
di erent variants of the protocol when calculating the properties of diverse systems
is illustrated. Systems in solution are discussed in Chapter 4 and are the topics of
the Perspectiveé, and Papers 2, 3, 4, 5. In particular, the perspective lists the key
physicochemical factors that must be taken into account while developing a
reliable method to describe the absorption properties of solvated systems. Hence,
it is important to pay special attention to dynamical elements and strong
solute-solvent interactions, in order to accurately represent the intricacies of the
solvation phenomena. Notwithstanding, all those elements permeate other
spectroscopies and must be integrated into protocols for the simulation not only of
absorption properties but also of RR spectroscopies. Chapter 5 shows how the
combination of QM descriptors (calculated in complex systerfid) and spectra
(Paper 10) allows elucidating the root causes of experimental behaviors, such as
negligible changes in UV-Vis spectra of drugs when going from aqueous solution to
the aqueous lipidic environment. The extension of the atomistic multiscale
computational protocol to more complex systems, such as chromophores embedded
in biological matrices is discussed in Chapter 6. Doxorubicin, a widely used
chemotherapy agent, intercalated into DNA (Papers 8,9) was chosen as a test case.



Chapter 2

Protocol for studying systems in
complex environments

Understanding spectroscopic signatures of chromophores in complex environments
always constitutes an enormous challenge that can be aided by computational
chemistry. We have developed a multiscale protocol based on both polarizable and
non-polarizable QM/MM approaches, primarily for the calculation of electronic
absorption and RR spectroscopies of systems embedded in environments ranging
from aqueous solution to DNA. For systems dissolved in water, we exploited the
potentialities of the polarizable QM/FQ model, while for probes intercalated into
DNA we used xed charges in the MM region.

This chapter contains a brief outline of the steps involved in the work ow of a
QM/MM spectral calculation, specically oriented to UV-Vis and RR
spectroscopies. It applies to the study of systems ranging from small solute-solvent
to large, biologically relevant systems, such as proteins and membranes.

The protocol is quite versatile and there is a number of computational choices also
named parametersthat need to be carefully evaluated and selected in each one of
the following steps (see Figure 2.1), to ensure the quality of the nal results:

(i) De nition of the QM/MM system
(i) Conformational/Con gurational Sampling
(i) Extraction of structures
(iv) QM/MM calculations of the spectral property/signal

(v) Analysis and re nement

In the next sections, each step is discussed.
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Figure 2.1. Flowchart of the computational protocol

2.1. Definition of the QM/MM system

Due to the prohibitively high computational cost associated with an entire QM
treatment when simulating a spectral property of a complex system, keeping a
fully atomistic description of the environment implies the necessity of using a
hybrid QM/MM approach (see Section 2.4.1). Prior to the generation of
con gurations and before any calculations are carried out, the system must be
de ned, demarcating the QM (generally the solute/chromophore) and MM (most
often the solvent/environment) portions, the rst being responsible for the spectral
response. This de nition is system- and property-dependent and is useful in the
subsequent steps, for instance in the parametrization of the force eld previous to
MD runs (see Section 2.2). Figure 2.2a shows how the regions for target and
environment are chosen in the systems under investigation.
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a)
NAGMA/Water Ibu /Lipids&Water DOX&DNA/Water

b)

Figure 2.2. Schematic representation of the di erent systems studied in this thesis: NAGMA,
a dipeptide in aqueous solutior?, anionic Ibuprofen inserted in a model cell membran&® and
Doxorubicin intercalated into DNA. 8° a) Example of a complete snapshot extracted from MD
runs. b) Cut snapshot (see the shaded area in panel a)) maintaining the environment molecules
that are expected to establish strong and speci c interactions with the target.

2.2. Molecular Dynamics as a tool for sampling

Including environmental e ects within the modeling of spectroscopic properties is
a critical task since spectral measurements are often conducted on non-isolated
chemical systems. The primary goal of this step is to explore the phase space of
the target-environment system in order to obtain diverse arrangements or the
so-called con gurations in which nal spectra are calculated. The choice of a
proper sampling strategy is crucial for the success of the protocol since it
in uences the remaining steps. There is a large variety of methodologies,
employing both classical and quantum mechanic¥, that are useful to sample
conformations/con gurations of systems in solution and in more complex
environments. Among the most used techniques are conformer generators,
stochastic and genetic algorithms, Molecular Docking, Monte-Carlo and MD
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Figure 2.3. MD work ow adapted from Ref. 68 taking as an example the steps to follow in the
GROMACS program.

simulations.®®%4 Indeed, MD simulations are well-established sampling strategies
in the literature. Next, a concise description of MD simulations is presented but
for a more complete discussion, the reader is referred to some of the extensive
explanations from the existing literature 5”657

MD simulation is a method for studying how atoms and molecules move, behave
and interact over a period of time, thus providing a view of the dynamic evolution
of the system. It is based on Newtonian mechanics by interatomic potentials or
molecular mechanics FF. The latter can be seen as a combination of two
components: (i) a set of equations used to generate the potential energies and their
derivatives, which ultimately lead to molecular forces, and (2) suitable parameters
that are used in this set of equations. Such parameters de ne the atoms/residues,
and their masses, charges, types, etc., involved in a system under study. FFs also
contain bonded and nonbonded parameters related to bonded and nonbonded
interactions.

Regardless of the system, the MD simulation procedure requires a series of steps,
illustrated in Figure 2.3: preparation of necessary material, setting up, simulation,
and data analysis or post-processing. What is own of each system is the
availability of atomic coordinates since not each initial molecular con guration can
be found in a database like the Protein Data Bank (PDB) websit€>"° In that
case, researchers have to build up the geometric information of the molecules of

8
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interest using diverse computational packages and make sure about their reliability
and validity. For instance, most of the compounds studied in the works of this
thesis are non-standard ligands, then early modeling of the lowest-energy
conformers and pretreatment of the molecular les was needed.

