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Abstract. The UV-vis absorption spectrum of the solvated quercetin molecule in methanol was investi-
gated theoretically by means of an elegant type of QM/MM scheme better known as sequential Monte
Carlo/quantum mechanics (S-MC/QM) methodology. A set of 125 uncorrelated Monte Carlo molecular
liquid structures were properly selected through the autocorrelation function of the energy in order to be
used in the quantum mechanical calculations. These molecular liquid structures were obtained by means
of the radial and minimum distance distribution functions. A detailed account of the pattern of hydrogen
bond structures obtained in this study is also available. The computed results obtained here were directly
compared with the available experimental data in order to validate our theoretical model and through this
comparison a very good conformity between theoretical and available experimental results was found.

PACS. 61.20.Ja Computer simulation of liquid structure — 36.20.Kd Electronic structure and spectra —

31.70.Dk Environmental and solvent effects

1 Introduction

Flavonoids are polyphenolic compounds mainly found in
grapes, wine, apples, tea and berries [1,2]. They have at-
tracted considerable attention of the scientific community
due to their biological and pharmacological properties,
such as for example, antioxidant, anticarcinogenic, anti-
inflammatory, antiviral and anti-allergic features [3-5].
Based on structure, flavonoids are divided into several
classes such as catechins, anthocyanidins, isoflavones,
flavones, flavanones and flavonols. Interest in the biolog-
ical properties of flavonoids has increased over the years
since the emergence of the French paradox phenomenon.

This phenomenon derived from the observation of low
coronary heart disease death rates despite a high satu-
rated fat diet [6-9]. According to some studies, the daily
consumption of red wine by the French is one of the main
factors behind this phenomenon [10]. This explanation is
strongly supported by the high concentration of polyphe-
nolic compounds, principally the flavonol quercetin, in the
beverage under discussion [6].

The flavonol quercetin (3, 3/, 4, 5, 7-pentahydroxy-
flavone) (QC) (see fig. 1), a phytoalexin, is one of the
most potent biomedical agents known. Several types
of diseases are inhibited by this biocompound such as
cataract, coronary heart disease, diabetes and cancer,
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Fig. 1. (Color online) The structure of QC and its atomic
indices used in table 1.

especially prostate cancer [11-16]. Together with the
flavonol kaempferol, quercetin is one of the most abun-
dant flavonoids in the human diet [17].

Regrettably, similar to the most important stilbene
resveratrol and other biocompounds, the biological fea-
tures of QC are not clearly understood [18]. Over the
years, as an effort to understand unclear biological prop-
erties, molecular structural and electronic properties of
organic compounds in gas phase have been analyzed and
correlated to their inherent biological properties [19-23].



2 The European Physical Journal E

Nevertheless, in nature, biocompounds are found in
most liquid environments. For this reason, in the current
theoretical investigation, in order to better understand the
electronic properties of the flavonol under investigation in
a realistic environment, we thus simulate the UV-vis ab-
sorption spectrum of quercetin in methanolic solution by
means of the QM /MM scheme developed by Coutinho and
Canuto better know as sequential Monte Carlo/quantum
mechanical (S-MC/QM) methodology [24].

The inclusion of the methanol solvent molecules [25—
27] in the UV-vis absorption spectrum QM calculations of
the quercetin molecule was properly obtained by means of
the radial and minimum distance distribution functions.
The structures connected via hydrogen bonds were also
investigated.

The aim of this molecular liquid simulation is to study
how the m — 7™ transition energy of QC is modified
through the discrete process of inclusion of methanol
molecules within the hydrogen bond, micro, first and sec-
ond solvation shells for use in performing QM calcula-
tions [26-28].

The theoretical model proposed here was directly com-
pared with the available experimental observations in or-
der to be validated and through this comparison a very
good agreement between theoretical and available experi-
mental results was found.

