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ABSTRACT: More than half of all pharmaceuticals are chiral compounds. Although the
enantiomers of chiral compounds have the same chemical structure, they can exhibit
marked differences in physiological activity; therefore, it is important to remove the
undesirable enantiomer. Chromatographic separation of chiral enantiomers is one of the
best available methods to get enantio-pure substances, but the optimization of the
experimental conditions can be very time-consuming. One of the most widely used chiral
stationary phases, amylose tris(3,5-dimethylphenyl carbamate) (ADMPC), has been
extensively investigated using both experimental and computational methods; however,
the dynamic nature of the interaction between enantiomers and ADMPC, as well as the
solvent effects on the ADMPC-enantiomer interaction, are currently absent from models
of the chiral recognition mechanism. Here we use QM/MM and molecular dynamics
(MD) simulations to model the enantiomers of flavanone on ADMPC in either methanol
or heptane/2-propanol (IPA) (90/10) to elucidate the chiral recognition mechanism
from a new dynamic perspective. In atomistic MD simulations, the 12-mer model of
ADMPC is found to hold the 4/3 left-handed helical structure in both methanol and heptane/IPA (90/10); however, the
ADMPC polymer is found to have a more extended average structure in heptane/IPA (90/10) than in methanol. This results
from the differences in the distribution of solvent molecules close to the backbone of ADMPC leads to changes in the
distribution of the (φ, ψ) dihedral angles of the glycoside bond (between adjacent monomers) that define the structure of the
polymer. Our simulations have shown that the lifetime of hydrogen bonds formed between ADMPC and flavanone enantiomers
in the MD simulations are able to reproduce the elution order observed in experiments for both the methanol and the heptane/
IPA solvent systems. Furthermore, the ratios of hydrogen-bonding-lifetime-related properties also capture the solvent effects, in
that heptane/IPA (90/10) is found to make the separation between the two enantiomers of flavanone less effective than
methanol, which agrees with the experimental separation factors of 0.9 versus 0.4 for R/S, respectively.

■ INTRODUCTION

Many drug molecules have one or more chiral centers, and
often these are key to their physiological functions.1 A molecule
with a single chiral center has two enantiomers, often referred
to as either S or R enantiomers, which have the same molecular
composition but different three-dimensional structures.2 The
structures of enantiomers are the mirror images of each other,
but are not superimposable. Enantiomers of drugs could have
very different pharmacological activities in living systems since
the human body is a highly chiral environment.3 The effects of
different enantiomers are often markedly different as a
consequence of their differential interaction with chiral targets
such as receptors, enzymes, and ion channels. One enantiomer
could have a beneficial therapeutic value; the other could either
be inactive, have a distinctly different activity, or even have an
undesirable activity.4 One well-known example of the different
effects that each enantiomer might have is thalidomide,5,6 which
was used to control nausea as well as to alleviate morning

sickness in pregnant women but later was found to cause
approximately 10 000 children to be born with deformed limbs,
brain defects, or other developmental deformities. Later, it was
shown that the S enantiomer is more teratogenic than the R
enantiomer. Since the revelation of these effects of thalidomide,
the issue of drug chirality has become a major theme in the
design and development of new drugs. Most pharmaceutical
companies only manufacture enantio-pure drugs, either by de
novo development of an enantiomerically pure drug or by
switching from an existing racemic drug to its isomers in pure
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form. The design of such a purification system for separation of
racemates to create an enantio-pure product is challenging.
One of the most effective methods of separating chiral

molecules is chromatography, such as gas chromatography
(GC)7,8 and high performance liquid chromatography
(HPLC).9,10 Other methods include capillary electrophoresis
(CE)11,12 and chiral crystallization.13,14 Chromatography is a
method that separates mixtures. The mixture is first dissolved in
a solvent, preferably the mobile phase. The mobile phase carries
the mixture through a column filled with the stationary phase.15

Different components in the mixture have different interactions
with the stationary phase, which causes them to travel at
different rates through the column, thus causing them to
separate. The chromatographic process of separation is
intrinsically a dynamic process. Chiral stationary phases
(CSPs) are specially made for chromatographic separation of
chiral substances. Many different types of CSPs have been
synthesized and commercialized, such as Pirkle or brush
types,16−18 polysaccharide-based,19−21 cavity,22,23 ligand ex-
change,24,25 and so forth. Of all the CSPs available on the
market, polysaccharide-based CSPs, especially derivatives of
cellulose and amylose, are the most widely used, because of
their efficiency, versatility, and durability.26−28

The optimization of a chiral chromatography process needs
to take many factors into consideration: the choice of CSPs,29

mobile phases and any modifiers,30 column temperature,31,32

and the pH conditions.33 The usual empirical approaches to
examine the various combinations is tedious and time-
consuming. For example, there are many options even for
just the polysaccharide-based CSPs, which can be categorized
based on their derivatization and whether they are coated or
covalently bound to the modified silica gel support. Figure 1

shows two examples of derivatives of amylose that are
commonly used. The selection of mobile phases is critical, in
that the enantiomers should be soluble in the mobile phase, but
the chiral phase hydrogen-bonded to the support must be
insoluble, else the latter will come off the silica gel support. The
mobile phase should facilitate the interactions between the
CSPs and enantiomers, yet be nonreactive with them. A
number of suitable mobile phases have been used including
aliphatic hydrocarbon-alcohol blends such as heptane and 2-
propanol (IPA), polar phases such as alcohols (methanol,
ethanol, etc.), alcohol blends, acetonitrile, alcohol−water
blends, and water. Sometimes modifiers may need to be
added to the mobile phase to reduce secondary interactions,
which cause the dispersion (peak broadening) of the analyte.34

