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Abstract In the current work, we use a combination of
Monte Carlo (MC) simulation and the Intermediate Neglect
of Differential Overlap/Spectroscopic-Configuration Inter-
action (INDO/S–CI) scheme to investigate the solvent ef-
fects on the electronic absorption spectrum of piceatannol
molecule in methanolic solution. The investigation was con-
ducted by carrying out a posteriori INDO/S–CI calculations
on 125 statistically relevant configurations produced by the
MC simulation. Furthermore, a careful study of hydrogen
bonds formed in the course of the MC simulation was per-
formed. In general, our results are in very good agreement
with the available experimental result.

Keywords Piceatannol · Absorption spectrum ·
Monte Carlo simulation · Solvent effects

1 Introduction

Piceatannol (3, 5, 3′, 4′-tetrahydroxy-trans-stilbene) (PC)
(Fig. 1) is a stilbenoid phytoalexin found in peanuts, ber-
ries, red wine and in the skin of certain varieties of grapes [1].
Stilbenes, flavonoids, tanins, terpenes and steroids are funda-
mental secondary metabolites of plants with a range of ben-
eficial biological activities [2]. Some studies have suggested
that PC is an effective antioxidant, anti-platelet, anti-
inflammatory and anticancer agent [3–6]. Due to its stilbenoid
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core, piceatannol is formed by two phenyl rings linked by
a non-saturated carbon bridge with four hydroxyl groups
substituted on the phenyl rings. Piceatannol, even though
structurally very close, is a biomedical agent more potent
than resveratrol (RS) [7]. Although the biological activities
of PC have been much less investigated than the biological
activities of RS, the details of the antioxidative properties of
both molecules are completely unclear.

Some works have stated that it is suitable to correlate
intrinsic parameters such as molecular size, molecular shape
and electronic properties of organic compounds to their spe-
cific biological activity [8,9]. In many cases, the unique way
to experimentally study the electronic properties of organic
compounds is done in liquid solution. For this reason, in the
current work, in order to gain some insight into the elec-
tronic properties of piceatannol in alcoholic solution, we
used the hybrid sequential Monte Carlo/quantum mechanical
(S-MC/QM) approach [10] to calculate the electronic absorp-
tion spectrum of piceatannol in methanolic solution.

Alcohols form a class of compounds with useful techno-
logical and scientific applications [11–15]. In fact, it is known
that the physicochemical features of alcohols are directly
related with their hydroxyl functional group and capability
to form strong hydrogen bond networks [16–18]. The hydro-
gen bond network of methanol has been the main subject
of many publications [19–22]. This simplest alcohol mole-
cule is widely used as solvent in solutions to identify pheno-
lic compounds by high-performance liquid chromatography
(HPLC) method [7,23–25].

Here, we investigated how the solvation affects the
π → π∗ transition energy of PC including explicitly the
methanol solvent molecules within the hydrogen bond and
first solvation shells in the quantum mechanical (QM) calcu-
lations [26–29]. Through this procedure all the polarization
and electrostatic interactions were considered [26,27].
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Fig. 1 The structure of piceatannol and the definition of the atomic
indices used in Table 1

It is important to emphasize that for the sake of validation
of the theoretical results obtained in this work, a direct com-
parison with the experimental result of the absorption spec-
trum of PC in methanolic environment is performed.

2 Computational methodology

The Monte Carlo (MC) simulation was carried out for the
molecular liquid composed of one PC molecule as solute
surrounded by 1,000 methanol solvent molecules in a cubic
box. Standard procedures for the Metropolis MC importance
sampling scheme and periodic boundary conditions imple-
mented with the minimum image method [30] were used in
the canonical (NVT) ensemble. The cubic box with dimen-
sions 40.84 × 40.84 × 40.84 Å3 was defined by the density
of the liquid methanol ρ = 0.7866 g/cm3 at 298.15 K [31].
The intermolecular non-bonded interactions were modeled
by the Lennard-Jones plus Coulomb potential.

The united atom optimized potential model for liquid sim-
ulations (OPLS-UA) [32] was used as a force field of meth-
anol molecule. The geometry of methanol was taken from
the OPLS force field [33]. Since X-ray crystallographic data
are not available in the literature for PC, we will resort to
geometry optimization to acquire the fundamental informa-
tion. It was treated quantum mechanically at the B3LYP/6–
31+G(d,p) level of theory. Also, for PC we used the all atom
optimized potential model for liquid simulations (OPLS-AA)
[34] force field with the atomic charges calculated by the
CHELPG procedure [35] at the B3LYP/6–311++G(d,p) level
of theory (Table 1). The molecular geometries of PC and
methanol were kept rigid in the course of the simulation.

