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ABSTRACT: In this study, the interactions between daidzein and methanol were
studied to investigate isoflavone extraction. The complexes of MeOH−daidzein =
1:1, 2:1, 4:1, and 7:1 were studied using DFT/B3LYP-D3. According to the findings
of this study, daidzein can act as a hydrogen bond donor as well as an acceptor.
Binding energies demonstrate that more MeOH molecules interacting with daidzein
could give more stability to the system. The strengths of the hydrogen bonds reveal
that daidzein prefers to act as a hydrogen bond donor than an acceptor. The atoms
in molecules (AIM) topological analysis was performed to analyze the nature of the
hydrogen bonds. Moreover, daidzein, genistein, and glycitein are the most common
soybean isoflavones, and their properties during extraction were also studied. The
binding energies show that the soy isoflavone genistein is more reactive with the
solvent than daidzein, followed by glycitein. The extraction conditions of the three
common soy isoflavones in MeOH solution were obtained at 321, 328, and 348 K
for genistein, daidzein, and glycitein, respectively. The generalized Kohn−Sham energy decomposition analysis (GKS-EDA) results
indicate that the solute−solvent molecular interactions are typical hydrogen bonds with predominantly electrostatic and exchange
energies in nature.

1. INTRODUCTION

Isoflavones are oxygen heterocyclic compounds, which have a
3-phenylchroman skeleton that is hydroxylated at the 4 and 7
positions.1 They are classified under natural products that are
imbued with numerous biological benefits including their
antioxidant abilities and anticancer properties, which make
them important for both commercial use and physical
consumption.1,2 Daidzein (C15H10O4) structurally belongs to
isoflavones, and it is a naturally occurring compound found
exclusively in soybeans and other legumes.3,4 It exhibits similar
structural and functional qualities to those of the human
mammalian endogenous hormone estrogen and therefore is
also known as one of the most common phytoestrogens.
Consequently, daidzein plays a paramount role in hormone
replacement therapy (HRT) for women who are undergoing
menopause.5

To access the benefits of isoflavones, choosing an
appropriate solvent is of tremendous importance for isoflavone
extraction. It has always been known that the hydrogen bonds
between a solute and polar organic solvent play a crucial role in
selective extraction.6 In particular, the hydroxyl and carbonyl
groups in isoflavones have been demonstrated to strongly
interact with solvents via hydrogen bonds.7,8 Thus, methanol
(MeOH), ethanol (EtOH), acetonitrile (MeCN), etc. have
been commonly used to extract isoflavones.9−11 In a previous
experimental study, Zuo et al. recovered up to 87.3% of
isoflavones with aqueous MeOH-modified supercritical carbon

dioxide.12 Luthria et al. also studied the interaction between
daidzein and a solvent mixture (v/v, 90:10, MeOH−H2O),
and they could recover 100% daidzein from soybeans.13 This is
because the hydrogen bond between the solute and polar
organic solvent plays a crucial role in selective extraction.6

However, the interactions between the solute and the solvent
are still not fully understood from a molecular level. Since
daidzein is an important isoflavone from soybeans, under-
standing the interactions between the solute and solvent would
be crucial to reveal the isoflavone extraction.
In this study, the interactions between MeOH and daidzein

were investigated using density functional theory (DFT).
Moreover, daidzein, glycitein, and genistein are the three major
isoflavones in soybeans, and they can account for up to about 3
mg g−1 (dry weight) in soybeans.14 Their structure and
functions are very similar to each other. The extraction
competition among daidzein, glycitein, and genistein was
further analyzed.
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2. RESULTS AND DISCUSSION
As shown in Figure 1, the isolated daidzein molecule is very
similar to glycitein and genistein. The structural differences are

the groups of R1 and R2. For daidzein, both R1 and R2 are
hydrogen atoms. The structure of daidzein is such that the III
ring slightly rotates out of the plane formed by the rings I and
II, causing it to exhibit a nonplanar structure. Thus, this results
in a torsion angle between the II and III rings, and it was
approximately calculated to be 41.0°, which is in good
agreement with those of glycitein (40.9−41.9°) and genistein
(42.0−43.3°).7,8 However, the calculated torsion angle is
smaller than the value (45.1°) in the single crystal structure.15