The second big step involves the setting up of the simulation. Molecules and atoms
are endowed with a FF and according to the selection, the topology {molecular
description{ is constructed. Plenty of FFs are available in the literaturé! varying

in the scope of their application: AMBER, GAFF, GROMOS, OPLS, CHARMM,
UFF, MMFF, ReaxFF, MARTINI, among others, form the group of the most
widely used. Keeping in mind the ultimate goal of the protocol which is the
spectral calculation, the choice of the FF is a critical part since the combination of
classical MD simulations and quantum-chemical calculations could lead to the
so-called \geometry mismatch" problem’®’® The inconsistency arises from the
fact that structures derived from general available FFs could be unreliable for
subsequent embedding calculations, thus in uencing the accuracy and the nal
shape of the spectra. To overcome this drawback, the use of tailored FFs
(reparametrized so that they reproduce the QM description) has been
proposed’®®? Once the FF has been chosen and/or adapted, the simulation box is
built up and solvent molecules and counterions are added to neutralize the system.
At this point, Periodic Boundary Conditions (PBC) are often induced to mimic a
large (in nite) system by treating a relatively small part of it in a unit cell, thus
maintaining the number of particles in the simulation system and eliminating
boundary e ects.?3

Afterward, the central piece of the MD method comes into play. In the simulation
step, the parameters for running the MD stages should be adjusted properly
according to the simulation's purposes. Stages encompass an energy minimization
with the goal of excluding unreasonable contacts (e.g. solvent clashes) from the
system, a pre-balancing or equilibration stage for a short time scale (about 1 ns) of
the system via NPT or NVT ensembles, and nally a production stage under
speci ed conditions. The repeated 1f steps) acquisition of the calculated forces,
which are then used to solve Newton's laws of motion through numerical
integration, is at the heart of the simulation. In each cycle of the process, positions
and velocities are updated and the potential energy is recalculated. In this way,
the outcome of an MD simulation is a trajectory that describes the variation in
time of position, velocities, and energies of a system. The post-processing step is
devoted to analyzing the results: H-bonding, number of contacts, binding energies,
etc.

In the context of computational spectroscopy, MD gives the conformational,
functional, and dynamic changes of target{environment systems under di erent
conditions (e.g. P, T), desirably those used in the experiments. To meet the
conditions of a good statistical description of the experimental system, a large
number of simulations (also namedeplicas) could be required. Thus, it is advised
to change MD starting points (for instance test di erent orientations) and perform
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extra runs. MD simulations of the systems studied in this thesis are performed at
the purely classical level and by imposing PBC on cubic boxes. However, it is
worth mentioning that MD simulations are totally exible and can use either QM
or MM, or a mixture of both to calculate forces, a feature leading t@b initio or
combined QM/MM MD. 57848 As a matter of fact, those alternative MD
simulations are other ways to circumvent the problem with the FF choice,
mentioned above. Still, the associated computational cost can be a limitation for
many systems.

In addition, apart from the classical all-atom MD simulation, other methods have
been proposed, among them, coarse-grained (CG) MD simulatfi°, steered MD
simulation®®*, and accelerated (AC) MD simulation§® that include essential
dynamics®, replica exchange MD simulatiof®®’,  hyperdynamics$®°,
metadynamicg®®1%l and temperature-accelerated dynamic¥? Notice that the
simulation can be performed via di erent programs according to the purpose.

To conclude, subsequent QM/MM calculations (stepv of the protocol, section
2.4.1) are regularly performed on structures extracted from MD trajectories, but
the procedure can also be extended to con gurations resulting from other sampling
strategies!®

2.2.1. Description of the nature of the interactions

After running the production stage of an MD simulation, the result at hand is a
trajectory made out of multiple con gurations. To analyze targe$ environment
interactions and also help in the de nition of the boundaries to calculate spectral
properties in the QM/MM framework, the pair correlation functions, g(r), are very
useful. The generabiarget environment () Detween the target's center of mass and the
centers of mass of all the solvent/environment molecules included in the simulation
box or the specic atomic gy v(r) (X=hetero-atoms O, N, S, etc or H in the
target, Y= atoms from the environment, e.g. water protons or water oxygen
atoms), pair correlation functions can be plotted, and from them, the closest
interaction between solute and solvent atoms can be extracted. Overall, hydrogen
bonds are found to be the most stabilizing interactions in the dierent
environments, but in no-water solutions, more complex contacts emerge. ofr)
makes evident how a solvent or an environment is structured in di erent shells or
layers. Also, from its asymptotic value (plateau), it is possible to choose a cutting
distance to make sure that all the most interacting surrounding molecules are
included in the QM/MM scheme to compute the property of interest.

Another advantage of the MD trajectories is that they can recover bulk properties
of systems. Therefore, based on the quantum mechanics postulate that says that
macroscopic properties are the statistical averages of microstates, it could be
argued that taking snapshots from an equilibrated MD is a proper procedure to
analyze the quantum interactions responsible for intermolecular bonding and in
turn, for several e ects on the spectral properties.

10



Extraction of structures 2.3

Together with the pair correlation functions, a number of descriptors of chemical
bonding derived from the QTAIM, from the NCI, and from NBO methods, can be
computed to identify and characterized the main interactions. Table 2.1 provides a
summary of the standard set of global and local descriptors that have been used in
the thesis and how they are related to bonding. For rigorous theoretical
developments of the corresponding formalisms, the interested reader is referred to
Refs. 103{115. As for the software, the analysis of the hydration patterns is carried
out with either the GROMACS!1® package, TRAVIS!'118 MDAnalysis!t®120 or
VMD 21 tools, whereas intermolecular interactions are dissected with a
combination of di erent codes, namely, AIMalft?2, NBO'?3, and NCIPLOT 24,

2.3. Extraction of structures

Once the target-environment phase space is explored, a number of snapshots are
extracted and used for the following quantum-classical calculations. Snapshots are

always chosen from the last nanoseconds of the MD production runs, with a large

enough separation in time to ensure uncorrelated conformations. The choice of the

size and number of snapshots is not univocal. Therefore, it is always recommended
to check the convergence of the spectra obtained as varying both the size of the
environment and the number of con gurations in a reasonable range.