The intermolecular non-bonded interactions were trun-
cated with a spherical cutoff radius of 20.42 Å associated
with the long range correction scheme for the potential en-
ergy [30]. In the current simulation, we performed 4.0 × 107

and 1.0×108 MC steps in the thermalization and equilibrium
stages, respectively. The simulation was initiated with a ran-
dom configuration of the molecular liquid under study. New
configurations were sequentially generated after 1.0 × 103

Table 1 Lennard-Jones parameters and charge distribution for PC mol-
ecule

Site ε (kcal/mol) σ (Å) q (a.u)

C1 3.550 0.070 −0.406

C2 3.550 0.070 0.512

C3 3.550 0.070 −0.511

C4 3.550 0.070 0.495

C5 3.550 0.070 −0.498

C6 3.550 0.070 0.349

C7 3.550 0.076 −0.191

C8 3.550 0.076 −0.169

C9 3.550 0.070 0.220

C10 3.550 0.070 −0.390

C11 3.550 0.070 0.405

C12 3.550 0.070 −0.253

C13 3.550 0.070 −0.195

C14 3.550 0.070 0.194

O1 3.070 0.170 −0.642

O2 3.070 0.170 −0.634

O3 3.070 0.170 −0.633

O4 3.070 0.170 −0.632

H1 2.420 0.030 0.218

H2 2.420 0.030 0.161

H3 2.420 0.030 0.167

H4 2.420 0.030 0.100

H5 2.420 0.030 0.099

H6 2.420 0.030 0.218

H7 2.420 0.030 0.135

H8 2.420 0.030 0.126

H9 0.000 0.000 0.429

H10 0.000 0.000 0.424

H11 0.000 0.000 0.456

H12 0.000 0.000 0.444

MC steps by randomly translating all the methanol solvent
molecules along the three Cartesian coordinate directions and
rotating them by δθ = ±15◦ around a randomly chosen axis.

In order to calculate the electronic absorption spectrum
of the PC molecule in methanolic solution we adopted the
hybrid S-MC/QM procedure. This procedure developed by
Coutinho and Canuto [10] allows that the electronic spec-
trum of a molecule be calculated in solution through the
application of QM calculations on the molecular liquid
structures produced by the MC simulation [27]. In our case,
we used the QM Intermediate Neglect of Differential
Overlap/Spectroscopic-Configuration Interaction (INDO/
S-CI) scheme. Only the hydrogen bond and first solvation
shells were used in these INDO/S-CI calculations due to
the very good results given by these shells in the theoretical
absorption spectrum compared to the experimental result.
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Precisely, 1,000 configurations were produced by the MC
simulation. However, several configurations obtained in the
current simulation are dependent or correlated and they do
not provide important extra information on the calculated
average values [26,28,36]. In fact, these correlated configu-
rations can be excluded without loss of statistical informa-
tion using the concept of autocorrelation function of energy
[26–28,36]. One important property obtained from the inte-
gration (from zero to infinity) of the autocorrelation function
of the energy is the correlation step τ [28,36]. The correla-
tion step plays a fundamental role in determining the interval
between the relevant configurations [26,36]. One can ensure
that configurations are relevant when structures separated by
n > 2τ are indeed selected [36]. Through this procedure, we
obtained a number of 125 relevant configurations separated
by 8.0 × 105 MC steps. The statistical correlation between
these 125 configurations was less than 18%.

The electronic absorption spectrum was computed by the
INDO/S-CI scheme [37] implemented in the ZINDO pack-
age [38]. Several methodologies have been combined with
the INDO/S-CI scheme in order to model the solvatochromic
shifts of several molecules in different liquid environments.
Using the S-MC/QM methodology, Canuto et al. satisfacto-
rily applied the INDO/S-CI scheme to determine the sol-
vatochromic shifts on the π → π∗ transition energy of
β-carotene in apolar (isopentane) and polar (acetone, metha-
nol and acetonitrile) solvents [39]. Using this same method-
ology, Rocha et al. successfully determined the spectroscopy
shifts on the n→ π∗ and π → π∗ transition energies of
formamide in aqueous solution [27]. Broo et al. [40] applied
the INDO/S-CI and self-consistent reaction field schemes in
order to calculate the solvatochromic shifts on the electronic
spectrum of uracil and 1, 3-dimethyluracil. Their results are
according to the experimental data. The study of ethanolic
solvation of C60 fullerene reported by Malaspina et al. [41]
succeed in reproducing the experimental data using a com-
bined molecular dynamics and INDO/S-CI approach.

In this modelling, the average values of the π → π∗
transition energies were safely calculated as a simple aver-
age of the values produced by each relevant configuration
because the Boltzmann factor was indeed considered in the
Metropolis MC importance sampling scheme [27]. All the
DFT calculations were carried out by Gaussian 98 program
[42] and the MC statistical mechanics simulation was carried
out by DICE program [43].