Therefore, to separate a particular pair of enantiomers, there

could be eight CSPs, five mobile phases, and three modifiers, or
120 combinations that must be tested experimentally.
The most prevalent consensus on the interaction mechanism

between the CSPs and enantiomers is that at least three sites of
interaction must be available to effect chiral discrimination,
often referred to as the Easson-Stedman “three-point
interaction” model.35 It claims that the CSPs should have two
hydrogen bond interactions and one π−π interaction to
differentiate the enantiomers; one enantiomer-CSP config-
uration (or conformation; we will use these two words
interchangeably throughout the rest of the paper) could have
three interactions but the other corresponding configuration
could only have two interactions due to steric hindrance. The
stronger-bound enantiomer will be more strongly retained in
the column, therefore will elute later than the weaker-bound
enantiomer. This three-point model considers that the chiral
molecules can have interactions with the selectors from only
one side, which might not hold true in general. Therefore, this
model was further extended by Topiol and Sabio36 to a four-
contact point interaction model, which is also claimed to be the
minimum requirement for chiral recognition by Bentley.37 A
recognition mechanism with a more general criterion was later
proposed by Topiol, based on the differences between the
distance matrices of chiral molecules and selectors.38 Despite
decades of concerns about the inadequacy of the simplistic
three-point interaction model, it is still used for illustrative
purposes, especially when the chiral selector is not a plane.39

However, these limitations of the three-point model make it
less useful when considering the chiral recognition mechanism
of polysaccharide-based CSPs because of the additional
hydrogen-bonding sites contributed by the derivatives on the
polymer, and that the hydrogen-bonding sites in one derivative
are on the same plane. Moreover, static configurational
recognition models overlook the fact that chiral recognition is
a dynamic process, in which the structure of CSPs and
enantiomers change dynamically in the presence of the mobile
phase.
The structure and the chiral recognition mechanism of the

most widely used chiral stationary phases, polysaccharide-based
CSPs, have been extensively investigated.20,40−42 The structure
of one typical example of polysaccharide-based CSPs often used
as the model system is amylose tris(3,5-dimethyphenylcarba-
mate) (ADMPC), which has been scrutinized via many
different experimental techniques, including solid state nuclear
magnetic resonance spectroscopy (NMR),43 NMR in solution
using the 2D Nuclear Overhauser Enhancement (NOESY)
technique,44 vibrational circular dichroism (VCD),45 and
attenuated total reflection infrared spectroscopy (ATR-IR).41

Yamamoto et al.44 reported that ADMPC possesses a left-
handed 4/3 helical structure in chloroform. Ma et al. used VCD
measurements and also suggested a left-handed helical structure
of ADMPC.45 Similar conclusions were drawn by Wenslow and
Wang using solid state NMR.46 In the helical structure of
ADMPC deduced from these observations, the glucose ring is
regularly arranged along the axis; the carbamate groups are
located inside the grooves of the polymer, while the phenyl
groups are located outside the polymer chain, as shown in
Figure 2. Besides the backbone helical structure, the structure
of the side chain has also been studied and reported by Kasat et
al.47 that it has a planar conformation. Traditional models of the
chiral recognition mechanism might not be easily adopted by
polymer chiral selectors, because of the many potential
interacting sites contributed by different derivatives, therefore

Figure 1. Structural representation of polysaccharide-based chiral
stationary phase with an amylose backbone, with two examples of
derivatives shown on the right.
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there is no single enantiomer-CSP structure in solid and
solution states. Nevertheless, mechanisms of many enantio-
separations using ADMPC have been proposed. Bereznitski et
al.48 suggested that the difference in the strengths of the
hydrogen bonds formed between the enantiomer and the C
O group of ADMPC is the main reason for the enantio-
separation based on differential scanning calorimetry (DSC)
and ATR-IR. Ye et al.49 reported that the nonbonded
interaction energy, i.e., van der Waals (VdW) and electrostatic
energy, between ADMPC and O-tert-butyltyrosine allyl ester in
one enantiomer is stronger than the other, to which they
attributed the chiral separation.
Computational chemistry and molecular modeling provide a

closer look at the detailed structure of the chiral selectors and
their interaction with enantiomers, which help to elucidate the
chiral recognition mechanism of ADMPC. In combination with
NMR experiments, Ye et al.49 used implicit-solvent molecular
dynamics (MD) simulations to study the interaction between a
12-mer of ADMPC with a fixed backbone and the enantiomers
of p-O-tert-butyltyrosine allyl ester which were placed in the
groove of ADMPC at the beginning of the simulation. Pair
distribution functions generated from the simulation agree well
with 2D NOESY spectra. However, their simulation lasted for 2
ns, which might not be long enough to reach equilibrium, and
the fixed backbone structure and the placement of the
enantiomers in the groove might also have caused some
artifacts that could affect the results of the simulation.
Furthermore, implicit solvent simulations do not take into
account possible local contributions of solvent molecules to the
configuration energy. Similar MD simulations have been
reported by Kasat et al.,41 which were also conducted on a
system containing ADMPC with fixed backbone structure in
the absence of solvent molecules. Li et al.50 conducted
molecular docking simulations as well as MD simulations of
the interactions between an ADMPC with a fixed backbone
dihedral angle and metalaxyl/benalaxyl enantiomers, and they
concluded that hydrogen bonding is a key factor controlling the
chiral separation. Unfortunately, the docking simulations were

based on static configurations of ADMPC and enantiomers,
thus missing the dynamic nature of the chiral recognition
process in their studies. Density functional theory (DFT)
calculations have also been employed to elucidate the binding
mechanism between ADMPC and enantiomers. Tsui et al.51