Concerning the size of the con guration, a good suggestion is to investigate the
pair correlation functions (see Section 2.2.1) in order to determine to what extent
the target \feels" more strongly the surrounding environment. For solute-solvent
systems, snapshots are often cut in sphere-shaped droplets and a radius from 10 to
20 A has been demonstrated as a good choice, yet subjected to the system %iZe.
Undoubtedly, other cuts can be also done for example following the shape of the
target, as long as the conguration can account for the local and specic
interactions with the neighbor molecules. Final cut snapshots of the systems
examined in this thesis are displayed in Figure 2.2b).

As for the convergence of the nal spectra, it always depends on the desired
property/spectroscopy as well as on the system's degrees of freedom. In the case of
electronic absorptiorf and RR spectrd, just a few hundred snapshots have proven

to give excellent results, but properties such as Electronic Circular Dichroism
(ECD) may require a larger numbef®.

Furthermore, the computational sample can be also prepared by retrieving just
some representative structures. For that purpose, procedures and algorithms
grouping together snapshots based on their structural characteristics are bene cial.
The GROMOS clustering method proposed in Ref. 130 to group microstates
falling within a structural Root Mean Square Deviation (RMSD) has been one of

the most widespread tools. The number of members in each family group de nes
its relative weight. The central structure of each cluster, that one having the

smallest average RMSD from all other structures of the cluster, is taken as the

11
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Table 2.1.

Inventory of QTAIM, NBO, NCI derived descriptors of bonding used in di erent

works along this thesis3%7 to dissect formal bonds as well as explicit solut® solvent, and
solvent$ solvent (H,O H{O{H) intermolecular interactions. Closed shell is a generic term that
includes long-range, van der Waals, ionic, and hydrogen bonding interactionst. explicitly indicates

that QTAIM properties were evaluated at bond critical points. For the Ej

@

o term 4, 4 are the

donor and acceptor orbitals,"y; ", are the corresponding energies, ané is the one{particle Fock
operator. Table adapted from Refs. 125{127.

| Descriptor

| Relationship to bonding

Global
Density di erences

Non{covalent interactions

Local

(re)

r2 (ro)

H(rc)= G(re) + V(ro)

IV (ra)i =G(re)

ih aiFi_aii?
I

Eda= G

Wiberg bond indices (WBI)'?®

NBO charges

Redistribution of charge
Green surfaces! weak to moderate strength

attractive interactions
Blue surfaced strong attractive interactions

Large values are indicative of covalency

Small values are indicative of closed she
interactions
< 0 ) local maxima (local concentration of

charge): covalent interactions
> 0) local minima (local depletion of charge)
closed shell interactions

< 0 ) local dominance of attractive potential
energy: covalent interactions

>0)
closed shell interactions

> 2) Covalent
2 [1,2]) Intermediate character
2 [0;1]) Closed shell

Large values: strong interactions
Small values: weak interactions

degree of sharing of the electron density betwee
two atoms
Strength of the interaction

Accumulation/depletion of charge

local dominance of repulsive kinetic energy:

2N
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representative con guration and then used in the embedding calculations.

2.4. Embedding Methods

Since the majority of spectroscopies are recorded in the condensed phase, adequate
theoretical models that can take into account how the environment a ects the
spectral signals are required. A full QM treatment of the whole system could be
appealing, but the problem would become intractable from the computational
point of view.13%!33 To get expressions that are computationally manageable, it is
frequently necessary to reduce the problem's high dimension. Depending on the
type of problem at hand, simulations at various theoretical levels are used, from
full quantum mechanics to mixed QM/classical approaches. In the latter, the
chemical system is divided into atarget region (treated using quantum
mechanics) and itsenvironment (treated classically).

Depending on how the classical part is simulated, QM/classical models can be split
into major classes. The most common method is the Polarizable Continuum Model
(PCM), which uses a continuum, polarizable dielectric to describe the classical
portion, 26:27:3032.134{152 |n PCM, the target is placed within a molecule-shaped
cavity in the embedding medium (built as the envelope of spheres centered on the
target atoms) and the electrostatic problem is solved using a boundary element
approach. PCM implicitly includes the statistical average of the possible
con gurations of the environment, but lacking any atomistic description of the
environment, PCM cannot properly treat specic targef environment
interactions, which are often essential for getting accurate results. The inclusion of
a limited number of target-surrounding molecules in the QM layer (so-called
QM/QM ,/PCM) usually helps but this procedure raises two important questions.
First, how many molecules are needed to well reproduce the spectral behavior, and
second, where to put them in order to account for a dynamical treatment
averaging all the possible con gurations. Mixed quantum mechanical/molecular
mechanical (QM/MM) treatments 282933153 g er an alternative solution because
they maintain the atomistic nature of the environment, overcoming the typical
limits of continuum approaches.

2.4.1. Quantum Mechanics/Molecular Mechanics Models

As mentioned above, the strength of QM/MM methods resides in the fully
atomistic description of the classical MM portion, which allows for studying
QM{environment speci c interactions. To account for the dynamical aspects of
embedding phenomena, QM/MM approaches require an accurate sampling of the
system phase-space. In a previous section, it has been shown that MD simulations
constitute an excellent source of con gurations. The issue is that the property of
interest must be calculated on each snapshot until reaching convergence, and it
increases the computational cost associated with a QM/MM simulatiof?129:154{163

The total energy of the QM/MM system can be written as®?

13
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E = Eom + Ewm + Egumm (2.1)

where Equ and Eyv are QM and MM energies, andEg),,,, is the interaction
energy, which may be decomposed as follows:

int — | pol rep di CT
Eowwmv = Edwmv * Eowmm + Eowmw + Eovmm + Egumm (2.2)
. I . . p0| . rep
where electrostatic Egyuv ), Polarization (Egymuu ). repulsion Eqymm )

dispersion Egi,f,,,MM) and Charge Transfer (CT), ES{MMM ) contributions are
highlighted.