This is due to the intermolecular hydrogen-bonding inter-
actions between the phenolic hydroxyl group and carbonyl
group in the crystal lattice.
Daidzein has four different oxygen atoms, namely, Oa, Ob,

Oc, and Od (Figure 1). These four oxygen atoms in daidzein
are engaged with three types of oxygen. The Oa atom together
with the Od atom belongs to a hydroxyl group. Ob is derived
from a carbonyl group, and Oc, on the other hand, belongs to
an ether group. Moreover, the rotation of the OaHa and OdHd
groups results in four conformers (Figure 2). However, the

four conformers are very close in electronic energy, with the
daidzein (B) conformer as the most stable one. This means
that the rotation of the OH groups only slightly affects the
stabilities of daidzein. In contrast, the daidzein (C) conformer
was found to be the most stable one in the crystal lattice.15

This is because the intermolecular interactions of solute−
solute and solute−solvent normally play a significant role in
determining the phase transformation of substances and
mixtures.16−18 However, the energy difference between the
daidzein (B) and the daidzein (C) conformers is very small
(∼0.3 kJ mol−1). To be consistent with the experimental data,
the daidzein (C) conformer was used to investigate the
solute−solute and solute−solvent interactions.

2.1. Solute−Solvent Intermolecular Interactions.
During extraction, the solvent molecules (such as MeOH)
can interact with the solute. As seen from Figure 1, there are
two possible ways for the interaction between MeOH and
daidzein, namely, as either a hydrogen bond acceptor or a
hydrogen bond donor. MeOH−daidzein has two types of
hydrogen-bonding interactions: O−H···O−H and O−H···O
C. The stable structures of the MeOH−daidzein complexes at
the B3LYP-D3/cc-pVTZ level are displayed in Figure 3. Table

1 is a presentation of the calculated binding energy (BE),
enthalpy of formation (ΔH298K

θ ), and Gibbs free energy of
formation (ΔG298K

θ ) for the MeOH−daidzein complexes at the
B3LYP-D3/cc-pVTZ level. The binding energies are in the
range of −40.3 to −19.2 kJ mol−1. The binding energies are
significantly negative, which indicates the stability of the
daidzein-containing complexes. Previous studies on the
calculations of solvation free energy also showed that daidzein

Figure 1. Molecular structures of the three soybean isoflavone
aglycone homologues: daidzein, glycitein, and genistein.

Figure 2. Optimized four daidzein stable conformers at the B3LYP-
D3/cc-pVTZ level. Relative electronic energies are listed with respect
to the daidzein (B) conformer.

Figure 3. Stable structures of the MeOH−daidzein complexes at the
B3LYP-D3/cc-pVTZ level. Hydrogen bonds between MeOH and
daidzein are represented by dashed lines.
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had a very strong solute−solvent interaction (∼64.0 kJ mol−1)
with the MeOH solvent.15

In the MeOH-containing complexes, BEs were obtained at
−21.2 to −19.7 kJ mol−1 (B3LYP/aug-cc-pVTZ) when MeOH
(as a hydrogen bond donor) interacted with dimethyl ether
(DME), dimethylamine (DMA), and trimethylamine
(TMA).19,20 These are slightly less favored than the
MeOH−daidzein complexes (Figure 3C−H,C′−H′; −37.6 to
−19.2 kJ mol−1), where MeOH is the hydrogen bond donor
and daidzein is the hydrogen bond acceptor. When MeOH
docks on the Oa and Od sites, the binding energies were
obtained at −24.0 to −23.0 kJ mol−1 (Figure 3E,E′,H,H′). In
addition, the binding energies were calculated to be −37.6 to
−34.5 kJ mol−1 (Figure 3C,C′,D,D′) and −22.9 to −19.2 kJ
mol−1 (Figure 3F,F′,G,G′) for the structures where MeOH
approaches Ob and Oc, respectively. Therefore, the strength of
the hydrogen bond with daidzein as the hydrogen bond
acceptor can be sorted as Ob > Oa/Od > Oc. This is the same
conclusion as our previous studies on the hydrogen-bonding
interactions between alcohols and methyl esters: the oxygen
atom in the carbonyl group is a stronger hydrogen bond
acceptor than that in the ester group.21