used DFT methods to study the interaction between the
enantiomers and a single molecule of methyl N-methyl
carbamate. They proposed a recognition mechanism with
three-point interactions, a strong hydrogen bond between the
enantiomer and the CO group on a single molecule of
carbamate, a weaker hydrogen bond between the enantiomer
and the N−H group of the carbamate molecule, and an
interaction involving the phenyl group based on the following
respective energy-minimized structures: solute OH group
placed next to CO of the carbamate molecule, solute C
O next to NH of the carbamate. However, in reality the
ADMPC polymer has a large number of glucose units and three
carbamate side chains on each unit, thus having numerous
potential hydrogen-bonding sites. The lowest energy config-
urations they considered may not be consistent with the lowest
energy configuration of one enantiomer with the polymer in the
presence of solvent molecules. We shall demonstrate the role of
the solvent in developing the structure of the CSP in the
present work.
The composition of the mobile phase can have a crucial

effect on chiral recognition because it can affect the structure of
the chiral selector and the enantiomer. The effect of the solvent
has not been considered in previous theoretical computational
studies or in any proposed mechanisms; however, there are
indications that the mobile phase could play a role in chiral
separations. Studies using solid state NMR have already shown
that hexane, an often used mobile phase, becomes incorporated
into the structure of the CSPs.52 In addition, changing to a
polar solvent in the mobile phase is found to change the
structure of the CSPs by affecting the intra- and intermolecular
hydrogen bonds.52 From our recent experimental studies (to be
published), we have observed that simply changing the mobile
phase can have a significant effect on the separation of chiral
drugs; in particular, the chromatographic separation of 2s-
flavanone and 2r-flavanone, as shown in Figure 3, exhibits a

distinct change when the mobile phase is switched from
methanol to heptane/IPA (90/10) solvent. Several MD
simulations studies have shown that the absence of explicit
solvent in the simulation might induce significant errors in the
results of the simulation of the binding of ligands to proteins.53

Therefore, inclusion of explicit solvent molecules is critical in
MD simulations to provide a realistic presentation of the
structural behavior of the CSPs and enantiomers and their
interactions with each other.

Figure 2. Structure of the initial configuration of ADMPC including a
side view (A) and a top view (B). The backbone atoms are represented
with VdW spheres and the derivatives are represented with sticks.
Hydrogen atoms are in white, carbon atoms are in cyan, nitrogen
atoms are in blue, and oxygen atoms are in red.

Figure 3. Molecular structure of flavanone enantiomers, 2s-flavanone
(left) and 2r-flavanone (right). The molecules are depicted with ball-
and-stick models with cyan beads representing carbon atoms, red
beads representing oxygen atoms, and white beads for hydrogen
atoms.
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In this Article, we applied explicit-solvent atomistic MD
simulations to better understand experimentally observed
solvent effects on the chiral recognition mechanism. Flavanone
enantiomers, 2r-flavanone and 2s-flavanone, and ADMPC are
used in this study to examine the different interactions they
might have under the different solvent conditions used
experimentally. This particular example arose from our
experimental studies, in which we observed the large difference
in separation factors upon changing only the mobile phases.
More therapeutic examples will be investigated in our next
study. Here, we focus on elucidating the solvent effect on the
separation of enantiomers using ADMPC. We demonstrate the
left-handed helical structure of ADMPC in MD simulations in
different solvents, in agreement with NMR studies,44 without
imposing any restraints on the backbone dihedral angles or the
backbone atom positions. We report the different config-
urations that ADMPC adopts in methanol and in heptane/IPA
(90/10), which is further explained by the distribution of
solvent molecules along the backbone of ADMPC. We observe
differences in configuration in different solvent conditions for
the polymer alone in solution. More importantly, we find
quantitatively significant differences in the interactions between
ADMPC and the flavanone enantiomers in the presence of the
two solvent systems. These differences correlate with the
experimental elution order of the two enantiomers for both
solvent systems, as well as the experimental solvent effect on
the separation factor. We present here the chiral recognition
mechanism from a new and dynamic atomistic perspective.

■ METHOD
Generating Force Field Parameters for ADMPC and

Flavanone. To obtain the partial charges for ADMPC, 2r-flavanone,
and 2s-flavanone for our simulations using AMBER 14,54 we
performed quantum mechanical (QM) calculations using the
GAUSSIAN09 software package. The structure of the flavanone is
shown in Figure 3. To facilitate the QM calculations on ADMPC, the
partial charges were calculated for one monomer and later applied to
each monomer along the polymer chain. Methyl groups were used to
cap each end of the monomer when generating the partial charges.
The structure of the ADMPC was obtained from Okamoto et al.,44

which is already an optimized structure. We used this structure to
generate the coordinates for the ADMPC monomer for estimating the
partial charges. DFT-B3LYP/6-31G(d) Method/Basis set combination
was used for calculating partial charges of both ADMPC and flavanone
enantiomers. Antechamber54 in the Ambertools was then used to
generate the force field parameters such as bond, angle, dihedral, and
nonbonded energy terms based on the GAFF (General AMBER force
field) parameter library.
Getting the Average Structure of ADMPC in Different

Solvents. One 12-mer ADMPC chain was placed into the solvent box
(containing either methanol or heptane/IPA (90/10 v/v)) to generate
the average structure using clustering analysis. The average structures
in the two solvent systems will later be used as the starting points
when both ADMPC polymer and flavanone enantiomer are in the
same simulation system. We used a 70 × 70 × 70 Å3 box, large enough
to ensure that the 12-mer ADMPC does not interact with its periodic
mirror image. Two types of simulations are performed: one contains
one 12-mer ADMPC chain and 4826 methanol molecules, the other
contains one 12-mer ADMPC polymer, 1159 heptane molecules, and
215 IPA molecules, to mimic the exact concentrations of the
experimental conditions (based on the density of the solution, the
molar mass of the solvent molecules, the composition of the mixture,
and the size of the simulation box).
Each simulation was conducted at 298 K for 100 ns to permit the