3 Results and discussion

3.1 Hydrogen bond

Hydrogen bonds (HBs) are of fundamental importance in
regulating the structure and interactions of biomolecules [16,

Fig. 2 Radial distribution functions between the hydroxyl oxygens of
PC and the hydroxyl hydrogen of methanol

Fig. 3 Radial distribution functions between the hydroxyl hydrogens
of PC and the oxygen of methanol

44]. HBs avoid phenolic compounds becoming free radicals
when these compounds donate a hydrogen atom to free rad-
icals [45]. Figures 2 and 3 illustrate the radial distribution
functions between the hydroxyl oxygens of PC and the meth-
anol hydroxyl hydrogen, gO1−H (r), gO2−H (r), gO3−H (r) and
gO4−H (r) and the radial distribution functions between the
hydroxyl hydrogens of PC and the methanol oxygen,
gH9−O (r), gH10−O (r), gH11−O (r) and gH12−O (r), respec-
tively.

As one can note, the gO−H (r) distribution functions
(gO1−H (r), gO2−H (r), gO3−H (r) and gO4−H (r)) start at
1.39, 1.31, 1.43 and 1.39 Å and go up to 2.61, 2.57, 2.44 and
2.11 Å, respectively. Integration of these respective peaks
yields 0.8, 0.5, 0.2 and 0.2 methanol nearest neighbors. The
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Fig. 4 Snapshots of the
hydrogen bond interactions
between PC and methanol
molecules. Distance in Å

gH−O(r) distribution functions (gH9−O(r), gH10−O(r),
gH11−O(r) and gH12−O(r)) start at 1.35, 1.39, 1.48 and 1.31
Å and go up to 2.23, 2.57, 2.65 and 2.49 Å, respectively.
Integration of these respective peaks yields 0.2, 1.0, 0.9 and
1.0 methanol nearest neighbors.

In several works, the definition of HBs have been based
only on geometric criteria [46–50]. In these works, the crite-
rion for the interatomic distances is obtained from the radial
distribution functions. However, it is showed in Refs. [26–
28] that the most suitable method to characterize the HBs in
liquids must be based simultaneously on geometric and ener-
getic criteria. Further details can be found elsewhere [51,52].
Therefore, the methanol molecules are hydrogen-bonded to
PC molecule if and only if all the following three criteria are
satisfied: (1) the RD A distance is smaller than 3.8 Å; (2) the
AHD angle is smaller than 40◦; and finally (3) the binding
energy is larger than 4.0 kcal mol−1 [26–28].

With all these three conditions satisfied, 485 hydrogen
bonds in 125 relevant configurations are formed. This yields
an average of 3.9 hydrogen bonds formed between PC and
methanol nearest neighbors. PC molecule is able to form two
to six hydrogen bonds with the methanol nearest neighbors
(Fig. 4). The statistical data on the occurrence of the HBs
formed is summarized in Table 2. It can be seen from this
table that four to six hydrogen bonds constitute 80.3% of
the relevant configurations and two to three hydrogen bonds
account for a combined total of 19.7% of the relevant con-
figurations.

3.2 Electronic spectrum

In the following we show the calculated results for the
electronic absorption spectrum of PC in gas phase and in
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Table 2 Statistics of the hydrogen bonds (HBs) formed between PC
and methanol and their π → π∗ average transition energies

Number of HBs Occurrence (%) π → π∗ (nm)

2 1.2 317.9 ± 0.71 [0.79]

3 18.5 316.7 ± 0.67 [0.81]

4 51.1 318.3 ± 0.32 [0.83]

5 21.6 316.0 ± 0.57 [0.80]

6 7.6 316.2 ± 0.92 [0.79]

Total (HB shell) 100 317.1 ± 0.58 [0.83]

The numbers in brakets are the average oscillator strengths

methanolic solution. We found a value of 315.3 nm (with
oscillator strength = 0.79) for the gas phase π → π∗ tran-
sition energy. Unfortunately, this transition is not known in
the literature neither in the gas phase nor in apolar solvents.
In Table 2 we present our computed values for the π → π∗
average transition energies of PC due to the hydrogen bond
interactions with the methanol solvent molecules. For two,
three, four, five and six hydrogen bonds, the π → π∗ aver-
age transition energy was calculated as 317.9 ± 0.71, 316.7
± 0.67, 318.3 ± 0.32, 316.0 ± 0.57 and 316.2 ± 0.92 nm,
respectively. We calculated a value of 317.1 ± 0.58 nm for
the hydrogen bond shell π → π∗ average transition energy.
This value is in accordance with the experimental result of
PC in methanolic solution [7].

The liquid structure of the first solvation shell was
obtained by means of the minimum distance distribution
function (MDDF) [39,53]. It does not grow in a spherical
form, but considers the shape of the PC, and this nearest
neighbor radial distribution function was calculated using
the smallest distance between all the PC atoms and all meth-
anol atoms [39,53]. As can be seen later, the first solvation
shell can be easily located.

