
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 305 (2024) 123485

A
1
n

•

•

•

A

K
Q
H
M
R
R
S

1

i
c
t
t
o

h
R

Contents lists available at ScienceDirect

Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy

journal homepage: www.journals.elsevier.com/spectrochimica-acta-part-a-
molecular-and-biomolecular-spectroscopy

Effective fully polarizable QM/MM approaches to compute Raman and
Raman Optical Activity spectra in aqueous solution
Chiara Sepali, Piero Lafiosca, Sara Gómez, Tommaso Giovannini, Chiara Cappelli ∗
Scuola Normale Superiore, Piazza dei Cavalieri, 7, Pisa, 56126, Italy

H I G H L I G H T S

QM/MM with Fluctuating Charges/ Dipoles
for Raman/ROA spectra in solvated sys-
tems.
Exploring solute-solvent interactions in
Raman and ROA spectra of aqueous so-
lutions.
Description of hydrogen bonding inter-
actions, and the dynamical aspects of
solvation.

G R A P H I C A L A B S T R A C T

R T I C L E I N F O

eywords:
M/MM
ydrogen bonding
olecular dynamics
aman
OA
olvent effects

A B S T R A C T

Raman and Raman Optical Activity (ROA) signals are amply affected by solvent effects, especially in the
presence of strongly solute–solvent interactions such as Hydrogen Bonding (HB). In this work, we extend
the fully atomistic polarizable Quantum Mechanics/Molecular Mechanics approach, based on the Fluctuating
Charges and Fluctuating Dipoles force field to the calculation of Raman and ROA spectra. Such an approach is
able to accurately describe specific HB interactions, by also accounting for anisotropic contributions due to the
inclusion of fluctuating dipoles. To highlight the potentiality of the novel approach, Raman and ROA spectra
of L-Serine and L-Cysteine dissolved in aqueous solution are computed and compared both with alternative
theoretical approaches and experimental measurements.
. Introduction

The determination of the absolute configuration of chiral molecules
s central to diverse topics of study in chemistry, especially pharma-
eutics and medicinal chemistry. A family of non-invasive analytical
echniques has been developed in this context, all based on the differen-
ial response to polarized light, which is of the opposite sign for any pair
f enantiomers [1–3]. Raman Optical Activity (ROA), which can be seen
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as the chiral analogous of Raman scattering [4,5], offers vibrational
structure-sensitivity, and has successfully been exploited to assign the
absolute configuration [6,7]. ROA was pioneered by Barron and Buck-
ingham in 1971 [4], following the description of Rayleigh scattering of
left and right circularly polarized light by chiral molecules [5]. ROA
theoretical postulation was rapidly followed by the first experimental
measurements [8,9]. A big boost for ROA spectroscopy was given by
the development of the first commercially available instrumentation
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[10,11], finally allowing ROA to be applied to a wide range of mole-
cules and systems, with unprecedented accuracy [12–15].

Since the 2000s, ROA has been applied to a wide range of chem-
ical systems [16–19], including not only small molecules [20], but
especially proteins [10,21,22], nucleic acids, and nucleic acid–protein
complexes [21,23]. The unambiguous assignment of ROA spectra to
enantiomers strongly benefits from the interplay of experiment and the-
ory [10,20–29]. However, this requires reliable approaches to predict
the spectroscopic signals in a computationally viable manner [26,30,
31], which cannot neglect the presence of the environment, due to
its relevant, sometimes crucial, role for a correct assignment of the
absolute configuration [24,25,27–29,32–34].

Multiscale Quantum Mechanical (QM)/Classical approaches
[2,35–39] and in particular those accounting for the mutual polar-
ization between the QM and MM layers [25,40–43], have shown to
reliably model ROA spectra, substantially overcoming the well-known
limitations of continuum solvation approaches in describing specific
and directional interactions, such as hydrogen bonding [25,39,41]. To
the best of our knowledge, the only polarizable QM/MM currently able
to calculate ROA spectra is the QM/Fluctuating Charges (FQ) model
[25,29,34,40,44], based on the Polarizable Fluctuating Charges (FQ)
Force Field [45–47], which has recently been extended to several
molecular properties and spectroscopies by some of the present au-
thors [48–59]. FQ assigns each atom of the MM portion with a charge
which adjusts to the potential produced by the QM region and the
other MM atoms [29]. Previous studies that exploited the polarizable
QM/FQ method have demonstrated the fundamental role played by
mutual solute–solvent polarization in chiroptical properties and spec-
troscopies [25,40,44]. In addition, our recent works have shown that
the inclusion of directional, anisotropic interactions allows for a better
physico-chemical description of solvent effects on absorption spectra
of dyes which can establish strong HBs with the surrounding water
molecules [60–62]. In this work, our aim is to simulate chiral properties
as ROA, thus refining the anisotropic component will enhance the phys-
ical description of certain interactions that can impact the spectroscopic
signals [63]. In the FQ force field, the anisotropy of specific interactions
such as HBs is indirectly obtained by positioning a fluctuating charge on
each MM atom. To refine the description of the anisotropic component
and consequently increase the accuracy of the solvation model, a novel
polarizable force field has recently been proposed, i.e. Fluctuating
Charges and Fluctuating Dipoles (FQF𝜇), which includes an additional
polarization source described in terms of a set of fluctuating dipoles
placed at the MM atoms.

In this work, QM/FQF𝜇 is extended for the first time to the cal-
culation of Raman and ROA spectroscopies to quantify the effects of
anisotropic solute–solvent interactions. To correctly take into account
conformational freedom and solvation dynamics, we exploit a well–
established procedure for the simulation of spectral signals in aqueous
solution, based on the coupling of QM/FQF𝜇 with Molecular Dynamics
(MD) simulations, that in order to sample the solute–solvent phase
space [25,40,44]. In this way, the large sensitivity to conformational
changes (especially true for ROA) and the influence of the environment
on spectral signals are recovered.