Di erent QM/MM approaches can be formulated depending on how the QM and
MM portions are coupled}®* which is translated into the way E{},,,, is de ned.
The variants include models based on Mechanical Embedding (ME), EE, PE. In
QM/ME the electronic structure calculation comprises the isolated QM region,
and the e ect of the environment is computed entirely at the MM level. Regardless
of the region they belong to, ME demands the assignment of point charges and
empirical parameters to all of the atoms®® Conversely, the QM/EE model does
not require the parametrization of partial charges for the QM atoms. In QM/EE,
the MM partial charges are explicitly incorporated in the QM Hamiltonian,
allowing the electron density to become polarized as a result of the electrostatic
eld produced by the environment. When the polarization of the MM region in
response to the electron density is modeled, it leads to the polarizable QM/PE
approaches. Therefore, QM/PE is a more realistic description of the QM/MM
interaction since the mutual target-environment polarization e ects are recovered.
Polarizable embedding schemes are unquestionably the most advanced QM/MM
methods.

2.4.2. Polarizable QM/MM models

Implementing e ective polarization schemes for the MM portion has taken up a
signi cant amount of recent e ort in the development of QM/MM approaches for

di erent applications, especially in the spectroscopic eld. Some of the polarizable
strategies proposed in the literature are summarized in Table 2.2 along with the
corresponding references for their formalisms and selected applications. A wide
range of semiempirical and ab initio electronic structure formalisms have been
interfaced with these various polarizable schemes. In the following subsection FQ
and FQF approaches will be described in more detail, since these were the
Polarizable QM/MM models used in the thesis. Both methods have been
developed and extended to calculate spectroscopic and response properties of
molecules in solutior?? and for QM/FQ there also exists an extension to
non-agqueous medig%®

2.4.2.1. Fluctuating Charges and Fluctuating Charges and Dipoles

In QM/FQ, each MM atom is assigned a charged) which can vary according to
the electronegativity equalization principle (EEP)?'%?18 je. a charge ow occurs

14
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Table 2.2. Strategies available in the literature to deal with mutual QM/MM polarization

Model References
Drude oscillator 167{174
Induced dipoles 163,175{184
AMOEBA 42,162,185{191
QM/MMPol 41,192,193
QM/Discrete Reaction Field (DRF) 194{199
QM/Polarizable Embedding (PE) 200{202
E ective fragment potential (EFP) 203
Fluctuating Charges (FQ) 22,25,129,154{161,204{21p
Fluctuating Charges and Fluctuating Dipoles (FQF ) 13,43,212{215

when two atoms have di erent chemical potentia®> The FQ force eld is de ned

in terms of two atomic parameters, namely the electronegativity () and the
chemical hardness ()2%, both rigorously de ned within the conceptual Density
Functional Theory (DFT) framework.2%?24 Dijerently, in QM/FQF , an
additional polarization source is introduced to model the anisotropic nature of
non-covalent interactions. It is incorporated in terms of a set of uctuating dipoles

, which are assigned to MM atoms and are expressed through the atomic
polarizability .3

If the QM portion is described at the Self-Consistent Field (SCF) level, the total
QM/FQF energy reads (QM/FQ is recovered by discarding all terms depending
on )%

1 1 1
E(D;q; ; )=tr hD+§trDG(D)+ ququq+§ T+

+g'T* + Yg+ Ygq+¢’vV(D) YE(D) (2.3)

whereh and G are the usual one- and two-electron matrices, and is the density
matrix. collects atomic electronegativities, whereas {f, T{ and T; are
charge-charge, charge-dipole and dipole-dipole interaction kernels, respectively.
Their expressions can be found in Refs. 43,228V (D) and YE(D) describe the
electrostatic interactions between the QM density and the FQs and 5,
respectively. is a set of Lagrangian multipliers that impose specic charge
constraints, which may be: (i) the entire MM system is constrained to a xed
charge value, thus allowing CT between solvent molecules (the resulting
approaches are named QM/F@Qr and QM/FQF ¢1); (ii) the charge constrain is
imposed to each MM molecule, thus no CT can occur between MM molecufgs.
Independently of the charge constraints that are exploited, the e ective Fock matrix
in the atomic orbitals (AO) basis setf g is:*

F =@;£|;=h +G (D)+VYq FEY (2.4)

Notice that in the non-polarizable QM/MM, MM charges are xed, therefore the
QM/MM contribution to the Fock matrix ( VY q) does not vary along the SCF
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procedure. On the contrary, in QM/FQ and QM/FQF MM variables (charges
and dipoles) explicitly depend on the QM density. As a consequence, their
contribution to the Fock matrix has to be computed at each SCF step, thus
describing mutual QM/MM polarization e ects. Charges and dipoles are computed
by imposing the global functional to be stationary with respect to charges, dipoles,
and Lagrangian multipliers. This results in the following linear systen?

0 —q 1 quoql 0 1 0 V(D)l

@ 1 0|0 A@ A-@Q, ,A+@ 0o A (2.5)
T4 0T 0 ~ E(D)

(2.6)

ML = Cqo R(D) (2.7)

where 1 accounts for the Lagrangian blocks, Co collects atomic
electronegativities and charge constraints.L is the vector containing charges,
dipoles, and Lagrangian multipliers, andR (D) represents the QM potential and
eld. Again, the FQ linear system can be easily recovered from Eq. 2.5, by simply
discarding rows/columns involving s and their response. At this point, it is
important to emphasize that the quality of QM/FQ and QM/FQF  strongly
depends on the values assigned to the parameters that de ne the model and enter
the corresponding equations, for instance, and in the QM/FQ case.