Meanwhile, daidzein can also interact with the solvent as a
hydrogen bond donor. The binding energies of the MeOH−
daidzein complexes (Figure 3A,A′,B,B′) were obtained at
−40.3 to −35.2 kJ mol−1. It can be seen that daidzein is a
stronger hydrogen bond donor than MeOH. Thus, it can also
be concluded that daidzein prefers to act as a hydrogen bond
donor than a hydrogen bond acceptor. Meanwhile, daidzein,
glycitein, and genistein are three common soybean isoflavones.
Our previous studies on the molecular interactions between
solvents and solutes showed that the binding energies of the
most stable MeOH−genistein and MeOH−glycitein con-
formers were calculated to be −40.7 and −37.2 kJ mol−1

(B3LYP-D3/cc-pVTZ, with ZPVE corrections), respectively.7,8

In this study, the binding energy of the most stable structure of
MeOH−daidzein was calculated to be −40.3 kJ mol−1. Then, it
can be noticed that genistein is more reactive with the solvent

than daidzein, followed by glycitein. This is the same
conclusion as stated in a previous experimental study on the
distribution coefficients and selectivities of the three soybean
isoflavones in 1-butyl-3-methylimidazlium hexafluorophos-
phate ([Bmim][PF6]), where the distribution order was
obtained to be genistein > daidzein > glycitein.6

In solution, multiple solvent molecules can interact with
daidzein to form more stable clusters. The systems containing
multiple MeOH molecules (MeOH−daidzein = 2:1, 4:1, and
7:1) were further studied. The selected stable structures of the
MeOH−daidzein = 2:1 complexes at the B3LYP-D3/cc-pVTZ
level are displayed in Figure 4. Since MeOH can act as both a
hydrogen bond acceptor and a hydrogen bond donor, the blue-
shaded ring is used to represent the hydrogen bond acceptor
and the red-shaded square is utilized to represent the hydrogen
bond donor to distinguish these two types of interactions. In
(MeOH)2−daidzein (A−F), one MeOH is the hydrogen bond
donor and the other MeOH is the hydrogen bond acceptor. In

Table 1. Calculated Binding Energy (BE), Zero-Point
Vibrational Energy (ZPVE), Enthalpy of Formation
(ΔH298K

θ ), and Gibbs Free Energy of Formation (ΔG298K
θ ) at

298.15 K and 1 atm for the Daidzein-Containing Complexes
at the B3LYP-D3/cc-pVTZ Levela

conformer BEb ZPVE ΔG298K
θ ΔH298K

θ

MeOH−daidzein (A) −39.6 5.6 −3.5 −38.4
MeOH−daidzein (A′) −40.3 6.2 −2.9 −39.5
MeOH−daidzein (B) −35.2 5.6 1.2 −34.1
MeOH−daidzein (B′) −35.8 6.2 2.0 −35.1
MeOH−daidzein (C) −37.6 5.6 0.1 −36.8
MeOH−daidzein (C′) −37.4 5.6 0.5 −36.6
MeOH−daidzein (D) −35.6 5.2 5.2 −35.0
MeOH−daidzein (D′) −34.5 5.1 4.7 −33.7
MeOH−daidzein (E) −23.0 4.6 13.5 −21.6
MeOH−daidzein (E′) −23.0 4.6 13.7 −21.6
MeOH−daidzein (F) −19.8 4.3 16.4 −18.2
MeOH−daidzein (F′) −19.9 4.4 16.3 −18.3
MeOH−daidzein (G) −22.9 3.7 13.9 −21.0
MeOH−daidzein (G′) −19.2 3.8 15.0 −17.3
MeOH−daidzein (H) −24.0 4.8 12.5 −22.7
MeOH−daidzein (H′) −23.7 4.7 12.7 −22.4

aEnergies are in kJ mol−1. bBEs are corrected with ZPVE.