As case studies, (L)-serine (SER) and L-Cysteine (CYS) are consid-
ered. SER and CYS are taken as representative amino acids, which
are the molecular building blocks of peptides and play a key role
in protein folding. The study of their conformational preferences is
thus particularly relevant to gain insight into their H-bonding patterns
[64–68]. Also, amino acids are the simplest prototypes of biomolec-
ular systems, and thus water is their natural environment [68,69].
CYS, a precursor in food, pharmaceutical, and personal-care indus-
tries, has been previously studied both theoretically and experimentally
[70–74]. Similarly to other amino acids, CYS exists as a zwitterion and
its side chain stabilizes hydrophobic interactions. The presence of a
hydrophilic side group in SER dramatically alters its hydrogen bonding
2

capabilities. Hence, it has been reported that its spectra measured
in water completely differ from those of other amino acids [75,76].
Finally, due to their moderate size, SER and CYS constitute suitable
showcases to deeply investigate solvent effects on the Raman and ROA
spectra, and to validate our computational approach. For the sake
of completeness, QM/FQF𝜇 results are compared with QM/FQ, non-
polarizable QM/MM (electrostatic embedding – EE) calculations, and
the implicit QM/COSMO approach [77]. The performance of all meth-
ods is also analyzed in light of their quality at reproducing experimental
spectra.

2. Methods

QM/MM approaches partition a chemical system into two layers: a
target (i.e. the solute in case of solvated systems), which is treated at
the QM level, and an outer layer (i.e. the solvent), which is treated with
classical mechanics. The system’s total energy 𝐸 consequently reads as
follows [40]:

𝐸 = 𝐸QM + 𝐸MM + 𝐸int
QM/MM (1)

where 𝐸QM and 𝐸MM are energies of the QM and MM layers, and
𝐸int

QM/MM is the QM/MM interaction energy. In the specific case of po-
larizable embedding approaches, 𝐸int

QM/MM is expressed as follows [40]:

𝐸int
QM/MM = 𝐸ele

QM/MM + 𝐸pol
QM/MM + 𝐸vdw

QM/MM (2)

𝐸ele
QM/MM and 𝐸pol

QM/MM are the electrostatic and polarization interaction
terms, whereas 𝐸vdw

QM/MM accounts for non-covalent van der Waals
interactions (i.e. Pauli repulsion and dispersion energies).

Polarizable QM/MM approaches differ from each other in the way
they define 𝐸ele

QM/MM and 𝐸pol
QM/MM. Generally, mutual polarization is

achieved by assigning MM atoms with electrostatic quantities, which
in the specific case of QM/FQ are the charges (q), whose value is not
fixed but varies according to the Electronegativity Equalization Principle
(EEP) [78], which states that, at equilibrium, all atoms of the system
have the same instantaneous electronegativity. QM/FQF𝜇 model is a
pragmatical extension of QM/FQ that adds an induced dipole on each
MM atom as an additional source of polarization, thus accounting for
anisotropic interactions [60]. While QM/FQ is defined in terms of two
atomic parameters, the electronegativity (𝜒) and the chemical hardness
(𝜂), in QM/FQF𝜇 an additional parameter, i.e. the atomic polarizability
(𝛼), appears. Charges and dipoles are obtained by solving the following
set of linear equations, which are derived from a variational minimiza-
tion of the total energy of the system, under the constraint that the total
charge of each solvent molecule is conserved [60]. To this end, a set of
Lagrangian multipliers (𝝀) is exploited [60]:
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(3)

In Eq. (3) 𝐃 contains charge–charge 𝐓qq, charge–dipole 𝐓q𝜇 and
dipole–dipole 𝐓𝜇𝜇 interaction kernels. 𝐋 collects charges 𝐪, dipoles
𝝁 and Lagrangian multipliers 𝝀, whereas 𝐂𝑄 contains atomic elec-
tronegativities and the total charge of the system. 𝐑 collects both the
electrostatic potential and the field generated by the QM system at MM
positions. Remarkably, both charges and dipoles are affected by the QM
density and vice versa, thus accounting for mutual polarization. As a
result, a non-linear term arises, which requires the QM/FQ(F𝜇) linear
system in Eq. (3) to be solved at each self-consistent field (SCF) cycle.

Raman and ROA scattering cross-sections for a vibrational transition
from an electronic state 𝑖 to a state 𝑗 can be written in terms of
geometrical derivatives of the following polarizability tensors [1]:

• electric dipole–dipole polarizability tensor

𝛼𝛼𝛽 = 1
ℏ

∑

(

⟨𝑗|𝜇̂𝛼|𝑘⟩⟨𝑘|𝜇̂𝛽 |𝑖⟩
𝜔 − 𝜔

+
⟨𝑗|𝜇̂𝛽 |𝑘⟩⟨𝑘|𝜇̂𝛼|𝑖⟩

𝜔 + 𝜔

)

; (4)

𝑘≠𝑗,𝑖 𝑘𝑖 𝑘𝑗
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• electric dipole–magnetic dipole polarizability tensor

𝐺′
𝛼𝛽 = 1

ℏ
∑

𝑘≠𝑗,𝑖

(

⟨𝑗|𝜇̂𝛼|𝑘⟩⟨𝑘|𝑚̂𝛽 |𝑖⟩
𝜔𝑘𝑖 − 𝜔

+
⟨𝑗|𝑚̂𝛽 |𝑘⟩⟨𝑘|𝜇̂𝛼|𝑖⟩

𝜔𝑘𝑗 + 𝜔

)