As a side note, although many QM/MM approaches limit the QM/MM interaction

to the electrostatics, non-electrostatic interactions may also be included. Indeed,
the most physically reliable description of the spectral properties of a complex
system may only be achieved if all QM/MM interactions written in Eq. 2.2 are
described. Non-electrostatic interactions (repulsion and dispersion) are commonly
included through (classical) parametric functions, such as the Lennard-Jones
potential 2%, which does not depend on the QM density and is a term only added
to the total energy of the system. Therefore, it only indirectly in uences molecular
properties. Actually, it is dicult to describe the non-electrostatic interactions
that have a purely quantum nature, by using a MM portion that is classical.

Nevertheless, a variety of approaches have been developed in the
literature. 200{202,227{235

In addition, QM/FQ and QM/FQF  models have been extended to non-electrostatic
interactions, namely, Pauli repulsion and quantum dispersio®®2%7 In short, each
MM molecule is endowed with a set of s-type Gaussian functions, which simulate
the density of the MM portion ( MM). If the repulsion energy term is written as
the opposite of an exchange integral between the QM density?™ and MM density,

ESI\F/JI/MM becomeg?38.239
VA
1 drldrz
Equmm = 2 om(r1;r2) mm (r2;ra)
Zrlz k | )
1 drqdr; 2 (r1 R)2 2 R)? (2.8)
== om(ri;rz)  2e r( e
2 2

R
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whereR runs over the centroids of the s-type Gaussian functions, whereasand

are two free parameters of the model, which can be determined by reproducing the
exchange-repulsion energy contribution calculated by some energy decomposition
analysis (EDA).2*%242 This method has been rstly applied to the calculation of
spectral properties of molecular systems in aqueous solutiéf.

To conclude, it is worth mentioning that to overcome the limitations associated
with QM/classical approaches, the entire system might be treated using a QM
description, where all interactions are described at the QM levé}:243{245.245(256 |
those cases, the system is partitioned into at least one active and one inactive part,
that allows reducing the computational cost with respect to a full QM calculation
at the same level. Similar to what is done in focused models, only the active
wavefunction/density is  usually  optimized, whereas the inactive
wavefunction/density remains frozen. Most quantum embedding methods are
developed within the framework of DFT?250.257:258

2.5. Spectroscopical Signatures under
investigation

In this work, various kinds of spectroscopies, including UV-Vis, ECD, Raman, and
RR of systems in aqueous solution and in more complex environments, have been
investigated using the multiscale models discussed in the preceding sections.

The simplest and least expensive analytical method for examining a system's
electrical characteristics is frequently one-photon absorption spectroscopy in the
UV-Visible range. Highly correlated approaches (Con guration interaction, Cl and
Multi-Con gurational SCF, MCSCF methods) have historically been used to
calculate electronic transitions and excited states. However, due to a favorable
balance between cost and accuracy, TD-DFT has emerged as the most used
method for calculating absorption properties and spectra of medium-sized
molecules!?®1%4 There are two formalisms to describe electronic excitations and
spectroscopy in TD-DFT, namely, real-time and Linear Response (LR), denoted in
what follows as RT-TDDFT and LR-TDDFT, respectively. In theory, to generate

a spectrum, RT-TDDFT is more computationally expensive because it necessitates
the time propagation of the electron density during extensive simulations lasting
several tens of femtoseconds. For that reason, the LR approach is the most
popular class of TD-DFT implementations to compute electronic transitions.

ECD is the simplest chiroptical spectroscopy that can be calculated. The
assessment of excited-state energies and transition densities is necessary for ECD.
After obtaining transition densities, dipole strengths and rotatory strengths can be
used to compute basic absorption and ECD cross-sectioffs.

In vibrational Raman scattering, transitions occur between two vibronic levels of
the molecule. Quantum mechanics provides a formal expression from which
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Raman intensities (or Raman cross sections) can be calculated, based on the
Raman polarizability tensor?®® Two forms of scattering {normal Raman scattering
and RR scattering{ can be identi ed depending on the frequency of the incident
light and the characteristics of the systent®°

RR spectroscopy exploits the fact that during Raman measurements the incident
frequency is tuned into an electronic absorption band, enhancing selected
vibrational modes?4*® RR o ers unique selectivity as well as a high sensitivity to
experimentally detect even traces of compounds, and thus it nds analytical
applications in agriculture, life sciences, explosive detection, art, archaeology, and
forensics, with additional current research in carbon nanotube$' The key
ingredient in the simulation of RR spectra is the calculation of the transition
polarizability tensor,26%25 for which di erent methods have been proposed in both
the Time-Independent (TI)3(51649266 fhased on the Sum Over States (SOS),
expressions{, and the Time-Dependent (TD) {based on wave packet dynamics{
approaches?®’?’2 with the inclusion of Duschinsky, Herzberg-Teller,
anharmonicity, and solvation e ects3*?”3 An alternative method that relies on a
short-time dynamics approximation is to calculate RR intensities directly from the
geometrical derivatives of the frequency-dependent complex polarizability with
respect to the normal coordinate€’4?”” The main advantage of that strategy is
that all the electronic states are included in the polarizability, being also
well-suited for dealing with large molecules or small molecules in complex
environments?7427® The reader is referred to Appendix A for further details on
Raman and RR spectroscopies.

QM/FQ and QM/FQF terms (see Egs. 2.7 and 2.5) propagate to the solute's
response equations when calculating response or spectroscopic properties, ensuring
that polarization e ects are completely taken into account in the computed nal
spectral data. This is the topic of the next section.

2.6. OM/FQ and OQM/FQF Approaches for
Computing Absorption and RR Spectra

2.6.1. Absorption Spectra

To further extend QM/FQ and QM/FQF to the calculation of absorption
properties of solvated systems, the modication of the Ground State (GS)
Molecular Orbitals (MO) which results from the SCF procedure is not su cient.