ADMPC polymer to approach equilibrium. The simulations contain
the following steps as described in Zhao et al.55,56 First, a solvent
minimization was performed for 10 000 steps using the steepest

descent method with the ADMPC chain restrained with a force of 10.0
kcal/mol. Then the system was gradually heated in 100 ps to reach the
target temperature of 298 K with the ADMPC polymer restrained via a
force of 10.0 kcal/mol. After that, an NPT ensemble MD run was
performed for 20 ps with ADMPC still restrained with the same force.
Subsequently, another round of minimization for 10000 steps with a
restraint of 5.0 kcal/mol on the ADMPC polymer was conducted,
which is followed by another 20 ps NPT ensemble MD run with
ADMPC restrained. Then, the system was further minimized without
any restraint for another 10000 steps, followed by a reheating to the
target temperature (298 K) in 40 ps. Eventually, a production NPT
ensemble MD run was conducted for 100 ns. The temperature of the
system was maintained by the Berendsen thermostat.57 Long-range
electrostatic interactions were calculated by Partial mesh Ewald (PME)
summation58 with a 9 Å cutoff radius. A 1 × 10−5 tolerance for the
Ewald convergence was used to calculate the nonbonded interactions.
Bonds involving hydrogen atoms were constrained via the SHAKE
algorithm.59 Each simulation was carried out for at least 100 ns.
Statistical analysis is based on the last 40−60 ns of the trajectories
using Ambertools, VMD, NAMD, and in-house scripts. Likewise, the
2s and 2r flavanone molecules were equilibrated in the two solvents
and the results examined for any conformational transformations.
Since these are small molecules, only 50 ns were sufficient at 298 K to
achieve equilibration in the solvents. The result of the 2s and 2r
molecules should be the same since the solvents are achiral.

Simulating the Interaction of ADMPC and Flavanone in
Different Solvents. A single ADMPC polymer, a single flavanone
enantiomer (either 2r-flavanone or 2s-flavanone) and solvent
molecules are included in the system to reproduce the concentration
condition of the experiment. In the chromatographic separation
experiment, the concentration of the drug sample is 1 mg/mL; the
volume of injection is 0.2 μL in each experiment; the column size is 3
mm I.D. × 50 mm long; the amount of silica gel in the column is
around 0.2 g. In addition, the loading level of the ADMPC polymers
on the silica gel (i.e., the weight of ADMPC polymer to the weight of
the silica gel) must also be controlled. Based on the experimental
conditions mentioned above, we calculated the number of drug
molecules corresponding to one 12-mer ADMPC chain and found that
there is approximately only 1 drug molecule per 12-mer chain in the
experiment. The enantiomer, either R or S configuration, is then
randomly placed in the 70 × 70 × 70 Å3 box with the 12-mer ADMPC
polymer, followed by the addition of solvent molecules using the
Packmol program.60 The number of solvent molecules in the
simulation box is the same as that mentioned in the previous section
of each system, since the addition of only one small drug molecule
would not have a significant effect on the density of the solution.
Overall, four types of simulations were performed, including ADMPC
+2r-flavanone in methanol, ADMPC+2s-flavanone in methanol,
ADMPC+2r-flavanone in heptane/IPA (90/10), and ADMPC+2s-
flavanone in heptane/IPA (90/10). The simulation procedure is the
same as mentioned in the previous section. Each simulation was
performed for at least 100 ns at 298 K.

Clustering Analysis. Clustering analysis is a method to generate
the structure that has the largest population over the course of the
simulation.61 Only backbone atoms are taken into consideration here
because the sole purpose of this analysis is to see if our model is able to
maintain the helical structure observed in NMR experiments.44 The
hierarchical agglomerative approach is used in the clustering analysis.
The minimum distance between clusters is set as 3.0 Å. A cluster was
generated from the analysis based on the distance between frames
calculated via best-fit coordinate RMSD using atoms in the backbone
of ADMPC. A single representative structure of ADMPC is then
generated in methanol and in heptane/IPA (90/10) solvent
conditions. This is used as the starting configuration in the simulations
containing both ADMPC and flavanone enantiomers in the two
solvents. The flavanone molecules are found to be relatively rigid in
these solvents.
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■ RESULTS AND DISCUSSION
a. The Left-Handed Helical Configurations of ADMPC

Differ in Different Solvent Conditions. The configurations
of ADMPC in different solvents have qualitatively the same left-
handed helical nature as observed by NMR studies,44 but its
dimensions differ in different solvents. Representative struc-
tures of ADMPC in methanol (Figure 4A) and heptane/IPA

(90/10) (Figure 4B) were generated using clustering analysis
from the last 20 ns of the simulation on the system that has one
ADMPC polymer and solvent molecules (details of the
clustering analysis can be found in the method section). As
can be seen in Figure 4, each molecule from top to bottom has
pitches with four monomers in each pitch, which agrees well
with the 4/3 left-handed helical structure reported by
Yamamoto44 using NMR with the 2D NOESY technique in
chloroform solution. A significant finding in our MD
simulations is that the average configuration of the 12-mer
ADMPC in heptane/IPA (90/10) is longer than in methanol.
End-to-end distance is used to quantify the difference in the
length of the polymer in Table 1, in which the configuration of
ADMPC in heptane/IPA (90/10) is more extended than in
methanol by 4.6 Å. This observation is only an indication of
structural changes in the polymer. Later, we examine the
structural changes further in terms of the glycosidic dihedral
angle maps.