; (5)

• electric dipole–electric quadrupole polarizability tensor

𝐴𝛼𝛽𝛾 = 1
ℏ

∑

𝑘≠𝑗,𝑖

(

⟨𝑗|𝜇̂𝛼|𝑘⟩⟨𝑘|𝛩̂𝛽𝛾 |𝑖⟩
𝜔𝑘𝑖 − 𝜔

+
⟨𝑗|𝛩̂𝛽𝛾 |𝑘⟩⟨𝑘|𝜇̂𝛼|𝑖⟩

𝜔𝑘𝑗 + 𝜔

)

. (6)

In the previous equations, 𝜔 is the frequency of the external radi-
ation and 𝜔𝑘𝑖 is the frequency associated with the energy difference
𝛥𝐸 = ℏ𝜔𝑘𝑖 between the initial and intermediate states involved in the
transition. 𝜇̂ is the electric dipole, 𝑚̂ is the magnetic dipole and 𝛩̂ is the
electric quadrupole operator. Raman scattering is only defined in terms
of 𝛼𝛼𝛽 , whereas ROA arises from the combination of all three tensors
defined above.

The tensors in Eqs. (4)–(6) can be calculated by exploiting Time-
Dependent (TD)-DFT Linear Response Theory, formulated in terms of
Coupled-Perturbed Kohn–Sham (CPKS) equations [25,62,79,80]. Ra-
man and ROA signals are then computed by numerically differentiating
the tensors with respect to normal modes. It is important to note that,
in line with the paradigm of ‘‘focused’’ models, it is assumed that
the geometrical perturbation only acts on the QM part of the system
(the solute). Such a choice, which is consistent with the so-called
Partial Hessian Vibrational Approach (PHVA) [81–83], implies that the
considered normal modes only belong to the QM target, i.e. solvent
vibrations are discarded.

3. Results

3.1. Computational details

The calculation of Raman and ROA spectra of molecular systems in
aqueous solution is performed by exploiting the computational protocol
explained in detail in Ref. [40]. It consists of the following five steps:

1. Definition of the system: Similarly to previous studies [40], we
exploit a two-level partitioning, where the solute is treated at
the QM level, while solvent molecules are modeled with an MM
force-field.

2. Classical MD simulations and sampling : This step aims at obtaining
a representative conformational sampling of the solvated system.
MD simulations need to be long enough (generally tens of ns for
aqueous solutions) to accurately sample the solute–solvent phase
space and explore the solute’s conformations [40]. Examples
of explicitly solvated structures for the solutes analyzed in this
work are included in Fig. S1 in the Supplementary Material (SM).

3. Extraction of structures: The analysis of MD runs in terms of
hydration pattern is followed by the extraction of a number
of uncorrelated structures. After such structures are cut into
spheres of a given radius (large enough to include multiple sol-
vation shells), they are employed in the subsequent Raman/ROA
QM/FQ(F𝜇) calculations.

4. QM/FQ(F𝜇) calculations: For each spherical snapshot, the solute
geometry is optimized at the QM/FQ(F𝜇) level, while the sol-
vent is kept frozen in order to preserve the sampling of the
solvent configurational space obtained by classical MD. Such a
procedure is in line with the philosophy of ‘‘focused’’ models.
QM/FQ(F𝜇) Raman and ROA spectra are then computed on
those optimized structures.

5. Analysis of the results: Finally, computed QM/FQ(F𝜇) signals for
each spherical snapshot are averaged to produce spectra.

As a starting point of classical MD runs, SER and CYS (zwitte-
rions, see Fig. 1a,d) lowest energy conformers are taken from the
3

literature [76,84], optimized and vibrationally characterized as true
minima at the B3LYP/TZP/COSMO level. CM5 atomic charges [85]
are calculated at the same level of theory and further used in MD
simulations, which are performed with the GROMACS package [86]
and the GAFF force field [87]. Cubes of 5.5 nm length are used as
solvation boxes and filled with a single solute molecule and about
5200 TIP3P water molecules [88]. The initial relaxation of the struc-
tures is done through energy minimization with the steepest descent
minimization algorithm. Then, two equilibration steps are performed:
first, an equilibration (1 ns) is conducted under the NVT ensemble
in order to reach a temperature of 298 K with a velocity-rescaling
method [89] and coupling constant of 0.1 ps. The equilibration of
pressure (lasting 1 ns) is carried out under the NPT ensemble with
pressure coupling with the Parrinello–Rahman barostat [90]. In the MD
production stage, the system is let to evolve for 30 ns by using a leap-
frog integration algorithm [91] with an integration time step of 2 fs.
During production, the LINCS algorithm [92] is used to reset bonds
to their correct length; electrostatic interactions are treated with the
Particle Mesh Ewald method [93].