2 Computational details

Our calculations started with the geometry optimization
of quercetin in vacuum by means of the Gaussian 98 suite
of programs [29]. It was treated quantum mechanically
by the well-established hybrid B3LYP density functional
and 6-314-G(d) basis set. Our molecular liquid simulation
was performed in a cubic cell with a total of 1000 OPLS-
UA [30] methanol solvent molecules and a QC molecule
as solute.

The non-electrostatic Lennard-Jones parameters of
QC molecule were obtained from the OPLS-AA force field
(see table 1) [31]. The partial charges of QC were com-
puted via Breneman-Wiberg CHELPG fitting scheme [32]
using the B3LYP/6-314+G(d) level of computation. The
Metropolis MC simulation was carried out by DICE pro-
gram [33].

Metropolis MC algorithm and periodic boundary con-
ditions under the minimum image convention tech-
nique [34] were used in the canonical (NVT) en-
semble. The simulation cell with dimensions 40.870 x
40.870 x 40.870 A3 was determined by the density of lig-
uid methanol (0.7866 ¢g/cm?) at room temperature [35].
The intermolecular non-bonded interactions were calcu-
lated through the sum of Lennard-Jones and Coulomb
potential functions.

A non-bonded spherical cutoff radius of 20.435 A was
used to truncate the intermolecular non-bonded inter-
actions [34]. The molecular liquid was thermalized for
5.0 x 107 MC steps followed by a production stage of
2.0 x 10 MC steps. The molecular geometries of the so-

Table 1. Lennard-Jones parameters, charge distribution and
the computed gas phase dipole moment (in Debye) for QC
molecule.

Site e (kcal/mol) o (A) q (a.u.)
C1 3.550 0.070 0.272
C2 3.550 0.070 0.396
C3 3.550 0.070 —0.384
C4 3.550 0.070 0.262
Ch 3.550 0.070 0.662
C6 3.500 0.066 0.148
C7 3.500 0.066 —0.003
C8 3.550 0.070 0.148
C9 3.550 0.070 0.220
C10 3.500 0.066 —0.321
Cl11 3.550 0.070 0.467
C12 3.550 0.070 —0.525
C13 3.550 0.070 0.667
Cl14 3.550 0.070 —0.570
C15 3.550 0.070 0.623
o1 2.900 0.140 —0.172
02 3.070 0.170 —0.658
03 3.070 0.170 —0.661
04 2.960 0.210 —0.550
05 3.070 0.170 —0.628
06 3.070 0.170 —0.714
o7 3.070 0.170 —0.699
H1 0.000 0.000 0.455
H2 0.000 0.000 0.499
H3 0.000 0.000 0.435
H4 0.000 0.000 0.462
H5 0.000 0.000 0.463
H6 2.420 0.030 0.245
H7 2.420 0.030 0.193
H8 2.420 0.030 0.217
H9 2.420 0.030 0.144
H10 2.420 0.030 0.142
Dipole moment pw=25.37D

lute and solvent molecules used here were kept rigid in the
course of the thermalization and production stages.

In order to generate a new configuration, one needs to
randomly translate along the three Cartesian coordinate
directions all the methanol solvent molecules and rotate
them about a randomly chosen axis by §6 = £15°. There-
fore, new configurations are produced after 1.0 x 10? MC
steps.

In fact, by means of the S-MC/QM procedure, one
can compute the UV-vis absorption spectrum of a sol-
vated molecule through a series of QM calculations on
the molecular liquid structures produced by the MC sim-
ulation [24,28]. Solely, the hydrogen bond, micro, first
and second solvation shells were treated by the QM In-
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Fig. 2. (Color online) Radial pair distribution functions be-
tween the hydroxyl hydrogens of QC and methanol hydroxyl
oxygen.

termediate Neglect of Differential Overlap/Spectroscopic-
Configuration Interaction (INDO/S-CI) scheme.