To further quantify the helical structure of the ADMPC, the
dihedral angles, φ (angle formed by H1−C1−O−C2) and ψ
(angle formed by C1−O−C2−H2), involved in the glycoside
bond44 illustrated in Figure 5 are examined. These two angles

determine the backbone helical structure of the ADMPC. In the
experimental version, ADMPC is a much longer polymer and
the end units are a very minor fraction of the total structure.
Since a 12-mer ADMPC is under investigation in our system,
only the glycoside bonds between adjacent monomers from the
2nd to the 11th were considered because the bonds that
connect the terminal monomers are very flexible and do not
contribute to the helical structure of ADMPC. The φ and ψ
angles are then used as x and y axes to draw a probability map
of the dihedral angles as shown in Figure 6, which is analogous
to the Ramachandran plot62 used in describing the secondary
structure of polypeptides. The colors go from blue to red
representing the density of points from low to high in various
(φ, ψ) regions. As we can see from Figure 6A, the value of φ is
mainly located between −30° and −90° and the value of ψ is
located between −30° and −90°. We note, first of all, that the
dynamic ADMPC polymer sweeps over a range of (φ, ψ)
angles at 298 K. The most probable (φ, ψ) angles are around
(−60°, −65°) in methanol. Similar to the dihedral angles in
methanol, the dihedral angles of the glycoside bond between
monomers of ADMPC in heptane/IPA (90/10) shown in
Figure 6B also has the highest density region around (−58°,
−65°). However, in addition, the dihedral angles in heptane/
IPA (90/10) also show significant density in a new region
around (−40°, −40°), indicating that the solvent makes a
significant difference in the dihedral angles of the glycoside
bond of ADMPC, thus leading to the length changes of the
polymer. Yamamoto et al.44 reported the dihedral angle for the
glycoside bond in ADMPC in chloroform corresponding to the
lowest energy is (−68.5°, −42.0°). In summary, many dihedral
angles of the glycoside bond of ADMPC in both methanol and
heptane/IPA (90/10) found from our simulations are located
in the same quadrant as that in chloroform. However, dihedral
angles populate slightly different regions in different solvents,
indicating that the nature of the solvent affects the dynamic
structure of the polymer. Note that the solvents used in our
simulations are consistent with our experimental conditions.
The NMR studies by Yamamoto used chloroform because the
ADMPC can dissolve in it, hence the structure of ADMPC
could be detected by NMR in solution. However, the ADMPC

Figure 4. Average structures of ADMPC in methanol (A) and 90/10
Hep/IPA (B). The backbone atoms are represented with VdW spheres
and the derivatives are represented with sticks. Hydrogen atoms are in
white, carbon atoms are in cyan, nitrogen atoms are in blue, and
oxygen atoms are in red.

Table 1. End-to-End Distance of the Average Structures of
ADMPC in Different Solvents

solvent conditions average of last 20 ns (Å)

methanol 35.25 ± 0.70
90/10 Hep/IPA 39.88 ± 0.96

Figure 5. A representation of the dihedral angles of the glycoside bond
between two adjacent monomers in ADMPC, including φ (H1−C1−
O−C2) and ψ (C1−O−C2−H2).
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polymers in the column we used in our experiments are coated
onto the silica gel, which could leach off the silica support if the
mobile phase is too strong, such as chloroform.
b. Solvent Molecules Distribute Differently around

the ADMPC Chain. Different solvent molecules are found to
behave differently close to ADMPC, indicated by averaging the
radial distribution functions (RDF) of the center of mass of the
solvent molecule to each atom on the backbone of ADMPC, as
shown in Figure 7. The RDF curves are calculated using the last

60 ns of the trajectories of the simulations containing one
ADMPC polymer, either a 2s-flavanone or 2r-flavanone
molecule, and solvent molecules. The RDF curves of methanol
to the backbone of ADMPC (Figure 7A) shows a shoulder
around 5 Å, indicating a small attractive well for methanol
molecules close to the backbone of ADMPC. There is a slightly
greater probability for the system containing 2s-flavanone than
that containing 2r-flavanone (0.44 vs 0.42), indicating that the
solvent behaves differently with different enantiomers interact-
ing with the ADMPC in the system, i.e., the methanol
molecules are slightly closer to ADMPC when the latter is

interacting with the 2s-flavanone. In experiments, we found that
2r-flavanone is the first to elute from the column, meaning that
2s-flavanone is more favorably interacting with ADMPC.
On the other hand, the IPA and heptane molecules behave

completely differently compared with each other and with
methanol. The RDF curve of IPA molecules has a peak at
around 4.65 Å, which is closer than that of methanol.
Moreover, the height of the peak, ∼ 5.5, is much higher than
that of methanol, which is 0.45. This indicates that IPA
molecules have a significantly higher density at an even closer
distance to the backbone of ADMPC than do the methanol
molecules. This finding is counterintuitive since IPA molecules
are the minority in the system of heptane/IPA (90/10) and the
polarity of the IPA molecule is lower than that of the methanol
molecules. The distribution behavior of the heptane molecules
is of great importance to understand the behavior of IPA
molecules in this system. The RDF curves of heptane molecules
have a low probability of being found in close proximity to the
backbone atoms of ADMPC; the region of space close to the
backbone of ADMPC is almost fully occupied by IPA
molecules, with the exclusion of heptane molecules. The
RDF curves reveal that IPA molecules are pressed against the
backbone of ADMPC by heptane molecules. This might also
explain why the configurations taken by ADMPC (in terms of
the dihedral angles of glycoside) behave differently in methanol
and in heptane/IPA (90/10). As in methanol, the peak of the
RDF curves of IPA molecules in the system containing 2s-
flavanone is slightly higher than that containing 2r-flavanone
(5.5 vs 5.4), i.e., the IPA molecules are slightly closer to
ADMPC when the latter is interacting with 2s-flavanone,
compared with 2r-flavanone.