Due to the presence of non-linear terms in the Hamiltonian as a result of the use of
polarizable approaches (see Eq. 2.4), two alternative formalisms can be utilized,
namely: (i) all polarization sources linearly respond to the transition density
(LR); 214279 (ii) they adjust to the excited-state electronic con guration, in a
state-speci ¢ fashion. The latter treatment may be limited to a rst-order
correction, giving rise to the so-called corrected Linear Response (cLR)
approach24.27°
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QM/FQ and QM/FQF Approaches for Computing Absorption and RR Spectra 2.6

Both LR and cLR formalisms have already been discussed in the literature for
polarizable QM/MM approaches?5:36:42:176.214,2801283 Here, it is brie y recalled how
Casida's equation$®* for the calculation of electronic excitation energies are
modi ed:

A B X 1 0 X

B A y ' 0 1 Y (2.9)

where A and B matrices read?!4
Raibp =(a i) avy T(aijb)) c(aygij)+ af 3y + CQ&',,- (2.10)
Bainy = (aijbj) c(ajjib) + C;’ﬁ’é,- (2.11)

" indicates MO energies (with the common notation: virtual MOa; b; ::; occupied
MO i;j;::0), (pgrs) are two-electron integrals,c, and ¢ are coe cients de ning
the SCF level (HF:c, =1, g = 0; pure DFT: ¢, =0, ¢ = 1). As specied in Egs.
2.10 and 2.11, additional terms with respect to the in-vacuo formulation are
present for polarizable embedding approaches. In particular, both direct
contributions (the CP® term in Egs. 2.10 and 2.11) and indirect e ects
(modi cations of GS MO coe cients and energies) appear. CP° is specied
according to the polarizable embedding approach. In case of QM/FQE?*4

Ra 2 1
Cab = o R a(r)jr Mol Odr g *
R Z
N

R3 jror

rp‘})?, Odr TCb ) (2.12)

p

Here,q" and T are perturbed FQs and Fs (placed at positionsr,), which are
adjusted to the transition densityD | = X + Y « .2** They are calculated by solving
a modi ed set of linear equations, explicitly depending on the electric potential and
eld due to the QM transition density: 214

MLT = R(Dg) (2.13)

Notice that, in the case of the EE approach only the GS MO coe cients and
energies are modied, i.e. no direct contributions are included in the equations
de ning excited state energies.

The rst conceptual step of both LR and cLR is the de nition o the K -th solute
electronic excitation, by keeping the solvent response frozen, i.e. by imposg' =
0 in Egs. 2.10 and 2.11. Then, MM polarizable variables are adjusted to the
K density. In the LR regime, the response to the whole transition densities is
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considered, so that only the dynamic solute-solvent interactions (some dispersion
interactions) are taken into account. In contrast, energy dierences due to the
relaxation of the solute density are not taken into consideration. The latter is
considered by the cLR approach, which instead discards the dynamic aspects of
solute-solvent interactions. Clearly, the two contributions describe two di erent
physico-chemical phenomena, which can be seen as complementary. A model to
account for both contributions at the same time, the so-called cLRapproach, has
been recently proposed®:28

2.6.2. Raman and RR spectroscopy

The spontaneous Raman scattering cross-section is typically calculated at the DFT
level using response theory by di erentiating the dynamic electric polarizability
with respect to the normal mode displacements, calculated for a perturbation with
angular frequency! corresponding to that of the light source (for example a laser
or synchrotron light). By means of the vibrational transition polarizability ;
associated with an excitation of the-th normal mode, it is possible to describe the
cross-section ; in terms of the Raman rotational invariants:

1X 1. .

ai2 = 9 aai bbji = 5] i Toyyi T zz;i]2 (2.14)
ab

2 — 1X i

gi - é (3 ab:i ab;i aa;i bb;i) (215)
ab
L1 Yam2+ 7R

= 53*45 3 (2.16)

To characterize the Potential Energy Surface (PES) of a molecule, the harmonic
approximation is usually invoked. In the non-resonant regime, the vibrational
transition polarizability is expanded in a Taylor series to rst order, and only the
rst derivative term is typically kept and calculated either numerically or
analytically. 2% In the method, the imaginary part of the polarizability is assumed
to be negligible, but this is true only when the incident radiation is
far-from-resonance. Conversely, in the resonant case, the following full
sum-over-state expression must be considered

_ 11X Hj ,jm3hmg ol
abji — — I 1 I .

o 'm0 T ! |
m

(2.17)

where the summation runs over all vibronic states belonging to the PES of the
resonant electronic state, while is the excited state's phenomenological damping
constant. Hence, RR (and Raman with the corresponding tensor) intensities are
obtained in terms of geometrical derivatives of electric dipole-electric dipole
polarizability .., as it is done in Papers 4, 3, 5, following the details of Ref. 50.
In particular, the Vertical Gradient (VG), Franck-Condon (FC) approximation is
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employed, where the vibrational frequencies and normal modes of the excited state
are assumed to be the same as the ground state, and the transition dipole
moments are considered to be independent of the molecular geomefhwGjFC
variant is part of the TI4%°0 method, though an equivalent T[¥%7269.287
formulation has also been reported in the literature (see Appendix A).
Calculations of vibrational RR spectra of isolated and solvated molecules have
been performed by resorting to these frameworks, combining di erent strategies for
the description of the excited state®*288{294,

The method employed to calculate the RR spectrum is considerably more involved
compared to the one for spontaneous Raman. However, it should be emphasized
that attempting to simulate the RR spectrum using the same methodology
employed in the non-resonant case by simply altering the incident frequency so
that it is close to that of the electronic transition would lead to completely
erroneous results, unless a method that explicitly includes the imaginary part of
polarizability is used2’* The latter approach that is also called Resonance
Polarizability Derivatives" is employed in Paper 9.