In this combined technique, to compute the average
value of the m — 7™ transition energy of the quercetin we
sampled and averaged each single value gathered from the
MC liquid configurations [27,28]. In fact, all these selected
configurations are considered statistically relevant [27,28].
The refined form that these functions are obtained as well
as the technique of selecting uncorrelated configurations
is described in details in refs. [26-28].

Through this technique, 125 uncorrelated configura-
tions with less than 15% of statistical correlation were
selected [26-28]. In fact, the average values of the 7 —
7" transition energies were safely computed as a simple
average of the values produced by each uncorrelated con-
figuration because the Boltzmann function was considered
in the Metropolis MC importance sample algorithm [28].
The UV-vis absorption spectrum was computed by the
INDO/S-CI scheme [36] implemented in the ZINDO pack-
age [37].

3 Results and discussion
3.1 Hydrogen bond structures

In general, the mechanisms responsible for the antioxi-
dant features of polyphenolic compounds are governed by
the donation of hydroxyl hydrogens to free radicals [38].
This is possible due (mainly) to the number and localiza-
tion of hydroxyl groups of these compounds [39] as well
as hydrogen bonds [38]. The role played by the hydrogen
bonds (HBs) is to repair the damage suffered in the struc-
ture of these biocompounds when they donate hydroxyl
hydrogens to free radicals [38]. It is of crucial importance
for human health because it can prevent the formation of
new and perhaps more potent free radicals [38].

Since the functioning of biomolecules is profoundly af-
fected by the solvent medium around them [40], at this
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Fig. 3. (Color online) Radial pair distribution functions be-
tween the hydroxyl and carbonyl oxygens of QC and methanol
hydroxyl hydrogen.

time we will study the formation of HBs between the so-
lute and the solvent molecules under investigation. An av-
erage picture of the HB methanol molecules around the
QC can be provided by means of the radial distribution
functions [41]. Figure 2 depicts the radial distribution
functions associated with the quercetin hydroxyl hydro-
gens and methanol oxygen (gg-o). In fig. 3 we show the
radial distribution functions associated with the quercetin
hydroxyl and carbonyl oxygens and methanol hydroxyl
hydrogen (go-u). The gu-o radial distribution functions
(9H1-0, gH2-0, 9gH3-0, gHa-0 and gus-0) start at 1.42,
2.19, 1.63, 1.58 and 1.42 A and present a first peak maxi-
mum located at 1.76, 2.33, 2.17, 2.04 and 1.77 A, respec-
tively [27,28]. The respective spherical integration per-
formed up to the first minimum of the gui-o0, gu2-o0,
gus-0, gua-o and gps-o radial distribution functions at
2.55, 2.53, 3.02, 2.92 and 2.46 A yields a coordination num-
ber of 1.00, 0.01, 0.61, 0.58 and 0.99.

The go-n radial distribution functions (goz-n, gos-m,
Jo4-H, 905-H, gos-u and gO7—H) start at 1.51, 1.45, 1.42,
1.46, 1.47 and 1.52 A and have a first peak maximum at
1.82, 1.80, 1.78, 1.85, 1.75 and 1.79 A [27,28]. An amount
of 0.07, 0.24, 0.24, 0.01, 0.35 and 0.38 nearest neigh-
bors were found through the integration performed in the
g02-H, JO3-H; Jo4-H; Jos5-H, goe-H and gor-p radial distri-
bution functions up to their respective first minimum at
2.45, 2.59, 2.55, 2.08, 2.46 and 2.49 A.

The technique used here to detect structures linked by
hydrogen bonds was based in a combination of geometric
and energetic criteria. This combination has been success-
fully applied before by Coutinho and Canuto in order to
select the structures involved in HBs in liquids [27,28,42].
It is worth noting that in this simulation we selected the
structures linked by hydrogen bonds according to a com-
mon criterion for each parameter to be described soon for
each hydrogen bond site as applied before by Jedlovszky
and Turi [43].