c. Solvent Molecules Are Involved in the Interaction
between the Chiral Drug and ADMPC. Solvent molecules
are found to play a critical role in the interaction between chiral
drugs and ADMPC, which is revealed by the correlation
between the drug-ADMPC electrostatic interaction energy and
the number of solvent molecules within 5 Å of the flavanone
enantiomers. As can be seen from Figure 8A,C,E,G, the
electrostatic energy between flavanone and ADMPC has
various clusters along the time series, indicating multiple
times of interactions between flavanone and ADMPC. For the
times when flavanone and ADMPC have interaction energies
strongly attractive enough, a decrease in the number of solvent

Figure 6. Maps of dihedral angles of the glycoside bond between adjacent monomers in methanol (A) and 90/10 Hep/IPA (B). The colors from
blue to red represent the density of the data points going from low to high. The (φ, ψ) space is divided into 4 quadrants. The dihedral angles of the
lowest energy structure of ADMPC obtained in chloroform are labeled as red exes.

Figure 7. Radial distribution function of the center of mass of the
solvent molecule to the backbone of ADMPC in methanol and
heptane/IPA (90/10) (B). RDF curves obtained in the system
containing 2r-flavanone and the system containing 2s-flavanone are
both displayed.
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molecules around the drug is also observed. This correlation
can be found in the systems with flavanone enantiomers and
methanol. A similar correlation can be found between the
number of heptane molecules and the electrostatic energy
between flavanone and ADMPC in the system with heptane/
IPA (90/10) molecules.
The rationale for choosing the properties noted above to

investigate are as follows: Only the electrostatic interaction
energy between flavanone and ADMPC is considered because
the mechanism of chiral recognition strongly depends on the

hydrogen bonding interaction, which is included in the
electrostatic interaction. Another reason is that the VdW
interaction energy has not been found to have any correlation
with the selectivity in this system. We only present the number
of heptane molecules versus the time in the system with
heptane/IPA (90/10) because the correlations between the
number of IPA molecules and the electrostatic energy between
the drug and ADMPC are hard to see, given that the number of
IPA molecules is much lower than that of the heptane
molecules. Note that in the case of the heptane/IPA solvent
systems, we have seen that the IPA molecules have a much
higher probability of being found close to the ADMPC
backbone than the heptane molecules. However, this does not
mean that heptane molecules play no role in the interaction
between flavanone and ADMPC. This is because flavanone
enantiomers will have a much higher probability of being
solvated by heptane molecules than IPA molecules before it
interacts with the ADMPC. At the same time that flavanone
enantiomers interact with ADMPC, a significant drop in the
number of heptane molecules, within the solvation distance
occurs, but not in the IPA molecules, which also explains why
we are not able to see a correlation between the number of IPA
molecules close to flavanone enantiomers and the electrostatic
ADMPC−flavanone interactions.

d. Selectivity Can Be Correlated with the Lifetime of
H-Bonding between the Drug and ADMPC. Since
hydrogen-bonding is an important component of the
interaction energy between the flavanone enantiomers and
the ADMPC polymer, we carried out a hydrogen-bonding
analysis of our MD simulation results. Hydrogen bonding
analysis was conducted based on a donor−acceptor distance
cutoff of 3.5 Å and an angle cutoff of 30° away from linearity.
For this analysis, the lifetime of hydrogen bonds is defined as
the length of time that a specific hydrogen bond remains
“present”. In our simulation, we count a pair of atoms forming
hydrogen bonds with each other as 1, otherwise 0. For example,
if we get a time series data set of 10 frames as {1 1 0 1 1 1 1 0 0
1} for a specific pair of donor−acceptor atoms that are forming
a hydrogen bond with each other, the overall fraction present
will be designated as 0.7. However, there are three lifetimes
observed, viz., 2, 4, and 1. The maximum lifetime is therefore 4,
and the average lifetime is 3.5, i.e. (2 + 4+1)/3 = 3.5. The
hydrogen bond forms three times in these 10 frames of time,
and the total frames in which hydrogen bonds formed is 7. All
the potential hydrogen-bonded pairs are monitored and
recorded throughout the simulations. A time series of all the
hydrogen bonded pairs are then generated. Three quantities are
calculated for each pair, the maximum lifetime, the average
lifetime, and the number of the total frames of the hydrogen
bonds within the time frames under investigation. After that,
both the maximum and the average of each quantity for all the
hydrogen-bonded pairs are calculated and presented in Table 2.
The ratios of all the values between 2r-flavanone and 2s-
flavanone in methanol solvent are also presented in Table 2.
As can be seen from Table 2, all the values related to the

hydrogen bonding lifetime between 2r-flavanone and ADMPC
are smaller than those between 2s-flavanone and ADMPC.
Therefore, all the values for the ratio of 2r/2s are less than 1.
This indicates that the lifetime of the hydrogen bonds formed
between 2r-flavanone and ADMPC is shorter than that between
2s-flavanone and ADMPC. Therefore, ADMPC prefers 2s-
flavanone over 2r-flavanone, based on what we found in the
simulation, which agrees well with the experimental observation

Figure 8. Electrostatic energies between flavanone isomers and
ADMPC (A,C,E,G) and the number of solvent molecules in the first
solvation layer of the drug over simulation time (B,D,F,H). The time
frames where there is a correlation between electrostatic energy and
the number of solvent molecules are enclosed in red dashed rectangles.
Note the difference in scale between (B,F) and (D,H).