The last 20 ns of MD trajectories are used to extract 400 uncor-
related snapshots (one every 50 ps), which are subsequently cut in
spherical shapes (radius = 17 Å) centered on the amino acid (∼ 720
water molecules). Raman and ROA spectra on each spherical droplet
(optimized as explained above at the B3LYP/TZP level) are computed
by using the non-polarizable QM/TIP3P [94] and polarizable QM/FQ
and QM/FQF𝜇 approaches. QM/FQ and QM/FQF𝜇 calculations employ
the parametrization sets presented in Refs. [95] and [60], respectively.
QM/continuum (COSMO [77]) spectra are also computed for the sake
of comparison. In particular, for CYS, QM/COSMO spectra are obtained
by using the five minimum conformations reported in Ref. [84]. For sol-
vated SER, the most populated conformers as sampled during MD runs
are considered. Such structures are determined through a clustering
analysis [96] performed by exploiting the tools available in GROMACS.
Importantly, a bi-dimensional scan of the main dihedrals of SER leads
to the same lowest-energy conformers as found with the clustering
methodology, as displayed in Fig. S2 in the SM. All QM/MM spectra
are computed at the B3LYP/TZP level for the QM portion. Further
spectral computations performed with an augmented basis set, namely
B3LYP/ATZP, lead to changes in the relative intensities and the sign
of some peaks in the ROA case, as shown in Fig. S3 in the SM for one
of the snapshots. However, the computational cost increases more than
2.5 times, so it is very expensive for a large set of snapshots. Raman
and ROA final spectra are obtained by averaging raw data and then
by convoluting sticks with a Lorentzian line shape, with full width at
half maximum (FWHM) equal to 6 cm−1. All QM/MM and QM/COSMO
calculations are performed by using a locally modified version of the
ADF program package [97,98]. Polarizability derivatives involved in
the definition of Raman and ROA intensities are performed by using
numerical three-point differentiation with respect to Cartesian displace-
ments (step = 0.05 Bohr) [99,100]. In all cases, the external frequency
is set to 532 nm, according to experimental measurements [72,84].

3.2. Conformational analysis and hydration patterns of L-Serine and L-
Cysteine

MD runs are first analyzed by performing a clustering analysis [96]
(root-mean-square deviation (RMSD) threshold = 0.09 a.u.) so as to
characterize SER and CYS main conformations. As a result, 5 and 6
conformers for SER and CYS, respectively, are identified (see Fig. 1c,f
for the distribution of the two dihedral angles 𝛿1 and 𝛿2). To deeply
analyze solute–solvent HB interactions, radial distribution functions
g(r) (RDFs) are extracted from MD trajectories together with the run-
ning coordination number (RCN). RCN represents the number of closest
water molecules interacting with the considered amino acid via HB.
CYS carboxylic and amino groups RDFs are plotted in Fig. 1b. For
the oxygen atoms of the carboxyl group and the hydrogen atoms of

the amino group, a first solvation shell is identified at about 1.9 Å,
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Fig. 1. (a) CYS molecular structure. (b) RDF for selected atoms of CYS (see panel a). (c) MD conformational analysis (blue triangles) for CYS in aqueous solution as a function
of 𝛿1 and 𝛿2 (see panel a). QM/COSMO conformations, and their Boltzmann populations, are also reported as red circles. (d) SER molecular structure. (e) RDF for selected atoms
of SER (see panel d). (f) MD conformational analysis (blue triangles) for SER in aqueous solution as a function of 𝛿1 and 𝛿2 (see panel d). QM/COSMO conformations, and their
Boltzmann populations, are also reported as red circles.
associated with an RCN of almost 3 (for O) and 1 (for H). This indicates
that the carboxylic group forms on average HBs with three water
molecules, whereas the amino group is hydrogen bonded with a single
solvent molecule. Moreover, no intermolecular HBs between H-(S) and
water molecules, and intramolecular HBs between H (amino group)
and O (carboxyl group) are detected. We note that these results are
in accordance with previous studies reported in the literature [84].

A similar analysis can be performed on SER (see Fig. 1e), for which
we consider the hydroxyl, carboxylic, and amino groups. RDFs of all
these groups are characterized by an intense peak, centered at about
1.85 Å for the first shell of solvation, confirming the presence of HB
interactions. The corresponding RCN is approximately 1 for hydrogen
atoms and 3 for oxygen atoms. The obtained intermolecular HBs net-
work of SER with the closest water molecules agrees with previous
reports [76]. No intramolecular hydrogen bonds between the hydrogen
atoms of the amino group and the oxygen atoms of the carboxylic group
are observed.

The analysis of hydration patterns reveals that both systems are
strongly interacting with water molecules via hydrogen bonding. Not
unexpectedly, a different picture arises by exploiting a continuum
solvation approach (QM/COSMO). We analyze the conformational dis-
tribution as a function of the two dihedral angles (𝛿1 and 𝛿2, see
Fig. 1a,d for their definition). QM/COSMO 𝛿1 and 𝛿2 values are re-
ported in Fig. 1c,f (red points), together with the corresponding values
computed on the 400 snapshots optimized at the QM/FQ level. The
latter (see Fig. 1c for CYS) shows a huge variability of both 𝛿1 and
𝛿2 angles, which are clustered in about 5–6 regions. Indeed, a large
region is sampled by QM/FQ but not by QM/COSMO (𝛿1 between
50 to 100 degrees). Remarkably, the strong interaction with solvent
4

molecules predicted from MD simulations makes the formation of
intramolecular HBs unfavorable, thus the observed CYS conformers are
all characterized by intermolecular interactions. Moving to SER (see
Fig. 1f), three main QM/COSMO conformers are observed, whereas
QM/FQ values explore a large region of space. As expected, the O–H
group is highly dynamic in aqueous solution, due to the formation
of HBs with solvent molecules (see rdf in Fig. 1e). Note that one
of the QM/COSMO conformers is characterized by an intramolecular
interaction between the carboxylic and hydroxyl groups (𝛿1 ∼ −60, 𝛿2 ∼
70), which is absent in atomistic simulations, for which intermolecular
HBs are mainly established, as expected.

3.3. Raman and ROA spectra of L-Cysteine

On the basis of the conformational analysis reported in the previous
section, here QM/COSMO and QM/MM Raman and ROA spectra of CYS
in aqueous solution are analyzed. Calculated Raman and ROA stick
spectra, i.e. the raw data extracted from each structure, are reported
in Fig. 2. For QM/MM results, the selected number of snapshots (400)
guarantees the convergence on averaged spectra (see also Fig. S4a in
the SM).