Figure 4. Stable structures of the (MeOH)2−daidzein complexes at
the B3LYP-D3/cc-pVTZ level. Hydrogen bonds between MeOH and
daidzein are represented by dashed lines.
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(MeOH)2−daidzein (G−H), the two MeOH molecules are
the hydrogen bond donors. On the other hand, the two MeOH
molecules are the hydrogen bond acceptors in (MeOH)2−
daidzein (I). The binding energies of the (MeOH)2−daidzein
(A−I) systems were obtained to be −79.1 to −56.9 kJ mol−1.
The addition of one extra MeOH to MeOH−daidzein could
better stabilize the system. For example, the hydrogen-bonding
interactions in (MeOH)2−daidzein (A) can be considered as
the combination of MeOH−daidzein (A) and MeOH−
daidzein (E). The binding energy of (MeOH)2−daidzein
(A) was calculated to be −66.8 kJ mol−1, which is much lower
than the summation (−62.6 kJ mol−1) of MeOH−genistein
(C) (−39.6 kJ mol−1) and MeOH−daidzein (E) (−23.0 kJ
mol−1). This implies that adding more MeOH molecules to the
daidzein molecule could gain extra stability.
There are four docking sites in the daidzein molecule for the

upcoming MeOH. Besides two MeOH molecules, more
MeOH molecules can be added into daidzein. The most
stable structures of the MeOH−daidzein = 4:1 and 7:1
complexes are displayed in Figure 5. In the (MeOH)4−

daidzein system, there are four corresponding MeOH
molecules in the four docking sites of daidzein. The binding
energy of (MeOH)4−daidzein was obtained at −134.6 kJ
mol−1. The Oc oxygen is a weak hydrogen bond docking site,
and it can only interact with one MeOH molecule. On the
other hand, the remaining three docking sites in daidzein can
accommodate two MeOH molecules in each docking site.
Thus, one daidzein molecule can interact with no greater than
seven MeOH molecules at the same time. The (MeOH)7−

daidzein system would be considered as a fully saturated
system. The calculated binding energy of (MeOH)7−daidzein
was simulated at −247.7 kJ mol−1.

2.2. Solute−Solute Intermolecular Interactions. The
solute−solute interactions were also calculated. The two
daidzein molecules tend to bind together by forming two
O−H···OC hydrogen bonds (Figure 6). The two hydrogen-
bonded conformers were calculated to be −49.5 to −35.6 kJ
mol−1. Meanwhile, the π−π stacking interaction between the
chromanone−chromanone layers and benzene−benzene layers
was obtained at −64.2 kJ mol−1. Thus, it can be seen that the
π−π stacking interactions are much stronger than the
hydrogen-bonding interactions. However, the binding energy
of the most stable structure of MeOH−daidzein was calculated
as −40.3 kJ mol−1, which is less stable than the daidzein−
daidzein interactions. Daidzein has several different docking
sites, enabling it to form (MeOH)2−daidzein, (MeOH)3−
daidzein, and so on. Adding more MeOH into the daidzein
system can give extra stability.8

However, the daidzein−daidzein interactions are hardly
observed in solution. They were experimentally observed in the
daidzein crystal phase.15 It could also be interesting to
compare the differences of the daidzein−daidzein interactions
in solution and crystals. The two types of intermolecular
interactions, namely, π−π stacking interactions and hydrogen-
bonding interactions, can be directly observed in the crystal
(Figure 6).15 The O−H···O−H and O−H···OC hydrogen-
bonding interactions for the structures taken from the crystal
lattice were calculated to be −30.9 and −45.7 kJ mol−1,
respectively. The corresponding hydrogen bond distances were
measured to be 1.9292 and 1.8826 Å in the crystal for O−H···
O−H and O−H···OC, respectively.15 The O−H···O−H
hydrogen-bonding interactions cannot be found in solution.
This is because the O−H···OC hydrogen-bonding inter-
action is much stronger than the O−H···O−H hydrogen-
bonding interaction. The O−H···O−H hydrogen-bonding
interaction in MeOH−MeOH was simulated to be about
−22.6 kJ mol−1 (MP2/cc-pV5Z).22 The O−H···OC bonds
were slightly weaker (−35.8 to −29.7 kJ mol−1, B3LYP-D3/
aug-cc-pVTZ) and shorter (1.7950−1.8791 Å, B3LYP-D3/
aug-cc-pVTZ) for the hydrogen-bonding interactions between
2,2,2-trifluoroethanol (TFE) and the methyl esters (methyl
formate, methyl acetate, methyl trifluoroacetate).21 In solution,
there is much more freedom of movement than in the crystal
lattice. The less stable O−H···O−H hydrogen-bonding