In order to properly simulate the RR spectrum of a system in solution, it is
necessary to have a exible solvation method being able to model a wide array of
molecular properties, involving both electronic and vibrational degrees of freedom,
as well as excited states. As mentioned in section 2.4.2.1, solvent e ects can be
described by means of the FQ force eld, in which each atom of the classical layer
is endowed with a charge, whose value is not xed, but is allowed to vary as a
response to the electric potential produced by the QM densifi# In recent years,
the QM/FQ method has been extended to the calculation of analytical energy
third derivatives, which allow for the calculation of spontaneous Raman spectf&’
excitation energiest® and excited state gradients®®

In paper 4, the polarizable QM/FQ model was used for the rst time to include
solvent e ects in all terms within equation 2.17. In fact, the presence of the solvent
must be carefully considered and included at the QM/FQ level of theory in all steps
of the simulation: the ground state geometry of the molecule is rst optimized in
the presence of the solvent shell, then the electronic density and harmonic PES
are modeled by taking the reaction eld due to the water molecules into account.
The contribution due to the water molecules also enters the response equations that
are solved to calculate excitation energies and to model the excited state PES. For
instance, in the far-from-resonance case, the QM/FQ contributions to the electric
dipole-electric dipole polarizability , are reported in the following equation:

X X
QM=FQ = (D )V* D (1) + g’ (Dt )V* De () (2.18)

where e indicates electric perturbation, and! is the frequency of the external
radiation. In addition, FQ contributions are expressed in terms of perturbed FQ
charges, i.e. generated by a perturbed QM potential. More details on the
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derivation can be found in Ref. 159.

2.7. Analysis and refinement

Once the individual QM/MM calculations have been done on each snapshot, the
post-processing stage starts, and the raw outputs are extracted. This is the
equivalent of doing an orientational sampling of the response function or of the
investigated property. Then, the separate spectra are plotted/convoluted according
to the corresponding equations for intensities, and averaged across the snapshots
to obtain a nal spectrum that is compared with experimental data. Regarding
the question about the number of snapshots needed to obtain converged
properties, the general recommendation is to assess the convergence of the
particular property/spectra when varying the number of con gurations.

As explained in Ref. 44 several drawbacks of the entire procedure can be identi ed
in this step:

" insu cient number of snapshots
" insu ciently long MD
" a poor choice of the classical FF used during the MD runs

" inadequacies in the electronic structure method employed to calculate the
property

To overcome those shortcomings and re ne results some strategies have been
suggested. Among them, increasing the number of snapshots to evaluate
convergence, lengthening MD simulations, testing enhanced sampling techniques,
re-parametrizing the force elds, and checking the QM level (Hamiltonian, basis
set) used, are the most useful tactic&
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Chapter 3

Overview of the Attached Papers

In this Chapter, a synopsis of each one of the papers included in the Thesis is
presented. The author's contribution to these publications is summarized in Table
3.1.

In the Perspective !, the essential physico-chemical aspects that need to be
considered when building a reliable approach to describe absorption properties of
solvated systems are outlined. The particular focus is on how to properly model
the complexity of the solvation phenomenon, arising from dynamical aspects and
speci ¢, strong solute-solvent interactions. To this end, conformational and
con gurational sampling techniques, such as MD, have to be coupled to accurate
fully atomistic QM/MM methodologies. By exploiting dierent illustrative
applications, the perspective shows that an e ective reproduction of experimental
spectral signals can be achieved by delicately balancing exhaustive sampling,
hydrogen bonding, mutual polarization, and non-electrostatic e ects.

Paper 2 presents a detailed computational analysis of UV-Vis spectra of ca eine,
paraxanthine, and theophylline in aqueous solution. A hierarchy of solvation
approaches for modeling the aqueous environment is tested, ranging from
continuum model to non-polarizable and polarizable QM/MM models, with and
without the explicit inclusion of water molecules in the QM portion. Computed
results are directly compared with experimental data, so to highlight the role of
electrostatic, polarization, and hydrogen bonding solute-solvent interactions.

In Paper 3, the potentialities of RR spectroscopy to detect Ibuprofen in diluted
agueous solutions are unraveled. A fully polarizable QM/MM methodology based
on FQ coupled to MD is exploited to take into account the dynamical aspects of
the solvation phenomenon. The work's ndings, which are discussed in light of a
NBO analysis, reveal that a selective enhancement of the Raman signal due to the
normal mode associated with the C-C stretching in the ring,c-c , can be achieved
by properly tuning the incident wavelength, thus facilitating the recognition of
Ibuprofen in water samples.

Paper 4 reports a joined experimental and computational study of Raman and
RR spectra of amides in aqueous solution. By employing state-of-the-art QM/MM
methods combined with synchrotron-based UVRR spectroscopy, a protocol to
interpret and reliably predict RR spectra of amide systems in water, which are
prototypical systems for the peptide bond, is proposed. Along the paper, it is
demonstrated that the main experimental spectral features can be correctly
reproduced by simultaneously taking into account the dynamical aspects of the
solvation phenomenon, specic solute-solvent hydrogen bond interactions, and
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- Paper
Activity 1 2 3 45 6 7 8 9 10
Original idea X X X X X X
Conceptualization X X X X
Investigation X X X X X X X
Methodology - Implementation X X X
Methodology - Calculations X X X X X X X X X
Methodology - Data extraction X X X X X X X X X
Methodology - Experiments X X
Data curation X X
Formal analysis X X X X X X X X X X
Validation X X X X X
Visualization X X X X X X X
Writing { original draft X X X X X X X X
Writing { review & editing X X
Response to reviewers' concermsXx X X X X X X X

Table 3.1. Contributions of this thesis' author to the di erent works presented herein.

mutual solute-solvent polarization e ects.

In Paper 5, the origin of the peculiar amide spectral features of proteins in
agueous solution is investigated by exploiting a combined theoretical and
experimental approach to study UVRR spectra of peptide molecular models,
namely NAGMA and NALMA. UVRR spectra are recorded by tuning Synchrotron
Radiation at several excitation wavelengths and modeled by using a multiscale
protocol based on a polarizable QM/MM approach. Thanks to the unparalleled
agreement between theory and experiment, it is con rmed that speci c hydrogen
bond interactions, which dominate hydration dynamics around these solutes, play
a crucial role in the selective enhancement of amide signals. The results further
argue the capability of vibrational spectroscopy methods as valuable tools for
re ned structural analysis of peptides and proteins in aqueous solution.