Let us first focus on Raman spectra (see Fig. 2). QM/COSMO spec-
trum is characterized by three dominating peaks: two of them are
placed in the region between 600 and 800 cm−1 and the third one
between 1500 and 1600 cm−1. The intense peak at about 685 cm−1 is
assigned to the C–S bond stretching (see Fig. S5e in the SM), whereas
the peak at around 800 cm−1 is related to CO−

2 wagging (see Fig. S5g in
the SM). The third peak (1500–1600 cm−1) is associated to NH+

3 wag-

ging and CH2 bending (see Fig. S5s,t in the SM). By moving to QM/MM
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Fig. 2. QM/COSMO, QM/TIP3P, QM/FQ and QM/FQF𝜇 Raman (a) and ROA (b) spectra of CYS in aqueous solution. Experimental Raman (a) and ROA (b) spectra, reproduced
from Ref. [84], are also reported.
calculations, QM/TIP3P spectrum presents highly intense peaks in the
region between 600 and 800 cm−1 (which are assigned similarly to
QM/COSMO calculations) and between 1400 and 1500 cm−1, associ-
ated to CH2 and C–H bending modes (see Fig. S5r in the SM). Re-
markably, QM/TIP3P and QM/COSMO spectra completely disagree, in
particular in terms of peaks’ relative intensities and band-broadening.
These differences are a direct consequence of hydrogen bonding and a
dynamic picture of solvation. Let us now move on to show the effects of
solute–solvent mutual polarization. QM/FQ and QM/FQF𝜇 spectra are
characterized by an intense peak at about 700 cm−1 (see Fig. S5e in the
SM), in the central region around 900 cm−1 (asym. stretching of C–C–C,
S–H bending, C–N stretching, see Fig. S5h,i in the SM) and in the region
around 1400 cm−1, associated with C–H bending, sym. stretching of
CO−

2 and bending/wagging of CH2 (see Fig. S5p–r in the SM). Both
polarizable embedding models provide similar Raman spectra, and the
effect of the dipoles (in QM/FQF𝜇) is thus not so relevant. However, it
is worth noting some discrepancies between QM/FQ and QM/FQF𝜇 in
both vibrational frequencies (see for instance the region between 1600–
1800 cm−1) and relative intensities (e.g. 850–950 cm−1). In particular,
for the band around 1600–1800 cm−1 higher vibrational energies are
reported for QM/FQF𝜇. These modes are associated with the asym. C=O
stretching of the carbonyl group (see Fig. S5u in the SM) which strongly
interacts with 3 water molecules (see Fig. 1b), for which the two models
are expected to differ. Remarkably, both QM/FQ and QM/FQF𝜇 spectra
are different from the spectra derived from QM/COSMO and QM/TIP3P
approaches, thus highlighting the major role played by the atomistic
description (with respect to QM/COSMO) and by the inclusion of
solute–solvent mutual polarization effects (with respect to QM/TIP3P).
5

By moving to ROA, a huge sign alternation pattern is revealed,
highlighting the intrinsic complexity of this kind of chiroptical spec-
troscopy. Indeed, the variability arises from both conformational
changes in the solute geometry and the solvent distribution around
it, as sampled from MD simulations. We remark that a diverse picture
comes from continuum modeling, which provides a simplified vision
of both spectra. At first glance, it is not possible to clearly identify
the shape of convoluted spectra from QM/MM stick spectra (see solid
lines in Fig. 2), while QM/COSMO raw data are directly connected
with final spectra. Another consequence of the commented variability
is inhomogeneous band broadening, which is automatically obtained
in QM/MM convoluted spectra due to a dynamical sampling. On the
contrary, for static models such as QM/COSMO, the bandwidth is
intrinsically homogeneous.

We now move on to the comparison with experimental data, re-
produced from Ref. [84] (see Fig. 2). Some major discrepancies be-
tween experimental spectra and QM/TIP3P Raman calculations are
reported, both in terms of vibrational frequencies and intensities, that
consequently exhibit the poorest agreement. The QM/COSMO Raman
spectrum discreetly reproduces the frequencies of the experimental
data but it is not very accurate in the relative intensities. Significant
improvement is achieved by exploiting QM/FQ and QM/FQF𝜇. In a de-
tailed view of Raman spectra, the region near 800 cm−1 (see Fig. S5f,g
in the SM) is well reproduced by both polarizable approaches, whereas
both QM/TIP3P and QM/COSMO relative intensities are less accurate.
Furthermore, the region near 1400 cm−1 (see also Fig. S5p–s in the
SM) is correctly described by QM/FQ and QM/FQF𝜇, even if peaks
are not perfectly resolved, whereas QM/TIP3P and QM/COSMO spectra
are not directly comparable with experimental values. The good agree-
ment with the experiment provided by both QM/FQ and QM/FQF𝜇
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highlights the importance of correctly taking into account solvation
dynamics and specific solute–solvent HB interactions. Also, the al-
most perfect agreement with experimental spectra which is achieved
by using polarizable methods demonstrates the crucial importance
of including mutual solute–solvent polarization in modeling Raman
spectra.