Figure 5. Stable structures of the (MeOH)4−daidzein and
(MeOH)7−daidzein complexes at the B3LYP-D3/cc-pVTZ level.
Hydrogen bonds between MeOH and daidzein are represented by
dashed lines.

Figure 6. Daidzein−daidzein hydrogen-bonding interactions and π−π interactions in both solid and liquid phases. d1, d2, and d3 are the hydrogen
bond distances and d4 is the distance between the two daidzein layers.
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interaction was converted into the more stable O−H···OC
hydrogen-bonding interaction. Besides the hydrogen-bonding
interaction, there is also a π−π interaction in the crystal phase.
The corresponding π−π interaction for the structures taken
from the crystal lattice was obtained at −59.1 kJ mol−1. The
π−π interactions were found between the chromanone−
chromanone layers and benzene−benzene layers with planar
distances of about 3.4063 and 3.4968 Å in the crystal,
respectively.15 The π−π interaction distance in the benzene−
benzene dimer (sandwich shape) was calculated to be 3.90 Å
(CCSD(T)/aug-cc-pVQZ).23 The corresponding π−π inter-
action energy was calculated to be about −7.57 to −6.40 kJ
mol−1, using the CCSD(T) method with the complete basis set
(CBS) limit.24 The π−π interaction in this study is much more
strong than the π−π interaction in the benzene−benzene
dimer, and this is due to the larger π system in daidzein than
the one in benzene. The daidzein−daidzein π−π interaction in
solution was slightly stronger (−64.2 kJ mol−1) than that in the
crystal phase (−59.1 kJ mol−1).
2.3. Nature of the Hydrogen Bond: QTAIM. Looking at

the geometries of the complexes, it is not possible to say that
the complexes are formed by electrostatic interactions or by
hydrogen-bonding interactions. On the other hand, the Bader’s
quantum theory of atoms in molecules (QTAIM) method can
give criteria for the existence of hydrogen bonds. Based on
QTAIM, the chemical bonds in the molecular complexes can
be classified by the electron density at bond critical points.25

The charge density ρ(r) and the Laplacian of charge density
∇2ρ(r)) at bond critical points (BCPs) are normally used to
distinguish between noncovalent closed-shell interactions (van
der Waals’ interactions, hydrogen bonds, ionic bonds, etc.) and
covalent ones.25 Then, the chemical bonds can be classified as
noncovalent closed-shell interactions (∇2ρ(r) > 0) or covalent
ones (∇2ρ(r) < 0). The QTAIM molecular graphs of the
selected daidzein-containing structures in both solid and liquid

phases are shown in Figure 7. Moreover, a hydrogen bond
exists if the electron density ρ(BCP) values at bond critical
points (BCPs) are 0.002−0.040 au and the Laplacian of charge
density ∇2ρ(BCP) values at BCPs are 0.014−0.139 au.25,26

The ρ(BCP) values in the hydrogen-bonding interactions are
in the range of 0.0255−0.0373 au, and the ∇2ρ(BCP) values
are about 0.0952−0.1049 au (Figure 7) Thus, these
interactions are typical hydrogen bonds. In addition, there
are also some C−H···O hydrogen bonds as shown in Figure 7.
These interactions are weak noncovalent ones. They are
known as cooperative hydrogen-bonding interactions, which
play important roles in molecular structures.27,28 Furthermore,
a charge normally transfers from the hydrogen bond acceptor
to the hydrogen bond donor.29 Thus, the QTAIM atomic
charges on the H atoms (Δq(H)) upon complexation were
calculated. The Δq(H) values were increased by 0.0524−
0.1007 au upon complexation.