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02337
Langmuir 2017, 33, 11246−11256

11252

http://dx.doi.org/10.1021/acs.langmuir.7b02337


that 2r-flavanone elutes first in the chromatogram and 2s-
flavanone elutes last. Note that the “HBframes” in Table 2
stands for the total number of frames in which appropriate H-
bond formed between enantiomer and CSP are found, which is
different than the total number of frames (the entire MD
trajectory) used to examine the maximum and average values of
each hydrogen-bonding-lifetime-related properties.
The selectivity, a quantity in chromatography that character-

izes the retention difference between the two species of interest,
of 2r-flavanone over 2s-flavanone observed from experiments is
0.4 in methanol. All the parameters describing the hydrogen-
bonding lifetimes in methanol give a ratio 2r/2s less than 1, that
is, all correlate with the experimentally determined elution
order. However, of these parameters, both the ratios of the
maximum of the average lifetime of hydrogen bonds formed
between flavanone and ADMPC (0.38), and the average of the
maximum lifetime between flavanone and ADMPC (0.46), are
close to 0.4. In summary, the ratios of the hydrogen-bonding
lifetime-related properties reflect well the selectivity of the
flavanone enantiomers obtained in experiments.
e. The Solvent Effect Can Also Be Captured by the

Lifetime of the Hydrogen Bonds between Flavanone
and ADMPC. The properties related to the lifetime of the
hydrogen bonds formed between the flavanone enantiomers
and ADMPC are found to capture the experimentally observed
solvent effect on selectivity, as shown in Figure 9. First, all the
values reflect the correct selectivity, that is, the ADMPC prefers
2s-flavanone over 2r-flavanone no matter what solvent system it
is in, which can be seen from Figure 9 in that all the values are
below 1.0. At the same time, we found all the values in
methanol are lower than the corresponding values in heptane/
IPA (90/10); in other words, all the values in heptane/IPA
(90/10) are closer to 1.0 than those in methanol. This indicates
that the selectivity of the flavanone enantiomers is weaker in
heptane/IPA (90/10) than in methanol, which matches the
experimental observations: The selectivity of 2r-flavanone over
2s-flavanone observed from experiments is 0.4 in methanol and
0.97 in heptane/IPA (90/10). All the hydrogen-bonding-

lifetime-related properties qualitatively agree with the exper-
imental observation.
The hydrogen-bonding-lifetime-related properties reflect the

dynamic nature of the chiral recognition mechanism. They are
able to reproduce not only the selectivity but also the solvent
effects on the selectivity. Different from previous computational
approaches in which partially fixed structures of chiral selector
were used, this study does not impose any constraints or
restraints on the structures of any of the molecules involved.
Therefore, the entire dynamic nature of the process of the
interaction between flavanone enantiomers and ADMPC in the
presence of solvent can be observed at the level of atomistic
detail, which also means that hydrogen bonds can be observed
to be forming and breaking multiple times between the drug
enantiomers and a freely moving ADMPC chain. Additional
drug enantiomers are under investigation in MD simulations to
find out the best criterion among the hydrogen-bonding-
related-properties that can be correlated with experimental
observations. For the present, with this example, we have found
consistency with experimental results. A more detailed analysis
of the distribution of hydrogen-bonding lifetimes of specific H-
bonds will be carried out in a future study, where we consider
many more examples of enantiomer pairs with the same CSP
and comparisons between them can be made.
It is important to note that no single static picture correlates

with the experimental elution order or selectivity; neither the
minimum energy configuration nor the greatest interaction
energy. Therefore, theoretical treatments that consider one or
even both of these cannot be expected to reproduce the solvent
effect.
To complete the picture, we carried out a statistical analysis

of the π stacking arrangements, since π−π interactions have
been suggested as the necessary third component in the three-
point chiral recognition models. The flavanone has three rings,
one has some freedom to rotate relative to the two fused rings.
Each of the rings in flavonone could interact with the rings
projecting out of the ADMPC backbone. Our statistical analysis
of the π stacking lifetimes are carried out using the same
strategy as the hydrogen bonding lifetime analysis. The results,
based on the π stacking experienced by the phenyl ring in
flavanone (that has a rotational degree of freedom) with the
rings of the ADMPC, seem to indicate higher average numbers
for the 2s enantiomer compared to the 2r in all properties
except the average of the average lifetimes. The latter is either
nearly the same (for a distance cutoff of 4.5 Å) or is shorter for
the 2s (for a distance cutoff of 4.0 Å). Thus, π stacking appears
to contribute somewhat to the discrimination between 2s and
2r, but is, by itself, not sufficient to provide a basis for the
separation. Obviously, the steric effects posed by the rings
either facilitate or hinder the hydrogen-bonding interactions

Table 2. Maximum Values, Average Values, and the Ratio of
These Values between 2r and 2s of the Hydrogen-Bonding-
Lifetime-Related Properties between the Drug and the
ADMPC in Methanol

methanol MaxLTa AvgLTb HBFramesc

2s
maxd 41 5.80 719
averagee 15.5 ± 4.44 3.25 ± 0.52 210.5 ± 84.99
2r
max 10 2.2 82
average 7 ± 0.63 1.88 ± 0.06 32.8 ± 6.31
ratio (2r/2s)
max 0.24 0.38 0.11
average 0.46 0.58 0.16

aMaxLT represents the maximum lifetime of a hydrogen bond.
bAvgLT stands for the average lifetime of a hydrogen bond.
cHBFrames is the total number of frames that a hydrogen bond
exists throughout the entire trajectory of the simulation. dMax is the
maximum value of the properties (MaxLT, AvgLT, HBFrames) over
all the possible hydrogen bonds in the system. eaverage is the average
value of the properties (MaxLT, AvgLT, HBFrames) over the number
of all the possible hydrogen bonded atom pairs in the system.