Paper 6 shows that despite their purely classical origin, randomly chosen
con gurations from MD simulations provide deep insight into the purely quantum
nature of bonding interactions. Descriptors of chemical bonding derived from ve
di erent analysis tools based on quantum mechanics (natural charges, electron
density di erences, QTAIM, NBO, and NCI index) consistently a ord a picture of

a wall of weak, non{covalent intermolecular interactions separating anionic
Ibuprofen from the environment. This wall, arising from the cumulative e ect of a
multitude of individual weak CT interactions to the interstitial region between
fragments, stabilizes the drug at all equilibrium positions in the free energy pro le
for its insertion into model cell membranes. The formal charge in anionic
Ibuprofen strengthens all intermolecular interactions, having a particularly strong
e ect on the network of water-to-water hydrogen bonds in the solvent. Electron
redistribution during the insertion process leads to a sensible reduction of electron
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delocalization in both the {CO, group and in the aromatic ring of Ibuprofen.

In  Paper 7 the insertion process of Naproxen into model
Dimyristoylphosphatidylcholine (DMPC) membranes is studied by resorting to
state-of-the-art classical and quantum mechanical atomistic computational
approaches. MD simulations indicate that anionic Naproxen nds an equilibrium
position right at the polar/non{polar interphase when the process takes place in
aqueous environments. With respect to the reference aqueous phase, the insertion
process faces a small energy barrier of 5 kJ mol ! and yields a net stabilization

of also 5 kJ mol 1. Entropy changes along the insertion path, mainly due to a
growing number of realizable microstates because of structural reorganization, are
the main factors driving the insertion. An attractive uxional wall of non{covalent
interactions is characterized by all quantum descriptors of chemical bonding
(NBO, QTAIM, NCI, density di erences and natural charges). This attractive wall
originates in the accumulation of tiny transfers of electron densities to the
interstitial region between the fragments from a multitude of individual
intermolecular contacts stabilizing the tertiary drug/water/membrane system.

Paper 8 reports on the rst formulation of a novel polarizable QM/MM approach,
where the DFTB is coupled with the FQ force eld. The resulting method
(DFTB/FQ) is then extended to linear response within the TD-DFTB framework
and challenged to study absorption spectra of large condensed-phase systems.

As already mentioned, UVRR spectroscopy is a valuable tool to study the binding
of drugs to biomolecular receptors. The extraction of information at the molecular
level from experimental RR spectra is made much easier and more complete
thanks to the use of computational approaches, speci cally tuned to deal with the
complexity of the supramolecular system. IfPaper 9 a protocol to simulate RR
spectra of complex systems at dierent levels of sophistication is proposed, by
exploiting a QM/MM approach. The method is challenged to investigate RR
spectra of a widely used chemotherapy drug, DOX intercalated into a DNA double
strand. The computed results show a good agreement with experimental data,
thus con rming the reliability of the computational protocol and its potential
extension to other complex systems.

In Paper 10 UV-Vis spectra of anionic Ibuprofen and Naproxen in a model lipid
bilayer of the cell membrane are investigated using computational techniques in
combination with a comparative analysis of drug spectra in purely aqueous
environments. The simulations aim at elucidating the intricacies behind the
negligible changes in the maximum absorption wavelength in the experimental
spectra. A set of con gurations of the systems constituted by lipid, water, and
drugs or just water and drugs are obtained from classical MD simulations and
UV-Vis spectra are computed in the framework of atomistic QM/MM approaches
together with TD/DFT. The results suggest that the molecular orbitals involved in
the electronic transitions are the same regardless of the chemical environment. A
thorough analysis of the contacts between the drug and water molecules reveals
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that no signi cant changes in UV-Vis spectra arise as a consequence of anionic
Ibuprofen and Naproxen molecules being permanently microsolvated by water
molecules despite the presence of lipid molecules.
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Chapter 4

Biologically important molecules in
agueous environments

How to create an accurate atomistic model to simulate the absorption spectra of
systems in solution? As demonstrated in the perspectiecomputational models
can e ectively replicate experimental spectral signals and have predictive power by
carefully balancing exhaustive sampling, hydrogen bonding, mutual polarization,
and nonelectrostatic e ects. But those key ingredients go beyond absorption
spectra and permeate other kinds of spectroscopies.

Models integrating QM/FQ simulations have been useful in the interpretation of
the UV{Vis absorption spectra of chromophores like ca eine and other xanthinés
embedded in an aqueous environment. Furthermore, it is well known that the
simulation of RR spectra is accompanied by the calculation of the absorption
spectrum. Through a combined experimental and computational work, a QM/FQ
protocol for multiscale simulations of RR spectroscogyis set up, initially studying
the RR spectra of prototypical systems of the peptide bond, among them, small
amides like Acetamide, N-Methyl Acetamide (NMA) and Dimethyl Acetamide
(DMA). Such a protocol can be considered of general application and involves
di erent steps starting with a sampling of con gurations from MD trajectories,
followed by the extraction of a good enough number of snapshots (until reaching
convergence in the desired property) in which the QM/MM calculations are carried
out.

By applying the QM/FQ RR protocol and exploiting the experimental facilities at
Elettra Sinctrotrone Trieste S.C.p.A. alongside state-of-the-art quantum-chemical
models, RR spectra of oligopeptides of biological interest, as
N-acetylglycine-N-methylamide (NAGMA) and N-acetyl-leucine-methylamide
(NALMA) ° are measured and interpreted, improving the methodology by testing
di erent parametrizations of the FQ model. The importance of the polarization
e ects is also quantied by comparing QM/MM results when polarizable and
non{polarizable schemes are used. In fact, the selective enhancement of some
signi cant bands in the RR spectra of peptides is only possible if mutual
polarization e ects are taken into account. Additionally, the application of the
protocol allows demonstrating that it is feasible to sense anionic Ibuprofen in
aqueous solution by means of RR spectroscopies.
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Modeling Electronic Absorption Spectra of Systems in Solution: A General
Overiew 4.1

4.1. Modeling Electronic Absorption Spectra
of Systems in Solution: A General
Overview 1
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