Quercetin and methanol molecules are linked by hy-

drogen bonds only if the three conditions, obtained in
this simulation, are all together fulfilled: first, the RDA
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Fig. 4. (Color online) Snapshots of the hydrogen bond interactions between QC and methanol molecules.

Table 2. Statistics of the hydrogen bonds formed between QC
and methanol and their 7 — 7" average transition energies.

Number of HBs  Occurrence (%) = — " (nm)

1 0.4 358.4 £ 0.97
2 12.5 358.5 +1.13
3 235 356.3 + 1.58
4 26.9 356.7 4 0.89
5 23.5 358.5 + 0.94
6 6.7 357.1 4+ 1.03
7 6.5 357.2 4+ 1.08
Total (HB shell) 100 357.4 + 1.53

distance is closer than 3.5A. Second, the AHD angle is
closer than 40° and third, the binding energy is larger
than 6.0kcal/mol [27,28,42,44,45].

In this sense, according to the set of three conditions
considered in this study, a total amount of 446 HBs be-
tween QC and methanol solvent molecules were formed
whose pattern of formation ranges from one to seven HBs

(see fig. 4). The statistical data concerning the occurrence
of the HBs formed in this work is outlined in table 2.
As can be noticed, the majority of the uncorrelated con-
figurations are involved in one to four hydrogen bonds
(63.3%) [46].

It is apparent that the results reported above do not
provide any information concerning the HB donor and ac-
ceptor ability of QC is available. We found that in 2.2,
6.2, 6.2, 0.4, 9.6 and 0.9% of the configurations, the 02,
03, 04, 05, O6 and O7 atomic sites act as acceptors of
hydrogen bonds. In 26.4, 8.5, 11.4 and 28.2% of the con-
figurations O2-H1, O5-H3, O6-H4, and O7-H5 groups act
as donors of hydrogen bonds, respectively.

It was found that the O3-H2 group does not act as a
donor of hydrogen bonds. From these results, it can be
noticed that the O6 atomic site demonstrates the great-
est ability to accept HBs and the O7-H5 group to donate
HBs. Taking into account the antioxidant capacity, one
can note through these results that the B-ring of quercetin
(see fig. 1) is the more important site involved in donation
of HBs compared to the A- and C-rings [47]. In fact, this
is in agreement with the reported literature [47].
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Fig. 5. (Color online) Minimum distance distribution func-
tion (MDDF) between the smallest distance of all QC atoms
and all methanol atoms. The blue bold line corresponds to the
coordination number obtained in the MDDF.

3.2 UV-vis spectrum

The gas phase absorption spectrum will be used as a start-
ing point for the investigation of how the solvation changes
the m — 7* transition energy of quercetin. After that,
the solvation change under consideration is investigated
through the results computed from the in-solution absorp-
tion spectrum. For the isolated case of the m — ™ tran-
sition energy a value of 352.7nm was found. As far as we
know, regrettably, this transition energy has not been re-
ported experimentally to date. The in-solution absorption
spectrum was computed in different forms using first, in
the quantum mechanical calculations, the solvation pro-
vided by the methanol solvent molecules involved in HBs
and then the micro, first and second solvation shells of
methanol solvent molecules.

In order to start our discussions concerning the 7 — 7*
transition energy of quercetin solvated in methanol, we
outlined in table 2 the computed results of the referred
transition energy of the QC solvated by hydrogen-bonded
methanol molecules. From one to seven hydrogen bonds,
the average value of the m — 7™ transition energy was
computed to be 358.4 + 0.97, 358.5 £+ 1.13, 356.3 £ 1.58,
357.7£0.89, 358.5£0.94, 357.1+£1.03 and 357.2+1.08 nm,
respectively. For the hydrogen bond shell as a whole, the
average value of the m — 7* transition energy was com-
puted to be 357.4 & 1.53 nm. This computed value is not
in good conformity when compared with the experimen-
tal observations of Robards et al. of 371nm [48] and of
Cornard et al. of 372nm [49].