A more complex scenario arises from the analysis of ROA spectra
(see Fig. 2b), which as stated above are associated with an additional
sign alternation pattern as a function of the snapshot. By comparing
computed spectra, we note serious discrepancies between continuum
and explicit modeling, which not only concern bands’ relative intensi-
ties and positions but, more importantly, the sign alternation pattern,
which is proper for a given enantiomer. In fact, QM/COSMO ROA
spectrum is dominated by an intense (+,−,+,−) pattern between 1200
and 1400 cm−1, which is associated with the asym. stretching of C–C–N,
the C–H bending, the CH2 wagging/twisting and the CO−

2 symmetric
stretching (see Fig. S5m–q in the SM). QM/TIP3P spectrum is mainly
dominated by intense (+,−,+) signals between 1000 and 1400 cm−1

(see Fig. S5j–q in the SM) and by a broad negative band between 1600
and 1750 cm−1 (see Fig. S5u-w in the SM). QM/FQ and QM/FQF𝜇
spectra are characterized by a broad positive band between 900 to
1200 cm−1 (see Fig. S5i-e in the SM), connected with backbone modes,
C–C–C stretching, NH+

3 rocking, S–H and C–H bending, C–C–N rocking
and asymmetric stretching. In addition, both spectra reveal a broad
intense negative band between 1200 and 1300 cm−1 (see Fig. S5m-o
in the SM). Another relevant region is around 1300–1500 cm−1, for
which a (+,−,+) pattern is reported (see Fig. 2b). Although the main
features of the ROA spectrum are similarly reproduced by QM/FQ and
QM/FQF𝜇, slight differences between the two polarizable approaches
are appreciable with regard to bands’ relative intensities (e.g. 1000–
1200 cm−1 and 1300–1500 cm−1 regions), and in the sign of the
peak near 800 cm−1, which is positive for QM/FQF𝜇 and negative
for QM/FQ. These regions, as previously discussed, are related to
CH2 and C–H vibrational modes and CO−

2 wagging. Therefore, they
re highly sensitive to the external environment and the solvation
odel (see also QM/COSMO and QM/TIP3P spectra for a comparison).
owever, the sign alternation pattern is coherent between QM/FQ and
M/FQF𝜇 (with the only exception of the aforementioned peak at
round 800 cm−1). Differently from Raman, QM/TIP3P ROA spectrum
s similar to QM/FQ and QM/FQF𝜇, showing almost the same sign
lternation pattern with the exception of the negative peak around
200 cm−1 and the region between 1300–1500 cm−1, which is almost

absent in QM/TIP3P. Furthermore, it is worth remarking that the
dissimilarities between atomistic and continuum solvent descriptions
in describing band-broadening are enhanced in ROA spectra as com-
pared to Raman. This is not surprising and is related to the intrinsic
complexity of ROA, which finds its strengths in its sensitivity to solute
conformations and interactions with the surrounding environment.

By still focusing on the comparison with experimental data [84], we
notice that the experimental ROA spectrum is mainly characterized by a
(−,+) pattern (600–700 cm−1), a negative peak at around 900 cm−1 and
three (+,−,+) intense bands around 1400 cm−1. QM/FQ and QM/FQF𝜇
spectra are able to accurately reproduce such features. In particular,
bands’ relative intensities, widths, and frequencies are well-reproduced.
QM/TIP3P, and especially QM/COSMO are strongly inaccurate. In fact,
the main (+,−,+) pattern (1400 cm−1) is almost perfectly simulated
by QM/FQ and QM/FQF𝜇, whereas such bands are almost absent in
QM/TIP3P calculations, and the sign alternation is not reported by
QM/COSMO. Differently from Raman, the inclusion of an additional
polarization source in QM/FQF𝜇 yields a better agreement with the
experimental spectrum, in particular for the bands between 1200 and
1600 cm−1. This is mainly due to different relative intensity patterns
as compared to QM/FQ, which wrongly predicts the negative band
between 1200–1300 cm−1 to be the most intense. All methods fail at
reproducing the sign alteration pattern between 600 and 700 cm−1
6

which is positive in experimental spectra but negative in all computed t
spectra. These discrepancies might be associated with anharmonicity
and also with the fact that such bands are associated with the C–S
stretching, for which the exploited level of theory can be insufficient,
due to computational challenges associated with the modeling of the
sulfur atom [101].

3.4. Raman and ROA spectra of L-serine

Computed stick Raman and ROA spectra for SER are shown in
Fig. 3a–b. Similarly to CYS, QM/MM calculations are performed on 400
structures so as to ensure convergence with respect to the number of
snapshots (see Fig. S4b in the SM).

QM/COSMO Raman spectrum is characterized by homogeneous
peaks, among which the most intense can be found at 820 and
1050 cm−1. Both peaks are associated with skeletal vibrations, (C–C–N
symmetric stretching and C–C–C(O) asymmetric stretching, see Fig.
S6c,g in the SM). Moving to QM/MM approaches, QM/TIP3P Raman
spectrum is dominated by two intense peaks in the same regions as
QM/COSMO (with the same assignment) and by three broad bands be-
tween 1300–1500 cm−1 (C–H bending, CO−

2 symmetric stretching and
CH2 wagging, see Fig. S6m–p in the SM). The variability in QM/TIP3P
sticks leads to broad and convoluted averaged peaks, thus diversifying
this spectrum from QM/COSMO, especially with regard to intensities
and bandwidths. QM/FQ and QM/FQF𝜇 spectra are dominated by
an intense peak above 800 cm−1 (see Fig. S6c in the SM) and by
a very broad band centered at about 1400 cm−1 (see Fig. S6m–p in
the SM). Both polarizable approaches give similar spectra, with only
slight changes in relative intensities (e.g. at 1500 cm−1). These findings
highlight that, in this case, the effect of dipoles (i.e QM/FQF𝜇) is neg-
ligible. On the contrary, major discrepancies between QM/FQ(F𝜇) and
QM/TIP3P Raman spectra are noticed, mainly regarding bandwidths
and relative intensities. In fact, for QM/TIP3P, the most intense signals
fall between 1000 and 1100 cm−1, and the region between 1300–
1500 cm−1 completely disagrees with QM/FQ(F𝜇) spectra. Such regions
involve normal modes of the carboxylic and hydroxyl groups, which
are strongly interacting with water molecules (see RDFs in Fig. 1e);
thus, they are expected to be differently described by diverse solvation
approaches.