The minimum distance distribution function is shown in
Fig. 5. The first solvation shell starts at 1.41 Å and goes
up to 4.55 Å. Integration of this peak yields 36 methanol
molecules in the first solvation shell of PC. A snapshot of a
random configuration of the first solvation shell of PC mol-
ecule is illustrated in Fig. 6. A number of 125 INDO/S–CI
calculations of the π → π∗ transition were carried out and
their computed values were averaged [27–29]. The statis-
tical convergence of the π → π∗ transition energy calcu-
lated for the first solvation shell is illustrated in Fig. 7. It can
be seen in this Fig. 7 that the π → π∗ average transition
energy is calculated as 320.5 ± 0.41 nm (with average oscil-
lator strength = 0.87), which is in better accordance with the
experimental result of 320.0 nm [7] than that obtained for the
hydrogen bond shell. In fact, for this calculated value, there
is an excellent agreement between theory and experiment
within the statistical noise. The statistical noise is attributed
to the uncertainty introduced when the π → π∗ transition

Fig. 5 Minimum-distance distribution function (MDDF) between the
smallest distance of all PC atoms and all methanol atoms

Fig. 6 Snapshot of one arbitrary configuration of the first solvation
shell of PC molecule obtained from the MDDF

energy is calculated using a finite number of configurations
[54]. In Fig. 7, it is worth noting that the π → π∗ average
transition energy converges with only 70 INDO/S-CI calcu-
lations [29,55]. As discussed before by Georg et al. [29] and
Ludwig et al. [55], the fast convergence is achieved princi-
pally due to sampling only the configurations that are statis-
tically uncorrelated.

It is interesting to remark that the average value of the
π → π∗ transition energy of PC obtained in Fig. 7 incor-
porates into a single value, and a lot of information is not
explicitly shown [56]. Therefore, in order to show the full
information contained in the previously mentioned statistical
average, we computed and plotted in Fig. 8 the distribution
of the π → π∗ transition energy calculated values of PC in
methanol obtained for the first solvation shell [56].
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Fig. 7 Statistical convergence of the average value of the π → π∗
transition energy of PC in methanol obtained for the first solvation shell

Fig. 8 Distribution of the π → π∗ transition energy calculated values
of PC in methanol obtained for the first solvation shell

In addition, for comparison purposes, a rough inclusion
of the bulk solvent effects on the π → π∗ transition energy
of PC was calculated by means of the polarizable contin-
uum model (PCM) solvation method [57–60]. By way of this
method, PC molecule is immersed in a spherical cavity char-
acterized by the dielectric constant of methanol (ε = 32.63)
and some other features [61]. The PCM calculations were
initiated using the optimized gas phase geometry of PC mol-
ecule [61].

Therefore, using the PCM–B3LYP/6-31+G(d,p) approxi-
mation, a value of 321.3 nm (with oscillator strength = 0.90)
was calculated for the π → π∗ transition energy of PC. This
value matches very well with the π → π∗ average tran-
sition energy of PC calculated above using the molecular

liquid structures of the first solvation shell as well as with the
experimental result [7].

Through these results, it can be noted that the shifts due
to solvent effects are very small. Compared to the gas phase
case, the presence of methanol molecules in the π → π∗
electronic transition calculations induced average values red-
shifted by only 1.8 ± 0.58 and 5.2 ± 0.41 nm due to the
hydrogen bond and first solvation shells, respectively. Al-
though the π → π∗ transition energy of PC was weakly
changed by the methanol molecules within the hydrogen
bond and first solvation shells, the addition of this solvent
in the semiempirical INDO/S–CI calculations satisfactorily
reproduced the available experimental result [7].

4 Summary and conclusions

In the current work we investigated how the methanol mol-
ecules of solvation affect the π → π∗ transition energy of
PC through the sequential Monte Carlo/quantum mechani-
cal approach. PC was treated by B3LYP/6–31+G(d,p) level
of theory and methanol was described by OPLS force field.

The gas phase π → π∗ transition energy of PC was cal-
culated as 315.3 nm. The suitable identification of hydrogen
bond structures was performed through the geometric and
energetic analysis of the molecular liquid under study. The
number of hydrogen bonds that the PC molecule can form
with the methanol ranges from two to six. The hydrogen bond
shell π → π∗ average transition energy was calculated as
317.1 ± 0.58 nm, this energy being in good concordance
with the results of the solution experiment.

The first solvation shell π → π∗ average transition energy
was calculated as 320.5 ± 0.41 nm which is almost exactly
the experimental value of 320.0 nm. According to this result,
we concluded that the arrangement of 36 methanol molecules
around the PC molecule was sufficient to reproduce experi-
mental absorption spectrum of PC in methanol. Indeed, this
modeling succeeds in reproducing the available experimental
result.
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