2.4. Energy Decomposition Analysis. The interactions
of MeOH−daidzein, MeOH−genistein, and MeOH−glycitein
are very similar. It is necessary to make a detailed inspection to
understand the nature of the chemical bonds. Then, the total
interaction energies of the most stable conformers of MeOH−
daidzein as well as MeOH−genistein and MeOH−glycitein
were further studied by the generalized Kohn−Sham energy
decomposition analysis (GKS-EDA) (Figure 8). The GKS-
EDA reveals that there are five components with negative
values, namely, ΔEex, ΔEes, ΔEpol, ΔEdc, and ΔEcorr. This means
that they are attractive terms, which stabilize the system.
Among the attractive terms, the ΔEex interactions are very
important for the hydrogen bonds with large negative values
(−93.9 to −85.4 kJ mol−1). ΔEex indicates that charge transfer
plays an important role. Moreover, the charge transfer will also
affect the electrostatic parameters at the binding site. Thus, the
ΔEes interactions (−58.6 to −57.6 kJ mol−1) also have a large
contribution to the total interaction energies. The largest ΔEpol

Figure 7. QTAIM molecular graphs of the selected daidzein−daidzein and MeOH−daidzein structures in both solid and solution phases. The solid
circles correspond to attractors attributed to atomic positions: white, H; gray, C; and red, O. Small circles are attributed to critical points: green,
bond critical point and yellow, ring critical point.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02348
ACS Omega 2021, 6, 21491−21498

21495

https://pubs.acs.org/doi/10.1021/acsomega.1c02348?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02348?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02348?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02348?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in MeOH−daidzein suggests a great change in ion pair
formation to increase the hydrogen bond interaction. More-
over, the ΔEdc and ΔEcorr terms are the smallest proportion of
ΔEint. The larger (ΔEdc + ΔEcorr)/ΔEint term means a larger
orbital overlap between the two fragments in the complex. The
(ΔEdc + ΔEcorr)/ΔEint term of MeOH−genistein is 0.70, which
is larger than those of MeOH−glycitein (0.66) and MeOH−
daidzein (0.51). The ΔErep energies are positive values; they
suggest that the orbital overlap plays an important role in
destabilizing the system. The ΔErep energy of MeOH−glycitein
is slightly larger (159.8 kJ mol−1) than those of MeOH−
genistein (158.8 kJ mol−1) and MeOH−daidzein (150.3 kJ
mol−1).
2.5. Gibbs Free Energy. Thermodynamic properties can

provide profound insights into molecular interactions to
interpret solute−solvent interactions. On the other hand, the
macroscopic state of the system is also displayed by the average
fundamental thermodynamic properties of individual micro-
scopic states, such as Gibbs free energy of formation.30

Moreover, thermodynamic properties, such as Gibbs free
energy of formation, are often utilized to reveal the spontaneity
of a molecular interaction process. If the total Gibbs free
energy of formation of the system decreases during the
reaction, it is a spontaneous process. Thus, the change in Gibbs
free energy of formation is an important factor to measure the
spontaneity. Since daidzein, genistein, and glycitein are the
most common soybean isoflavones, it is also interesting to
compare their properties during extraction. The electronic
energies of the most stable conformers of MeOH−daidzein as
well as MeOH−genistein/glycitein were calculated on the top
of the optimized structures, using single-point calculations at
the B3LYP-D3/cc-pVTZ level of theory. Usually, one can
decrease the temperature to increase the efficiency of
extraction.31 In this study, the Gibbs free energies of hydrogen
bond formation in solution were simulated at various
temperatures (278−338 K). The Gibbs free energies of
formation of MeOH−daidzein, MeOH−genistein, and
MeOH−glycitein are plotted at various temperatures (Figure
9). The results show that an increase in temperature will cause
a rise in the Gibbs free energy. Thus, this leads these
complexes to be thermodynamically unstable at high temper-
atures. According to the simulations, the extraction temper-
ature for genistein should be below 321 K; then it should be

below 328 K for daidzein. The MeOH−glycitein complex is
the most stable one, and the extraction temperature for
glycitein can be under 348 K.