By moving to the comparison with experimental measurements [72],
good agreement between calculated QM/FQ and QM/FQF𝜇 spectra and
experimental data is observed, with an almost perfect reproduction of
experimental frequencies, relative intensities, and bandwidths. More
in detail: (𝑖) band at about 800 cm−1 (CO−

2 wagging, see Fig. S6b in
the SM): its relative intensity is correctly reproduced by QM/FQ and
QM/FQF𝜇 only, while it is almost absent in QM/PCM and QM/TIP3P
spectra. (𝑖𝑖) 1000–1200 cm−1 region (see Fig. S6b,d in the SM): the
experimental spectrum is characterized by a broad low-in-intensity con-
voluted band. This band is among the most intense in QM/TIP3P and
QM/PCM calculations, whereas it is correctly described by QM/FQ and
QM/FQF𝜇. (𝑖𝑖𝑖) 1300–1500 cm−1 region (see Fig. S3m–q in the SM): the
experimental spectrum features three intense and well-resolved peaks.
Overall, the relative intensity of this region is correctly reproduced by
both QM/FQ and QM/FQF𝜇 however, two bands are barely visible,
probably because two peaks fuse into a broadband. QM/COSMO and
QM/TIP3P fail to reproduce this spectral region. By considering the
nature of normal modes involved in the three analyzed regions, and
the fact that they all involve HB sites, our results clearly demonstrate
once again the crucial role of solute–solvent specific interactions and
the important role of mutual solute–solvent polarization effects.

We now analyze ROA spectra reported in Fig. 3. QM/COSMO yields
two predominant positive peaks, located at about 900 cm−1 (C–C(O2)
ymmetric stretching) and 1100 cm−1 (C–C–N asymmetric stretching,
–H bending, NH+

3 rocking). In addition, the range 1300–1400 cm−1

C–H and O–H bendings, CH2 twisting, CO−
2 symmetric stretching

nd C–H bending) shows a (+,−,+,−) sign pattern. QM/TIP3P spec-
−1
rum features four positive broad bands between 800 and 1200 cm
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Fig. 3. QM/COSMO, QM/TIP3P, QM/FQ and QM/FQF𝜇 Raman (a) and ROA (b) computed spectra of SER in aqueous solution. Experimental Raman (a) and ROA (b) spectra,
reproduced from Ref. [72], are also reported.
and (−,+,−) sign alternation between 1250 and 1450 cm−1. Over-
all, QM/TIP3P and QM/COSMO calculations disagree. QM/FQ and
QM/FQF𝜇 spectra are characterized by a clear (−,+,−) sign alternation
pattern between 1250 and 1450 cm−1 and by a positive peak at
1500 cm−1 (see Fig. S6e–q in the SM). In addition, the QM/FQ spectrum
features four positive peaks between 800 and 1200 cm−1 (see Fig. S6a–
d in the SM), while the QM/FQF𝜇 spectrum shows two dominant bands
(∼ 900 and ∼ 1110 cm−1), and weak negative peaks between 1000 and
1100 cm−1. In contrast to the Raman spectrum, and similarly to CYS,
some discrepancies between QM/FQ and QM/FQF𝜇 ROA spectra can
be appreciated. This results from a higher sensitivity to the solvation
description in the case of ROA than Raman. In fact, a different sign
pattern is observed in particular at 800 cm−1 and between 1000 and
1100 cm−1. Also, the band around 1300 cm−1 is better resolved in
the QM/FQF𝜇 spectrum. QM/FQ(F𝜇), QM/TIP3P, and QM/COSMO
predict largely different averaged ROA spectra. More specifically, the
two central peaks between 950 and 1100 cm−1 are positive in the
case of QM/TIP3P and QM/FQ, one positive and one negative for
QM/COSMO and both negative in the case of QM/FQF𝜇. Because these
peaks are related to O–H bending and backbone stretching models,
mutual polarization effects and the explicit description of the solvent
molecules significantly impact the final simulated spectra.

We finally move to the comparison with experimental data re-
ported in Ref. [72]. The experimental spectrum is characterized by a
(+,−,−,+) (900 and 1200 cm−1) and an intense (+,−) sign alternation
pattern between 1300 and 1450 cm−1. QM/FQF𝜇 accurately models
ROA spectral features in terms of bandwidths, frequencies, and, most
importantly, sign alternation (see for example the (−,+,−) pattern
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around 1400 cm−1). However, relative intensities are less accurately
reproduced for some bands. This is the case of the two negative peaks
around 1000 cm−1, which are weak in QM/FQF𝜇 spectra. Also, the
intensities of the two bands between 1200 and 1400 cm−1 and at
1500 cm−1 are overestimated. Apart from these slight discrepancies,
the agreement between QM/FQF𝜇 and experimental data is very good.
QM/FQ and QM/TIP3P spectra are instead imprecise in the repro-
duction of the two peaks around 1000 cm−1 and the broad negative
band between 1200 and 1300 cm−1. Nevertheless, QM/FQ can correctly
reproduce the main experimental features (for instance, the (−,+,−)
pattern around 1400 cm−1). QM/COSMO, as expected, badly matches
with experiments, and fails at reproducing not only bandwidths but
more importantly sign alternation patterns (see for instance the region
900–1100 cm−1 and that around 1400 cm−1).