Figure 9. Ratio of hydrogen-bonding-lifetime-related quantities of 2r-
flavanone and 2s-flavanone (2r/2s). The black solid line represents a
ratio of 1.
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between the flavanone enantiomers and the ADMPC, but any
arrangements that could contribute favorably to the energy via a
π stacking interaction do not appear to dominate energetically
to influence the elution order.
The picture that emerges from the MD simulations is that, in

the presence of the solvent, hydrogen-bonding correlations are
dynamically formed and broken over and over as each
enantiomer moves along the column. The interactions between
the s and r molecules and the ADMPC chain are intrinsically
different, thus leading to different dynamics of the hydrogen
bond formation with the longer-lived hydrogen bonds
contributing the most to the retention of one enantiomer
over another.

■ CONCLUSIONS
Explicit-solvent atomistic molecular dynamics simulations were
performed on a system with a free ADMPC chain, flavanone
enantiomers, and either methanol or heptane/IPA (90/10)
solvent molecules to elucidate the chiral recognition mecha-
nism on polysaccharide-based chiral stationary phases. The
model of ADMPC was validated under different solvent
conditions, in that it maintains the left-handed 4/3 helical
structure, which was observed in NMR studies in solution.44

The ADMPC polymer in methanol was found to have a
different configuration from that in heptane/IPA (90/10), in
that the length of the ADMPC in methanol is shorter than in
heptane/IPA (90/10). Furthermore, it was found that dihedral
angles of the glycoside bond of ADMPC in heptane/IPA (90/
10) have a wider distribution than in methanol, indicating that
the solvent molecules have a significant effect on the dihedral
angle of the glycoside bond of ADMPC, leading to the polymer
have different average lengths in the different solvents.
Moreover, the radial distribution function of the solvent

molecules relative to the backbone of the ADMPC polymer
reveals that different solvent molecules are distributed differ-
ently around the backbone of the ADMPC. The RDF of
methanol to the backbone of ADMPC polymer has a slight
peak around 5.0 Å at approximately the same distance as the
peak in the RDF of IPA in the heptane/IPA (90/10)
environment. However, the height of the peak of the RDF of
IPA is significantly higher than that of methanol even though
the number of molecules of IPA in the simulation system is
much fewer than the number of methanol molecules in the
pure methanol case, that is, most of the IPA molecules stay
close to the ADMPC backbone throughout the simulations. At
the same time, there is low probability of finding heptane in the
immediate vicinity of the ADMPC backbone. The RDF curves
indicate that all the IPA molecules are essentially being pressed
against the backbone of ADMPC by heptane molecules.
Therefore, the changes in the dihedral angle of the glycoside
bond in the heptane/IPA (90/10) system is mainly contributed
by the IPA molecule, although the heptane, through hydro-
phobic interactions with one another cause the IPA molecules
to crowd closer to the backbone of ADMPC to facilitate this.
Note that this is the first study showing the dynamic nature of
the atomic-level changes in the structure of the chiral stationary
phase due to the mobile phase, and how such changes in
structure differ from one solvent system to another.
The number of solvent molecules around the enantiomer of

flavanone was found to correlate well with the interaction
between the ADMPC and the enantiomer of flavanone in terms
of electrostatic interaction energy. The number of solvent
molecules within 5 Å of the drug molecule significantly

decreases when the drug molecule interacts with the ADMPC
polymer. In the absence of the ADMPC, the enantiomers form
hydrogen bonds within the methanol or IPA, or hydrophobic
interactions with the hexane, forming a stable first solvation
shell. Preferential hydrogen bonding with the chiral stationary
phase, which is dynamic but in a limited way (unlike the
individual solvent molecules which can translate throughout the
box), means shedding some of the coordinated solvent
molecules. This may be the reason for the correlation
throughout the MD trajectory, of fewer coordinated solvent
molecules time-coincident with strong enantiomer-CSP inter-
actions. Hydrogen bonding analysis reveals the basis for
selectivity: The lifetime of the hydrogen bonds formed between
the flavanone enantiomer and ADMPC polymers is found to
correlate well with the selectivity of the enantiomers. The 2s-
flavanone has a longer hydrogen-bonding lifetime with
ADMPC than 2r-flavanone, which agrees well with the longer
retention time of 2s-flavanone on the column in experiments.
Finally, the lifetime of hydrogen bonds formed between
flavanone enantiomers and ADMPC changes in different
solvents. The ratio of the hydrogen-bonding-lifetime-related
properties is closer to 1.0 in heptane/IPA (90/10) than in
methanol, indicating the selectivity in heptane/IPA (90/10) is
weaker than that in methanol. This, too, matches the
experimental observations of selectivity factors 0.9 and 0.4,
respectively. Further drug enantiomers need to be screened via
MD simulations to discern which properties related to the
hydrogen bonding lifetimes best reproduce the actual lab
results for most enantiomer pairs, as well as for different chiral
stationary phases and mobile phases. Our analysis of the π−π
interactions do not reveal a correlation with elution order or
separation factor; however, steric effects involving the planar
rings of the solute and the chiral selector clearly do play an
important role in determining the probabilities of the
configurations that facilitate the hydrogen bonding interactions
that do correlate with elution order and separation factor.
Eventually the computational approach adopted here can be
used as a prescreening tool for choosing the experimental
conditions for optimum chiral molecular separation.
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