3. CONCLUDING REMARKS
In this study, the interactions between daidzein and MeOH as
an extraction solvent were investigated. The daidzein molecule
is characterized by four docking sites, which makes it suitable
for hydrogen bond formation. The four docking sites of the
daidzein molecule are oxygen atoms, which act as hydrogen
bond acceptors. The daidzein molecule also acts as a hydrogen
bond donor by the two hydrogen atoms found in the hydroxyl
groups. According to the calculations, daidzein prefers to act as
a hydrogen bond donor than a hydrogen bond acceptor. More
MeOH molecules interacting with daidzein could give extra
stability in binding energy. The strengths of the attractive
solute−solvent and solute−solute interactions were studied to
elucidate the extraction process by considering electrostatic,
repulsion, polarization, exchange, DFT correlation, and
Grimme dispersion energies. The solute−solute π−π stacking
interactions are much stronger than the solute−solute
hydrogen-bonding interactions. This study also sought to
assess the phase separation from a microscopic viewpoint,
using Gibbs free energies as compared to other isoflavones like
glycitein and genistein. According to calculations, the
extraction temperatures by MeOH should be below about
321, 328, and 348 K for genistein, daidzein, and glycitein,
respectively. In the crystal phase, the solute−solute interactions
were discussed.

4. COMPUTATIONAL DETAILS
The Gaussian 09 program (revision E.01) was used for all
geometry optimizations and vibrational frequency calcula-
tions.32 DFT has been widely used in predicting the chemical
and physical properties of biomolecules, such as coumarin,
glycitein, genistein, etc.7,8,33 Based on the results of previous
studies, the DFT calculations employing the Becke three-
parameter and Lee−Yang−Parr hybrid functional with the D3
version of Grimme’s dispersion (B3LYP-D3) showed a fine
performance on small bimolecular and trimolecular clusters,
and its predictions agree best with experiments compared to
other density functionals.34−36 For all of the DFT calculations,
the cc-pVTZ basis set was used as it is a good compromise
between accuracy and efficiency and does not yield significant

Figure 8. Six components of the total interaction energies in the
generalized Kohn−Sham energy decomposition analysis (GKS-EDA)
at the B3LYP-D3/cc-pVTZ level.

Figure 9. Gibbs free energy of formation of MeOH−genistein,
MeOH−glycitein, and MeOH−daidzein as a function of temperature
during extraction.
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errors in the thermal contribution to the free energy.7,8 The
additional options “opt = verytight” and “integral = ultrafine”
were included in all of the optimization calculations. These two
options have been shown to give good frequencies and
thermochemical corrections to the electronic energies for the
hydrogen-bonded complexes.37 For each stationary point,
frequency calculations confirmed that no imaginary frequencies
existed. The binding energies (BEs) were calculated as the
energy difference between the complex and the sum of the
monomers. Zero-point vibrational energies (ZPVEs) were
employed for the correction of BEs.
The strength and nature of noncovalent interactions, such as

hydrogen bond and π−π, would be different. The physical
nature of the noncovalent interaction needs to be studied in
depth to obtain a reasonable description of the components of
the total noncovalent interaction energy using the generalized
Kohn−Sham energy decomposition analysis (GKS-EDA)
method as implemented in the GAMESS-US (version R1)
program.38,39 Then, the total interaction energy ΔEint can be
decomposed into a number of physically meaningful
components: electrostatic energy (ΔEes), repulsion energy
(ΔErep), polarization energy (ΔEpol), exchange energy (ΔEex),
DFT correlation (ΔEcorr), and Grimme dispersion energy
(ΔEdc). The AIM2000 package at the B3LYP-D3/cc-pVTZ
level was engaged for topological analysis, which was
performed using atoms in molecules (AIM) theory to
investigate the nature of hydrogen-bonded complexes.40 The
topological properties (e.g., charge density ρ(r) and the
Laplacian of charge density ∇2ρ(r)) at bond critical points
(BCPs) were applied to evaluate the individual hydrogen bond
strength in the hydrogen-bonded complexes.
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