In order to have better comparison between theoret-
ical and experimental results, we solvated the quercetin
molecule with more solvent molecules by means of the
first and second solvation shells and not only with the
hydrogen-bonded methanol molecules. For comparative
purposes with the HB shell, the micro solvation shell was
also taken into account in the QM calculations.

Each one of the previously mentioned liquid structures
of methanol molecules around of quercetin was obtained
in the minimum distance distribution function (MDDF)
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Fig. 6. (Color online) Statistical convergence of the average
value of the m — 7™ transition energy of QC in methanol ob-
tained for the (a) micro, (b) first and (c) second solvation shells.
A randomly chosen configuration of the micro (a), first (b) and
second (c) solvation shells is also shown in this figure.

(fig. 5) [50]. Taking into account the micro, first and sec-
ond solvation shell liquid structures, the MDDF displays
three minima located at 2.10, 4.21 and 7.69 A, respec-
tively. Coordination numbers of 6, 36 and 108 methanol
molecules around the quercetin are computed through
these respective minima.

For illustrative purposes, we have plotted in fig. 6 the
average value of the 7 — 7* transition energy of the micro,
first and second solvation shells. It was found that the
average value of the 7 — 7* transition energy of the micro,
first and second solvation shells converges at 357.7 £ 1.15,
368.3 £ 1.97 and 370.3 & 2.11 nm, respectively.

These theoretical predictions are in rather better
agreement with the experimental observations of 371 and
372nm [48,49] than that computed for the hydrogen bond
shell. The average computed value of the m — 7* transi-
tion energy obtained from micro solvation shell is only
0.38 nm larger than that one computed for the HB shell.
Not necessarily hydrogen bonded to the QC molecule, the
spectroscopy effect of methanol molecules of the micro sol-
vation shell on the 7 — 7* transition energy of the QC is
almost the same.

For our best result, the computed average value of the
m — 7" transition energy obtained from the second solva-
tion shell is 0.39nm larger than the experimental obser-
vation of Robards et al. [48] and 0.61nm lower than the
experimental observation of Cornard et al. [49]. Also, it is
worth noticing that our best average computed value for
the m — 7* transition energy is in better agreement with
the available experimental results of 371 and 372 nm than
that one computed by Cornard et al. of 381 nm [49].

In fact, even using a few number of QM calcula-
tions, a fast convergence is attained as one can observe
in fig. 6 [27,28]. This is thus attained due to the fact that
we only sampled the configurations which are considered
statistically relevant as discussed previously in several ar-
ticles [27,28,51-53].
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For a lack of experimental information we cannot com-
pare the bathochromic shifts of the 7 — 7* calculated in
the current work. However, as can be noticed, the solva-
tion process simulated here indeed reproduced the avail-
able experimental results of the m — 7* transition energy
of QC in methanolic solution [48,49].

4 Conclusion remarks

The sequential Monte Carlo/quantum mechanics tech-
nique was used here in order to compute the UV-vis
absorption spectrum of the QC molecule solvated in
methanol.

The structure of the molecular liquid was taken into ac-
count in this theoretical investigation by means of the min-
imum distance and radial distribution functions. The main
feature of the HB ability of QC is the greatest capacity to
donate HBs at the O7-H5 group as well as accept HBs at
the O6 atomic site.

The QM calculations were based on the semiempiri-
cal INDO/S-CI methodology in the uncorrelated config-
urations selected from the MC simulation. The average
m — m* transition energy obtained from the second sol-
vation shell, our best result, is in very good agreement to
the available experimental results of 371 and 372 nm.

Finally, as can be clearly noticed, the model proposed
here for the m — 7* transition energy matches very well
with the available experimental results.

We would like to acknowledge Prof. S. Canuto and Prof.
K. Coutinho for providing their high level Monte Carlo simula-
tion program DICE. This work was supported by the Brazilian
agencies PIBIC/CNPq, CNPq and FAPESPA.
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