3.5. Is clustering reliable for the prediction of Raman and ROA spectra?

The clustering of MD trajectories is a very attractive practice that
is often exploited in order to reduce the computational cost associated
with QM/MM calculations, which generally require hundreds or even
thousands of snapshots [52]. To investigate the performance of this
approach in the calculation of Raman and ROA spectra in aqueous
solution, in Fig. 4 we report CYS (panel a) and SER (panel b) QM/FQF𝜇
spectra as computed as an average over 400 snapshots extracted from
the MD (QM/FQF𝜇MD, blue lines) and as a weighted average on the 5
and 6 representative structures obtained from the GROMOS clustering
(QM/FQF𝜇clustering, red lines). Experimental spectra reproduced from
Refs. [72,84] and are also depicted for the sake of comparison.
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Fig. 4. QM/FQF𝜇𝑀𝐷 and QM/FQF𝜇𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 Raman (top) and ROA (bottom) spectra of CYS (left) and SER (right) in aqueous solution. Experimental spectra are also reported [72,84].
By first focusing on Raman spectra, we notice for both CYS (panel a)
and SER (panel b) that the main features of the spectrum are correctly
reproduced by QM/FQF𝜇clustering. However, some discrepancies are
present and mainly involve the position of the peaks, their relative
intensities, and the inhomogeneous band broadening. This is not sur-
prising, as the band inhomogeneity mostly arises from the many solvent
configurations that are sampled during the MD. Such information is
clearly lost in the clustering approach, which is based on the solute
conformations only while neglecting the possible different orientations
of the solvent molecules. The clustering and the neglecting of solvent
orientation yield ROA spectra that largely diverge from QM/FQF𝜇MD,
even failing at reproducing their main features (e.g. the sign alternation
in the region between 1300–1500 cm−1 for both molecules). This is due
to the fact that QM/FQF𝜇MD ROA spectra are obtained as an average
over hundreds of snapshots characterized by a large variability of signs
(see Figs. 2 and 3), while in a clustering vision, only a few structures are
taken into consideration, potentially altering the sign pattern as in this
case. Note that similar outcomes are obtained if QM/FQ is exploited
(see Fig. S4 in the SM).

To consider the possible impact of a complete quantum treatment
of the closest water molecules, we performed further calculations on
the representative snapshots of CYS and SER explicitly including the
water molecules belonging to the first solvation shell as extracted from
the first minima in the RDFs. The results are added in Fig. S7 in the
SM. The differences in the simulated spectra are mostly related to
the relative intensities of the peaks for both systems and, in the ROA
spectra, there are some changes in the signs of the peaks involving
the groups that create hydrogen bond networks with the surrounding
solvent molecules.

Our findings clearly show that spectral simulations on chiroptical
properties performed on a few representative structures extracted from
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clustering procedures are generally inadequate to correctly reproduce
the high complexity associated with chiroptical signals, for which
solvent distribution plays indeed a fundamental role.

4. Summary and conclusions

We have presented the extension of QM/FQF𝜇 to the calculation of
Raman and ROA spectra. The approach is a pragmatical extension of
QM/FQ, where mutual QM/MM polarization effects are refined by ex-
ploiting a set of fluctuating dipoles to take into account anisotropic in-
teractions. To demonstrate the reliability and robustness of the method,
it has been applied to the calculation of Raman and ROA spectra of
(L)-cysteine and (L)-serine in aqueous solution. QM/FQF𝜇 has also
been compared to implicit QM/COSMO, non-polarizable QM/TIP3P,
and polarizable QM/FQ approaches. The comparison takes into account
various factors, including the way the solute–solvent phase space is
sampled and the accuracy of the solvent description. In fact, SER
and CYS exhibit high conformational flexibility and strong interactions
with the surrounding water molecules. Implicit and explicit solvent
descriptions provide a different picture of both Raman and ROA spectra
in aqueous solution; as a consequence, they give a different description
of spectra, and in this present case explicit, fully atomistic description
yields a much better agreement with experiments than the continuum
QM/COSMO approach.

Furthermore, the comparison between QM/TIP3P and polarizable
QM/MM methods highlights the crucial role of solvent polarization in
both Raman and ROA spectra. Indeed, for both CYS and SER, QM/FQ
and QM/FQF𝜇 models predict very similar Raman spectra, with only
minor differences in relative intensities, thus showing that the inclusion
of induced dipoles in QM/FQF𝜇 does not particularly affect the final
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spectra. For ROA spectra, both QM/FQ and QM/FQF𝜇 approaches
provide results that are in very good agreement with the experiment
in terms of frequencies, intensities, and especially sign patterns. In
particular, QM/FQF𝜇 is able to improve the accuracy with respect
to QM/FQ, thus highlighting the importance of including anisotropic
solute–solvent interactions. Finally, the comparison of Raman and ROA
spectra computed as an average over hundreds of snapshots extracted
from MD simulations and over the representative clustered conforma-
tions of both SER and CYS highlights the necessity of correctly taking
into account the solvent distribution around the solute.

To conclude, the developed methodology couples state-of-the-art
polarizable QM/MM methods with a dynamical sampling obtained by
means of classical MD simulations. For complex systems, characterized
by several minima, more sophisticated methods, such as enhanced
sampling, QM/MM or ab-initio dynamics might also be exploited [102,
103]. Furthermore, in polarizable QM/MM, solute–solvent interactions
are limited to electrostatic (and polarization) contributions. Such an
approximation can be justified for highly polar solvents, such as water,
however non-electrostatic terms, such as Pauli repulsion and disper-
sion, might play a relevant role for apolar solvents. In the last years,
we have developed a model to account for such contributions, general
enough to be coupled to any QM/MM approach and to model any
environment, pending a reliable parametrization [104]. Its extension to
high-order properties and spectroscopies such as Raman and ROA is far
from trivial, however, it is an interesting topic for future investigations.
Also, the developed methodology can be applied to the simulation of
Resonance Raman (RR) [54,105] and Resonance ROA (RROA) spectro-
scopies [106,107], for which the extension of the theoretical modeling
to the evaluation of complex polarizabilities would be needed [108].
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